
Compositional Engineering of Solution-Processed

Solar Cells: Aligning Computational and

Experimental Screening Strategies

by

Matthew Thomas Klug

B.S.. Cornell University (2007)
M.Eng.. Cornell Uniiversity (2008)

Submiitted to the Department of Mechanical Engineering
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

at the

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

September 2015

@ Massachusetts Institute of Technology 2015. All rights reserved.

Author................... Signature redacted
Def 5irient of Mechanical1Engineering

Certified b.......Signature redacted F August 25. 2015

Angela M. Belcher
Professor of Biological Engineering and Materials Science & Engineering

C ertified by ......... ......................

Ac(cepte(I bY ..........

Thesis Supervisor

Signature redacted
Nicholas X. Fang

Profers)f Mechanical Ei ineerin

z . Pes up sVor

Signature redacted
David E. Hardt

Chairman. Department Committee on Graduate Theses

MASSACHUSETTS INSTITUTE
OF TECHNOLOLGY

OCT 01 2015

LIBRARIES





Compositional Engineering of Solution-Processed Solar Cells:

Aligning Computational and Experimental Screening

Strategies

by

Matthew Thomas Klug

Submitted to the Department of Mechanical Engineering
on August 25, 2015, in partial fulfillment of the

requirements for the degree of
Doctor of Philosophy

Abstract

Unlike silicon, solution-processable solar materials are flexible, lightweight, easily pro-
cessed at low temperatures, and display a wide variety of colors and degrees of trans-
parency. These attributes open new opportunities to integrate solar power creatively
and inexpensively into new markets such as electric vehicles and multifunctional ar-
chitecture, as well as augment the performance of current solar technology in tandem
cell configurations. One of the central challenges to realizing this vision is the high
degree of disorder generally exhibited by solution-processed materials, which provides
an abundance of trap sites that limit carrier transport. Hence, the performance of
many solution-processed materials is governed by a trade-off between light harvest-
ing and carrier collection, where complete absorption of sunlight requires active layer
thicknesses greater than the diffusion lengths of the performance-limiting charge car-
rier. Overcoming this compromise requires either modifying the optical and electronic
properties of solar materials themselves or designing device architectures that improve
charge extraction or photon management. The work presented here pursues both of
these strategies by leveraging a central feature of solution-processed solar cells - the
ability to control the composition of the active layer by simply blending different in-
gredients in the precursor solutions. This simple concept provides the opportunity to
tune the chemical composition of ionic solar materials, adjust the kinetics of film for-
mation, add passivating agents that reduce trap densities, or introduce nanomaterials
with specialized functionality into the active layers.

To explore this concept, two specific projects were undertaken. The first evalu-
ates how the light harvesting ability of bulk-heterojunction systems is impacted by
incorporating plasmonic nanoparticles into the material bulk. By performing a se-
ries of finite-difference time-domain (FDTD) calculations, many different active layer
compositions were screened through to identify optimal optical configurations and
predict performance trends. The results of this analysis informed the fabrication of
actual solar cells, which generated photocurrent and external quantum efficiency en-
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hancements consistent with the predicted trends. To fabricate several of these devices,
biomolecules were used to mediate the assembly and growth of plasmonic metal-oxide
nanocomposites.

The second project evaluates how replacing a portion of the metal content in
metal-halide perovskite solar cells with alternative non-toxic metal species impacts
the photovoltaic properties of the perovskite film. Relevant electronic properties
such as the material band gap and carrier effective masses were theoretically evalu-
ated using density functional theory (DFT). By computationally screening through
a series of mixed-metal compositions that spans the periodic table, several promis-
ing candidates were identified that preserve the excellent electronic properties of the
methylammonium lead triiodide perovskite, MAPb1 3 , while simultaneously reducing
material toxicity. The computational effort was paired with an exhaustive experimen-
tal screening study that systematically evaluated how replacing various amounts of
lead with nine different metal species influence material properties and photovoltaic
performance. By screening through a large set of active material compositions both
computationally and experimentally, favorable embodiments were encountered and
the experimental results were benchmarked against the theoretical predictions to help
speculate on the mechanisms responsible for observed performance improvements.

Thesis Supervisor: Angela M. Belcher
Title: Professor of Biological Engineering and Materials Science & Engineering

Thesis Supervisor: Nicholas X. Fang
Title: Professor of Mechanical Engineering

Committee Member: Alexie M. Kolpak
Title: Professor of Mechanical Engineering
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Chapter 1

Introduction

The realm of solar research has historically been, and largely remains, claimed by

physicists, chemists, materials scientists, and electrical engineers. The underlying

principles and mechanisms that are responsible for solar cell operation, how light in-

teracts with matter to produce useable electrical energy, fundamentally strikes at the

very heart of physics. While chemists are needed to prepare ingredients and synthe-

size new photoactive materials, they also use computational approaches to examine

known materials at the atomic level and extrapolate that knowledge to predict new

ones with even improved properties. While the purer sciences generally fulfill the

exploratory roles of identifying and characterizing new solar materials, it is the ma-

terials scientists and electrical engineers that translate the latest solar materials into

prototype devices and scale the fabrication procedures for the eventual commercial

manufacture of photovoltaic devices. This process of academic exploration in the

pure sciences and practical implementation through applied engineering seems fairly

complete, so where would a self-proclaimed mechanical engineer, such as myself, en-

ter into this system? After all, quantum mechanics, electromagnetic wave theory,

and solid state physics are eschewed by the core curricula of mechanical engineering

programs in favor of topics such as solid and fluid mechanics, heat and mass transfer,

system dynamics, and product design. While solar research is certainly unfamiliar

territory for the traditional mechanical engineer, I believe that the field of mechanical

engineering is poised to lay some claim to it for the following reasons:
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1. Mechanical engineers are trained to become familiar with a very vast collec-

tion of disciplines in order to design, develop, and assemble products. As new

technologies are prepared for manufacture, mechanical engineers are needed to

develop the machines and equipment necessary to make the production process

efficient and cost-effective. Therefore, mechanical engineers working for solar

cell companies must obtain the required knowledge about solar science to inform

this design process.

2. Some of the most interesting research in mechanical engineering occurs at the

fringes of the field where the conventional boundaries of various disciplines begin

to blur and overlap with one another. At these points of interdisciplinary con-

vergence is perhaps the most fertile ground for mechanical engineers to develop

breakthrough and disruptive technologies by "connecting-the-dots" in creative

ways that were unforeseen by traditionalists in various related fields. This is a

very attractive notion to mechanical engineers that aspire to invent and innovate

alternative energy solutions.

3. Perhaps the broadest, yet correct, definition of mechanical engineering is the

study of using energy to generate movement, and vice versa. While this has

traditionally applied to macroscopic machines such as automotive engines and

drive trains, steam turbines at power plants, or vehicles for powered flight, a

new trend has emerged in the field to investigate the microscopic. Now it is

no longer a question of discipline, but rather one of scale. This same con-

cept of energy and movement can now be expanded to include topics of study

such as how the lattice vibrations in materials relate to macroscopic heat con-

duction, how applied electric fields can move fluid through microchannels and

manipulate biomolecules, and yes, even how photogenerated charge carriers in

a material are transported through solar cells. At the micro- and nanoscale,

the traditional domain of mechanical engineering bleeds into the territory of

fundamental science, which provides the opportunity to not only design, but to

also discover.
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For all of these reasons, I decided to be an outlier among mechanical engineers

while pursuing my coursework and research during my tenure as a graduate stu-

dent. It has been challenging to meet the requirements of the mechanical engineering

department and also learn about new and foreign topics, but I have relished the

opportunity to explore the frontier of mechanical engineering by immersing myself

in nanotechnology, biological engineering, computational chemistry, and photonics. I

believe that the convergence of these disciplines will be invaluable in producing future

innovations in energy, as well as healthcare.

Although I have attempted many different avenues of research, the topic of this

thesis has been narrowed to focus specifically on my efforts in photovoltaic systems.

The overarching goal of this research is:

To identify new active layer compositions that are capable of improving the

performance of solution-processable solar cells by screening through candidate

embodiments both experimentally and computationally.

At first glance, this might seem to be fairly broad and vague. However, it is the most

precise, all-encompassing thread that has been woven through each of the topics

that will be presented in this dissertation. Before discussing the specifics of these

research topics, it is important to first set the stage by presenting the basic operating

principles of photovoltaics and discussing how history has shaped the current state

of the technology in the United States.

1.1 A Primer on Solar Cells

The solar cell, or photovoltaic cell, is an energy conversion device that generates

electricity directly from sunlight. It must not be confused with electrochemical cells,

which comprise the common battery. There are several primary distinctions between

these two technologies that should be addressed upfront: ill

1. The voltage generated in a battery arises from permanent electrochemical po-

tential differences arising from the material properties of the phases comprising
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its half-cells, whereas a solar cell derives its voltage from a temporary change

in electrochemical potential caused by light.

2. The power supplied by a battery to a static load is constant, whereas the power

delivered by a solar cell depends upon the intensity of light incident upon it.

The amount of power generated by solar cells in the field can vary dramatically

as cloud coverage and the orientation of the sun relative to the solar cell surface

change.

3. The battery is a voltage source, whereas a solar cell is a current source.

4. A battery is completely discharged at the end of if its life, while a solar cell, in

principle, is never depleted but can continually generate power whenever it is

illuminated.

Now that the distinction has been drawn, it must be noted that if photovoltaic

cells do indeed achieve widespread use as power sources they must be paired with a

suitable energy storage technology, such as rechargable batteries, in order to make

that power available on demand. If this is not done, then electricity will only be

available when the sun is shining. For instance, the energy generated by solar cells

could be stored electrochemically in high capacity rechargable batteries ( e.g. the Tesla

Powerwall), thermally in reservoirs of molten salt, or chemically by using electrolysis

to split water into hydrogen and oxygen. An energy storage mechanism is also needed

so that the amount of current supplied to any given electrical load can be regulated,

something that cannot be accomplished by directly connecting to a current source,

such as a solar cell.

However the even greater question remains: why is generating and storing solar

energy so important? Fundamentally, the answer is energy availability. The sun shines

down a massive amount of energy. In fact, it provides the earth with enough energy

in a single hour to meet the annual demand of the entire world. Stated differently, the

approximate 20 TW of power required by the human population could be obtained

by covering only about 0.16% of Earth's land with 10% efficient solar cells. This is
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roughly equivalent to the surface area of the U.S. interstate system. As shown below

in Table 1.1, the solar resource at Earth's surface vastly outweighs the combined

estimated remaining availability of other renewable sources. 121

Table 1.1: Availability of renewable energy sources 121

Source Global Power Estimate (TW)
Hydroelectric <0.5

Tides & Currents 2
Geothermal <2

Wind 2-4
Solar 120,000

Although insolation, the amount of solar energy radiating on a surface at a given

place and time, depends upon latitude and varies with season and weather conditions,

there is more than enough sunlight freely available to all. Accessibility to energy

would no longer depend upon how large fossil fuel reserves are of a given country and

possession of said resources would no longer be a motivation for conflict, or a tool

for extortion. Secondly, any increase in the share of electricity generated by solar

technologies would diminish the impact of fossil-fuel power plants upon the ecological

state of the world.

The main challenge to deploying solar technologies isn't the merit of the idea,

but rather the economics of development and implementation. Not only must solar

modules reach a cost point that make it competitive with conventional energy sources,

but the infrastructure necessary to store the intermittent electricity generated by the

cells and deliver it to the consumer requires substantial changes to the electrical

grid. 13] The current state of the solar industry and the economic advantages of next-

generation solar technologies will be further discussed later in this chapter.

1.1.1 Basic Operation of Solar Cells

Although the principles of solar cell operation rely on quantum mechanics, the overall

concept is fairly simple. First, the sun emits light of all different frequencies, or colors,

which can be thought of as discretized packets of energy that act as particles, called
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photons. The energy of a photon, E, depends only on its frequency, v, or inversely,

its wavelength, A:

E = hv = hA/c (1.1)

where h is Planck's constant and c is the speed of light in vacuum. Upon striking a

solid surface, photons with sufficient energy are absorbed and excite electrons bound

in the photoactive material to higher energy levels where they gain the ability to freely

move. As shown in Figure 1-la, the excited electron leaves behind an empty space in

a)

C)

+

AJ 20
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b)

-Top Terminal
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- Rear Ternar
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v =o0
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AF J ark

Figure 1-1: a) A simple solar cell consists of two layers of active material sandwiched

between a rear electrode and a top transparent electrode. Upon light absorption,
an electron-hole pair is generated and each charge migrates to different electrodes

due to the asymmetry of the device structure. When an electrical load is attached

to the terminals, a photovoltage develops across the terminals and a photocurrent

flows, powering the load. b) The equivalent circuit of an ideal solar cell consists of

a photocurrent generated upon illumination running in parallel with the diode char-

acteristic of the material junction. c) When the solar cell terminals are isolated, the

device is in the open circuit condition and a voltage is generated across the terminals.

d) When the terminals are connected without an electrical load, the device is in the

short circuit condition and a current flows between them. e) When the terminals are

connected to an external load, the solar cell operates and both a photocurrent and

photovoltage are generated.

the material, which is referred to as a hole. Because a hole is the absence of a nega-

tively charged electron at a position where one could exist, it can be conceptualized

as a positively charged particle, with an equal and opposite charge to the electron,
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that is also free to move throughout the lattice. In order for a photovoltaic device to

generate electrical energy, the device design must include some spatial asymmetry in

the structure that allows for the electrons and holes to travel to separate electrodes.

This spatial asymmetry usually takes the form of two materials with different electri-

cal properties coming into physical contact to form a heterojunction. When the solar

cell is not connected to an external circuit (Figure 1-1c), it is in a state referred to as

the open circuit condition and a photovoltage is established by the charge separation

mechanism that arises from the device asymmetry. Likewise, if the two terminals are

connected without any electrical load (Figure 1-1d), it is in a state referred to as the

short circuit condition and a photocurrent is established as electrons are extracted

from their terminal, run through the electrical connection to the opposite terminal,

and are injected back into the device at the opposite side where they can recombine

with their awaiting counterpart holes. When an electrical load is added to the ex-

ternal circuit (Figure 1-le) both photovoltage and photocurrent are generated and

electrical work can be performed as electrons dissipate their energy in the load before

being injected back into the solar cell.

The Current-Voltage Characteristic in Ideal Solar Cells

The electrical behavior of solar cells are generally probed by measuring the current-

voltage characteristic, usually referred to as the JV curve. This is accomplished by

applying a voltage bias, V, across the terminals of the solar cell and subsequently

measuring the current, I, that flows through an external circuit connecting the two

terminals. An ideal solar cell behaves like a diode in the dark, which allows current to

flow under forward bias (V > 0) but an almost negligible amount under reverse bias

(V < 0). Although current is the quantity that is actually measured during testing,

the current density, J = I/A, where A is the area of the solar cell, is generally

preferred instead. Normalizing the measured current by the device area allows the

current generated by two different solar cells to be compared regardless of size. The

dark current density, Jdark of a solar as a function of applied voltage bias is modeled
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as a diode and is described mathematically by:

Jdark(V) = Jo(e q/~mkBT _ 1) (1.2)

where J0 is a constant, q is the charge on an electron, T is temperature in Kelvin,

kB is Boltzmann's constant, and m is the ideality factor of the diode. For an ideal

diode, m = 1.

When the solar cell is illuminated, light is absorbed and charge carriers are pro-

duced, which migrate to their respective terminals. Now if a voltage is applied across

the terminals, the solar cell will produce a current in accordance with the diode be-

havior discussed in Equation 1.2 as well as generate its own photocurrent, JL, in

parallel. The equivalent circuit diagram shown in Figure 1-1b captures this concept

schematically. The overall current density of the cell as a function of applied voltage

can be approximated as the superposition of Jdark and JL. Therefore the current that

flows between the device terminals when illuminated, J(V) is:

J(V) = JL - Jdark (1-3)

When the solar cell is in the short circuit condition, there is no voltage across the

terminals, and the measured current density is defined as the short circuit current

density, J, = J(V = 0) = JL. Combining this with Equations 1.2 and 1.3 and yields

the ideal diode equation:

J(V) = Jac - Jo(eqv/mkBT - 1) (1.4)

There is no light current, JL = 0, when the solar cell is in the open circuit

condition. Therefore, the open circuit voltage can be solved by rearranging Equation

1.4:

Voc = mkbTIn c+ 1) (1.5)
q (J0
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Lastly, the power density, P, produced by the solar cell for a given bias is:

P = JV (1.6)

The solar cell achieves its maximum power output at the maximum power point,

which is denoted in Figure 1-2. In order to make use of all the power generated by

the solar cell, the load in the external circuit must be appropriately sized to achieve

the corresponding photovoltage, Vm, and photocurrent Jm. Therefore, the maximum

power point is also referred to as the operating point.

M------we--Point-- 1 dark

---- P

Photodetector Regime Photovoltaic Regnle LED Regime

Voltage, V VtV.c

Figure 1-2: The JV characteristic of an ideal solar cell when dark and illuminated

and the three regimes of device operation.

Figure 1-2 shows the dark and light JV curves for an ideal solar cell with the

convention that the current density produced under forward bias is positive. It should

be noted that this sign convention depends upon the solar cell type; for instance, the

opposite convention is used for organic solar cells such that the current density is

negative under forward bias. Although we are interested in using the device structure

depicted in Figure 1-la to generate electrical power, it can also be used for two other

applications where electrical power is supplied to the device for different purposes.

All three regimes of operation for this devices are:

Photodetection Regime (V < 0): Electrical power is consumed to produce a pho-

tocurrent upon illumination regardless of applied bias.
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Photovoltaic Regime (0 < V < V0c): Electrical power is generated upon illumina-

tion that is dependent upon applied bias.

Light Emitting Regime (V > Vc): Electrical power is consumed to generate pho-

tons with energies equivalent to the material's band gap.

Efficiency and Performance Metrics

Measuring the JV characteristic of a solar cell is enough to provide several key per-

formance metrics that are used to benchmark solar devices against one another. The

first two have already been discussed: the short circuit current density, J,,, and open

circuit voltage, Vc. The third parameter is called the fill factor, FF, which is unitless:

FF = JmVm (1.7)
JScVOe

and describes the "squareness" of the JV curve by comparing the maximum power

density of the device to the power density that bounds the curve in the regime of

photovoltaic operation, JcVc.

The power conversion efficiency, PCE or r, is the fourth and most important

performance metric. It defines how much of the solar power shining on the solar cell

is converted into electrical power. It is defined as:

PCE = -m = =JsVocFF (1.8)
PS P PS

where P, is the power density of light incident on the solar cell, which can be obtained

by integrating the spectral irradiance, M(A), (i.e., power density contained in each

wavelength of the source) of the light source over all wavelengths:

00P8 = joM(A)dA (1.9)

The standard solar spectrum used for testing solar cells is the AM1.5G spectrum,

which when integrated over the visible and infrared wavelengths yields 1,000 W/m 2 .
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The certified record solar cell efficiencies achieved in research laboratories as of June 9,

2015 of several important solar technologies are summarized in Table 1.2. It must be

noted that if solar cells of a given type are available commercially, they generally have

lower performance due to additional inefficiencies that are incorporated upon building

solar modules. Larger area panels also have a higher probability of detrimental defects

arising in the active layers than the typically small areas used in research devices,

which reduces performance.

Table 1.2: Certified record efficiencies of research solar cells [4]

Solar Cell Type

Multijunction w/Concentrator
Monocrystalline Si

Thin-Film Crystalline Si
Thin-Film Amorphous Si:H
Monocrystalline GaAs

Thin-Film Crystalline GaAs
Thin-Film CdTe
Thin-Film CuInGaSe 2 (CIGS)
Perovskite
Organic
Dye-Sensitized
Quantum Dot

PCE (%)
46.0
25.0
20.8
13.6
27.5
28.8
21.5
21.7
20.1
11.5
11.9
9.9

Manufacturer
Fraunhofer ISE/Soitec
SunPower
Trina Solar
AIST
LG Electronics
Alta Devices
First Solar
ZSW
KRICT
Hong-Kong UST
Sharp
U. Toronto

Non-Ideal Solar Cells

Although the highest performing solar cells often approach the ideal diode behavior

previously discussed, most solar cells that use non-crystalline or lower quality mate-

rials demonstrate JV characteristics that deviate in several important ways. There

are nominally three detrimental situations that commonly occur in real devices:

Diode Non-Ideality (m): accounts for deviation from ideal diode behavior of the

solar material. An ideal solar cell has a value of unity, however often non-ideal

devices demonstrate values between 1 and 2, which can be attributed to second

order effects such as various recombination mechanisms.
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Rs Figure 1-3: The standard equiva-
A________ lent circuit of a non-ideal solar cell

+ contains additional parasitic resis-4Rs V tances, one in series and the other
Idark in parallel with the ideal solar cell

circuit shown in Figure 1-1b.

Parasitic Series Resistance (Rsr): accounts for current dissipation that arises when

travelling through the layers of the solar cell. This includes both resistances in

the materials layers themselves as well as interfacial contact resistances between

them.

Parasitic Shunt Resistance (Reh): accounts for power losses that occur when de-

fects in the solar cell provide alternate pathways, or shunts, for current to travel

through between the terminals besides the solar materials.

When these non-ideal behaviors are incorporated into the standard model of a solar

cell, the equivalent circuit gains two additional resistors: one in parallel the other in

series with the ideal device depictied in Figure 1-1b. Each act to reduce the overall

efficiency of the solar cell by lowering the fill factor. A real solar cell will approach

the ideal diode model when Rsr -+ 0 and Rh -+ o. Understanding how each of these

parasitic effects manifest in the JV characteristic is crucial to diagnosing problems in

the device structure without destructive examination. The standard equivalent circuit

of the standard solar cell including these parasitic resistances is shown in Figure 1-3

and the diode equation becomes:

J(V) = Jac - Jo(eq(v+JARsr)/mkBT _ 1 JARsr (1.10)
Rsh

Using this equation, JV curves of a non-ideal solar cell with three different sets

of parasitic resistances are shown in Figure 1-4. When compared against Figure 1-2,

it is obvious that the slope of the curves near the short circuit condition increases

in magnitude due to reducing shunt resistance and the slope near the open circuit

condition decreases in magnitude due to increasing series resistance. The fill factor
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of these curves are listed in the inset and are substantially lower than the 81% value

demonstrated by the ideal diode curve in Figure 1-2.

The series and shunt resistances can also be extracted from a measured JV char-

acteristic by calculating the slope of the curve near the x- and y-intercepts, respec-

tively. From Ohm's Law, V = IR = JAR, resistance can be determined from the

derivative of V with respect to J:

1 dJ
- =A (1.11)
R dV

Thus, the greater the magnitude of the JV curve's slope near the intercepts, the lower

the parasitic resistance.

The parasitic resistances can also be normalized against the characteristic resis-

tance of the solar cell, Reh = Vm/JmA, which provides a non-dimensional way to

compare resistances regardless of device size. The normalized series, rsr, and shunt,

rh, resistances and are defined as:

rar = and rsh = (1.12)
Rch Rch

Unlike the parasitic resistances, which become most evident in the JV curves when

illuminated, the ideality factor can be diagnosed from the dark current by rearranging

Equation 1.2:

m = qV In Jdark +1 (1.13)
kbT Jo

In practice, it is easier to determine the ideality factor from a semilog plot of the dark

current as a function of applied bias. This relationship is found by first dividing both

sides of Equation 1.4 by Jo and taking the natural logarithm of each side:

In Jdark _ qV
J 0  mkbT
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Figure 1-4: The JV characteristic of a non-ideal solar cell when dark and illuminated

show significantly lower fill-factors than ideal solar cells due to the presence of series

and shunt parasitic resistances. As rr increases and rah decreases, the FF, Pm, and

PCE consequently decrease as well. A simple measurement of the JV curve provides

important insight into the behaviors that limit performance and an understanding of

physical conditions that can generate parasitic resistances allows for troubleshooting

to be target to specific device features.

Taking the derivative of both sides with respect to V:

d ( ln(Jdark/Jo) _ d(In Jdark) _ d(In Jo) _ q

dV dV dV mkbT
(1.15)

and noting that the d(ln Jo)/dV = 0 because Jo is a constant, yields:

1 kBT dnJdark

m q dV
(1.16)

which demonstrates that the ideality factor is inversely proportional to the slope of

the dark current-voltage characteristic plotted with a logarithmic scale for current

density. This equation provides a simpler means to evaluate the rectifying behavior

of the diode simply from the dark JV curve. Therefore, it is always good practice to

test devices under both dark and illuminated conditions.
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The ideality factor can provide information about recombination mechanisms that

are occurring in the device. In a p-n junction solar cell, the ideality factor will depend

upon the number of carriers involved in the dominant recombination mechanism and

can change depending upon the applied voltage bias. The recombination of electrons

and holes usually occurs radiatively across the band gap in direct band gap materials,

such as GaAs, or at a deep-trap near the middle of the band gap for indirect band

gap materials, such as Si. In these processes, recombination is limited by the minority

carrier only and the ideality factor has a value of 1. However, if recombination occurs

inside the depletion region of the junction, both carriers limit recombination and

the ideality factor has a value of 2. Likewise, for the case of Auger recombination

where energy is donated to a third carrier in a three-carrier process, the ideality

factor becomes 2/3. By investigating how the ideality factor varies with applied bias,

information about the physical mechanisms that dominate device operation can be

easily inferred.

1.1.2 A Brief History of Solar Cells

The discovery of the photovoltaic effect is credited to the French physicist, Alexandre-

Edmond Becquerel, who in 1839 discovered that an electric current could be generated

by illuminating silver chloride when placed in an acidic solution and connected to plat-

inum electrodes. Although this accomplishment led Becquerel into some interesting

work using silver halides in the burgeoning field of photography, it wasn't until about

forty years later that the first solar cells were constructed from the semiconductor

selenium after the English electrical engineer, Willoughby Smith, discovered in 1873

that its conductivity significantly increases upon light exposure. [5] An American in-

ventor named Charles Fritts was the first to construct a solid state solar cell from a

slab of selenium in 1883 by coating it with a semi-transparent gold film. 161 His device

only achieved a power conversion efficiency of about 1% due to the inherent limita-

tions of selenium, which along with its high cost, precluded this technology from ever

being deployed as a power source. However, selenium-based cells were widely used

as light sensors for exposure timing mechanisms in cameras well into the 1960s since
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they did not require an external power supply. Aside from being the first solid-state

solar cell, Fritts' device was also the first incarnation of a device architecture that is

now known as a Schottky barrier, which demonstrates rectifying behavior due to the

establishment of a potential energy barrier for electrons at the metal-semiconductor

junction. This is named after Walter Schottky who developed the theory for the

phenomenon along with Neville Mott in the 1930s. Yet it wasn't until silicon wafers

of sufficient purity became available in the 1950s that photovoltaic devices with the

potential to generate useful amounts of power began to emerge.

The development of good quality crystalline silicon closely followed the initial

demonstration of a silicon p-n junction in 1941 by Russel Ohl, a scientist at Bell

Laboratories. He showed that intrinsically n-type silicon, which has a larger electron

concentration than hole concentration, could be treated with boron trichloride gas to

develop a p-type, or hole rich, skin near the wafer surface. This process allowed two

layers of silicon with dramatically different electrical properties to be synthesized from

the same wafer without bringing two initially separate materials into physical contact.

Not only was this advantageous from a processing perspective, but the resultant p-

n junctions demonstrated better rectifying behavior than the metal-semiconductor

Schottky barriers, and thus better photovoltaic behavior. Ohl also proved that the

behavior of p-n junctions became more reliable with higher purity semiconductor

materials, which launched a substantial effort in the 1950s to develop silicon for solid-

state electronics. Soon after, Daryl Chapin, Calvin Fuller, and Gerald Pearson, also at

Bell Laboratories, demonstrated the first embodiment of the modern solar cell in 1954

using the p-n junction, which achieved a light to electrical power conversion efficiency

of 6%. Over the next several decades, silicon solar cells saw gradual improvement, but

the only significant market for the technology in the early years was aerospace with

the Vanguard 1 satellite being the first launched with solar cell installations in 1958.

Although the production cost of solar cells at this time are estimated to have been

around $200 per watt, their high reliability and high power-to-weight ratio made them

a judicious choice for integration into spacecraft designs regardless of expense. [1J In

fact, for this reason there was little motivation for solar cell manufacturers to invest

38



in less efficient, less costly solutions.

In 1961, William Shockley and Hans Queisser developed the analytical model for

the detailed balance limit, also known as the Shockley-Queisser limit, which refers

to the maximum theoretical efficiency a single junction solar cell can achieve. t71
Within the assumption of their model, the maximum efficiency of a p-n junction

device is a function only of material band gap and the incident spectrum of light.

The band gap of a material corresponds to the minimum amount of energy needed

to excite an electron to a higher energy level where it gains the freedom to move

around. Therefore, only photons with an energy greater than or equal to the band

gap can contribute to current generation; all others will simply pass through the cell.

Shockley and Queisser demonstrated that there is a fundamental trade-off for solar

cell efficiency: lower band gaps allow a solar cell to generate current from a greater

portion of the solar spectrum (i.e., there will be an increase in photocurrent), but

the energy of these excited photons will be lower (i.e., there will be a decrease in

photovoltage). As shown in Equation 1.8, the overall device PCE depends upon both

these quantities, and an optimum band gap will exist that maximizes performance.

The detailed balance limit for the standard AM 1.5 solar spectrum has been plotted

in Figure 1-5, which shows that the maximum achievable efficiency of 33% is possible

with a material whose band gap is near 1.4 eV. Research stemming from this seminal

work along with other theoretical studies began to identify other semiconductors such

as gallium arsenide (GaAs), indium phospide (InP), and cadmium telluride (CdTe)

as materials capable of achieving even higher performance. As shown in Table 1.3,

the band gap of each of these materials is closer to the optimum value of 1.4 eV than

traditional silicon.

Table 1.3: Band gaps of common semiconductors used in p-n junction solar cells [11

Material Band Gap (eV)

Si 1.124
GaAs 1.424
InP 1.344

CdTe 1.500
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Figure 1-5: The Shockley-Quiesser Limit presents the maximum possible power con-
version efficiency of an ideal single-junction p - n solar cell is dependent upon the
material band gap for the incident solar spectrum. This calculation was performed
using the AM1.5G standard solar spectrum.

In fact, each of these identified materials are commonly used in current solar and

optoelectronic technologies. Despite the existence of such higher efficiency photo-

voltaic materials, silicon has historically been, and remains to this day, the dominant

solar material. This is largely due to it benefiting from continual advances in silicon

processing technology for the microelectronics industry. By the early 1970s, the cost

of solar cells had dropped to about $100 per watt due to the increasing availability

of large boules of silicon intended to supply integrated circuit manufacturers.

The petroleum shortages of the late 1970s forced the western world to seek out

alternative energy sources as major industrial centers struggled against escalating en-

ergy prices and widespread economic stagnation. This precipitated a renewed interest

in solar energy and substantial funding became available for the research and develop-

ment of less expensive solar cells. It was at this time that cheaper thin-film materials

such as amorphous silicon, polycrystalline silicon, and copper sulfide/cadminum sul-

fide were first explored and concepts such as multijunction solar cells were developed

to achieve theoretical efficiencies exceeding the Shockley-Quiesser limit. The 1970s

and 1980s was also the first time that breakthroughs emerged in another class of solar

cells, those based on organic photoactive ingredients rather than inorganic crystallline

solids.

Ching Tang demonstrated the first organic-based solar cell with an efficiency ex-
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ceeding 1% by evaporating an organic electron acceptor material on top of an or-

ganic electron donor material to form a bilayer planar heterojunction. As an em-

ployee at Kodak, this initial finding was first patented in 1979 and later published

in 1986. [8] It was shortly after in the early 1990s that Alan Heeger's [9] and and

Katsumi Yoshino's 1101 research groups independently discovered that pairing a poly-

meric donor material with a fullerene derivative yielded extremely fast electron trans-

fer times, which dominated over all other photophysical processes. Ever since, the

conjugated polymer donor and fullerene-based acceptor materials have been the main

ingredients in almost all polymer solar cells.

Likewise, in 1988 the first embodiment of the modern dye-sensitized solar cell

(DSSC) was constructed by Michael Gritzel and Brian O'Regan while students at

UC Berkeley. As opposed to the long macromolecules utilized in polymer solar cells,

DSSCs use considerably smaller organic dye molecules as the main photoactive in-

gredient. In follow-up studies, Grdtzel published the first high-efficiency DSSC in

1991, which achieved a power conversion efficiency of 7-8%, making it the highest

performing organic-based solar cell technology at the time by a wide margin. [111

As these organic systems were being developed at academic institutions, the world-

wide production of crystalline solar cells doubled from 10 megawatts in 1982 to over

20 in 1983 alone. As the semiconductor industry continued to mature and produce

ever-larger silicon boules, the production of monocrystalline solar cells continued to

rise. By 1990 the module cost of solar photovoltaics had dropped to just under $10 per

watt and significiant investment was being made in polycrystalline silicon in an effort

to achieve lower operating costs, even though it was less efficient than its monocrys-

talline counterpart. Due to overproduction of crystalline silicon panels in China and

Taiwan, coupled with a drop in European demand due to economic turmoil, the cost

of crystalline modules dropped to $1.10 per watt in 2011 and continued to fall to

$0.62 per watt in 2012. 112]

Although crystalline silicon panels continue to dominate the worldwide market,

the American company, First Solar, has developed an alternative technology that

maintains an economic advantage over silicon. First Solar uses cadmium telluride
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instead of silicon, which not only has a more desirable band gap, as discussed previ-

ously, but it can achieve high efficiencies using significantly thinner cells than silicon.

CdTe is a much better light absorber than Si, therefore thin-film CdTe solar cells

require only about one micron thickness, whereas monocrystalline silicon devices are

generally around 300 microns thick. By using less material and a fabrication process

based on vapor-deposition, First Solar has been able to historically produce solar cells

at a lower cost point than silicon. CdTe also offers a higher resistance to performance

reductions than silicon at the operating higher temperatures experienced in the field

due to lower temperature coefficients. On February 24, 2009, First Solar was the

first technology to break the $1 per watt cost barrier, and has continued to drop in

price. They currently hold the record for CdTe solar cells at a certified 21.5% [4

and achieved a record-breaking thin-film photovoltaics module in March 2014 with a

certified 17.0% efficiency. [131 The module cost at this time was only $72 per square

meter.

1.1.3 State of Solar Energy in the United States

Even though solar cell technology has consistently improved in performance and

dropped in price over the past several decades, both energy consumption and elec-

tricity generation in the United States remains dominated by non-renewable sources.

According to the U.S. Energy Information Administration, solar technologies supplied

a slim 0.3% of the total energy consumed in the United States during 2013. Likewise,

only 0.2% of electricity was generated at solar power plants. [141 Instead, the United

States still consumes petroleum for the larger part of its overall energy needs and

generates most of its electricity by burning coal. Why is the contribution from solar

technologies so marginal? The answer is still cost.

Although significant concerns exist about the ecological impact of fossil-fuel en-

ergy sources as well as the economic and political ramifications of dependence on

foreign petroleum, the fact remains that fossil-fuels are cheap and the U.S. has a lot

them. The United States has the world's richest oil shale deposits, the world's largest

proven coal reserves, and is the world's greatest producer of natural gas. [141 It is only
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Figure 1-6: In 2013, the majority of energy consumption (a) and electricity generation
(b) was derived from non-renewable energy sources. [141

natural that these abundant energy reserves be used to power the country, especially

when our energy infrastructure was originally built to make use of these traditional

fuels. In a capitalistic country, transitioning from conventional fossil-fuels to alter-

native energy sources requires not only overcoming a century of historical inertia in

power production, but also ensuring that it makes fiscal sense. The recent success of

hydraulic fracturing and horizontal drilling techniques have increased the domestic

production of oil and natural gas, which has caused net energy imports to decline by

58% between 2013 and the peak levels in 2005, making it increasingly hard for alter-

native energy sources to compete without significant subsidies and policy intervention

from the government. 114]

1.1.4 Overcoming the Barriers

According to the Solar Energy Industry Association, 2014 was a record year for growth

in the solar industry. During this year 195,000 solar panel installations were con-
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structed bringing the total number of American homes and business that generate

solar power to nearly 645,000. [151 The cumulative capacity of photovoltaics grew by

51% from 2013 and brought the total solar capacity to over 20 GW, enough to power

over 4 million average American homes. Likewise, the U.S. solar industry provides

nearly 174,000 jobs at over 8,000 businesses across all 50 states. Although the solar

capacity is projected to double in the next two years, photovoltaics still face substan-

tial challenges that must be overcome for solar power to become a core energy source.

These include:

1. Lowering Solar Module Cost: It has been estimated that solar modules will

become competitive with traditional energy source once they reach a cost point

of $0.40/W. 12] It must be stressed that although this is a target mark that

is commonly quoted by researchers and even solar companies, the cost of pho-

tovoltaics extends significantly beyond just the module to include installation

and maintenance fees, as well as account for fluctuations in the energy market.

Regardless, solar cell manufacturers are quickly approaching this target mark.

Chinese company, JinkoSolar, recently announcing in 2014 a silicon module cost

of $0.48/W. [161 However, there remains skepticism that such numbers are ar-

tificiallv deflated due to heavy subsidization by thp Chinese Gnvernment. Prnf

Michael McGehee at Stanford University suggests that the true cost of these

silicon cells is closer to $0.85/W and is skeptical that they will ever reach the

desired target cost without subsidy. [161

2. Lowering Solar Power Plant Cost: The cost of building a photovoltaic

power plant ($130/MWh) is twice the cost of a conventional combined cycle

natural gas plant ($66.30/MWh) and 1.4 times the cost of conventional coal

($95.60/MWh, which accounts for the $15/tonne of CO 2 penalty added by the

federal government). 114] Furthermore, solar power plants are generally built in

sunny, arid locations that are far from major population centers, which requires

building costly transmission lines to distribute the electricity to consumers. For

instance, the estimated cost of building the powerlines for the 120-mile Sunrise
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Powerlink in Southern California is $1.88 billion. 114]

3. Storing Solar Energy: Solar power is diffuse and intermittent. Solar photo-

voltaic power plants only operate at peak efficiency about 25% of the time. 1141

In order to make power available on demand, the electricity generated from pho-

tovoltaics must first be stored. For residential installations, an effective option

would be to pair the solar cells with a large rechargeable battery such as Tesla's

PowerWall. Although banks of massive batteries might also be an option for

large photovoltaic power plants, other concepts have been proposed. One of

these would be to use the photocurrent produced by solar cells to split water

into hydrogen and oxygen gas via electrolysis, store the gases separately, and

later recombine them to form water and heat, which in turn produces electricity

via conventional steam generators. Although energy storage will always dilute

the efficiency of solar power, it will be necessary as photovoltaic cells replace

conventional sources. Concentrated solar power plants, which focus sunlight

with parabolic mirrors to heat fluid, bypass the need for electrochemical stor-

age system because the thermal energy can be more efficiently stored and used

with steam generators to produce electricity on demand. Although concentrated

solar power plants are currently twice as expensive to build than photovoltaic

power plants, they would likely play a crucial role in a future energy economy

that is heavily dependent on solar by generating base-load power for the elec-

trical grid in sunny remote areas to help even out the variable production of

solar cells.

4. Acquiring Investors: Although solar power is appealing, it is currently very

challenging for solar photovoltaic startups to gain financing. Part of the prob-

lem is that venture capital firms are shying away from investing in early-stage

clean energy startup technologies, making it difficult for new innovations to be

launched. Venture capital funds generally invest no more than $30 million in

a company and aim for a public offering or acquisition within ten years, [171 a

criteria that is rarely met by energy startups. Instead, photovoltaic technologies
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usually require massive initial capital investment largely because complex fabri-

cation procedures are involved and there is rarely any intermediate product that

can be sold for profit until a full-scale solar module is produced. Then to sur-

vive, that module must perform better and have a price competitive with those

from established foreign manufacturers that are heavily-subsidized by their gov-

ernments. This poses too much risk for traditional investors, who would rather

finance software or social media companies that require little capital and either

fail or succeed spectacularly in a short time. [181

5. Operating Without Subsidy: Currently the U.S. federal government pro-

vides generous subsidies for electric production from solar technologies. The

federal subsidies to solar power in 2010 totaled $775.64/MWh, which is sub-

stantially higher than the $56.29/MWh for wind, $3.14/MWh for nuclear, and

$0.85 for hydroelectric power. 114] Over the past five years about $150 billion

was spent by the U.S. Government on the solar industry to finance grants, sub-

sidize tax credits, guarantee loans, and fund programs such as the Department

of Energy's SunShot Initiative, which is focused on driving down the produc-

tion, installation, and operation costs of solar power. [19] With all of this heavy

investment in the solar industry, the question remains whether manufacturers,

solar power installers, and power plants will remain solvent once they are forced

to compete without assistance. Although many advocates of the solar industry

are calling on policy makers to continue subsidization to accelerate growth and

generate new jobs, lessons can be drawn from intensive government intervention

in Europe. In 2008, Spain subsidized the solar industry by paying up to 575%

above the average electricity price from solar photovoltaic plants. This resulted

in 40% of the global solar cell installations to be built there that year. The

financial burden forced the Spanish government to considerably reduce their

subsidizes by 30% in 2010 and now face a deficit of $40 billion. [141 To address

this debt, Spain threatens the owners of residential solar installations with un-

reasonably high fines for disconnecting from the electrical grid but no longer
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compensate them for donating their excess power. When the subsidies were in

place, solar-powered Spanish homeowners would have been able to pay-off the

capital cost of their installations in five years, but estimates now project the cur-

rent policy stretches the payback period to 17 years, which has stunted further

growth. 1141 Balance must be struck in policy to ensure that sustainable levels

of subsidization can be achieved and a plan for withdrawal is in place that will

allow solar solutions to become self-reliant in the energy market. This might oc-

cur in the near future as the 30% federal Investment Tax Credit (ITC) is set to

expire on December 31, 2016, and drop subsidy to 10% for commercial projects

and will be eliminated entirely for privately owned residential installations. 1201

Although these barriers remain challenging, the state of solar energy has changed

dramatically in recent years. Technical improvements to photovoltaic technology

continue to slowly raise performance and lower cost, but the main driving force behind

the recent solar boom has been the emergence of new business models. The key

innovation was developed by Jigar Shah, who interestingly enough is a mechanical

engineer. He founded his company, SunEdison, on the idea of selling solar services

instead of solar modules to commercial customers. The modus operandi of small-

scale solar installers prior to this point was that the private customer would have

to provide the initial capital to outright purchase panels for installation and wait

several decades to slowly make up the cost in electricity savings. This was quite

unattractive for all those but the most zealous since it didn't offer much immediate

benefit. Shah's disruptive business offered a solar-power purchase agreement (PPA) to

commercial customers, where panels were installed at no initial cost and SunEdison

would sell the electricity generated by the panels to the customer at a fixed rate

for 20 years. Because the rate was less than the utility companies would offer and

wouldn't rise over time, major companies would see immediate savings. SunEdison

raised capital from investors to fund the installations, who would in turn benefit not

only from solar energy tax credits, but would receive a share of SunEdison's profits

from selling electricity. Many current solar financing companies such as Sungevity

and Sunnova Energy offer leases instead of PPAs, where the customer pays a fixed
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fee every month to use the panels regardless of output instead of strictly purchasing

the actual amount electricity produced. More than 50% of new residential solar

capacity in California, Arizona, Colorado, and Massachusetts are owned by third-

party companies. The net effect of these innovative solar cell financing strategies,

federal subsidies, and ever-dropping solar cell prices has resulted in "grid-parity" to

be reached as of 2014 in several states, including: Arizona, California, Connecticut,

Hawaii, Nevada, New Hampshire, New Jersey, New Mexico, New York, and Vermont.

[21] According to a report by Deutsche Bank Securities Inc., solar power could reach

parity with conventional energy sources in an additional 37 states by 2017. [21J

A second exciting movement is emerging in the United States where federal fund-

ing is given to national laboratories to help develop innovative technologies that have

the potential for disruption in clean energy but are inherently poor candidates for

financing through the conventional venture capital pathway. Perhaps the first of

its kind is the Cyclotron Road program developed at the Lawrence Berkeley Na-

tional Laboratory in Berkeley, CA. The concept is to provide some seed money and

laboratory space to candidates with innovative yet feasible visions for new energy

technologies to develop prototypes to a late-stage maturity level that would be more

attractive to outside investors. In a sense, they aim to stand in the gap between

academic research and industry to assist in commercializing technology that could

simultaneously create new jobs, help secure America's role in the cleantech economy,

and reduce harmful emissions to the environment. This program is aimed to acceler-

ate the advancement of next-generation technologies that might not otherwise have

the opportunity to even enter the market.

1.2 Next-Generation Solar Technologies

Although it is undoubtedly an exciting time for solar energy and the challenges

listed in Section 1.1.4 will likely be surmounted, there are several emerging next-

generation technologies that provide new opportunities for solar energy that have not

been achievable with the current technology.
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1.2.1 Motivation for Solution-Processing

The silicon cells that dominate the photovoltaic market are capable of producing

electricity from sunlight with efficiencies as high as 25%, [41 however they have several

undesirable characteristics that limit their widespread adoption in both solar power

installations as well as their deployment in more creative environments. Some of these

are:

1. High Cost: silicon solar cells are expensive to manufacture because the wafers

must not only be of exceptional purity, but they must also be very thick (-150

microns) in order to absorb sufficient sunlight.

2. Rigidity: current solar cells are generally rigid and can only be installed easily

on planar surfaces. This is generally not too much of an issue as most solar

panels are installed on the roofs of residential and commercial buildings, however

installation is generally avoided on curved surfaces such as grain silos and dams,

or continuous, yet variable surfaces such as paved roads or hillsides.

3. Unattractive: although attractiveness is certainly subject to individual taste,

silicon solar cells offer only one look to designers: opaque bluish-black panels

plaided with metallic lines. The integration of solar cells into new and existing

structures is becoming appealing from a practical standpoint, however it is often

dismissed due to unpleasing aesthetics.

4. Environmentally-Unfriendly Manufacturing Techniques: the Czochral-

ski process is used to synthesize single-crystal silicon ingots up to 2 meters in

length that are virtually free of defects. However growing the ingots requires

incredibly high temperatures near 1400"C and the purification process of the

poly-silicon reagents produce large quantities of a very toxic byproduct: liquid

silicon tetrachloride (SiCl 4). Although most of the SiCl 4 can be recycled in the

fabrication process, there have been reports of high-profile Chinese manufactur-

ers dumping the toxic waste in the fields surrounding the plants. [221 Even if

properly regulated to halt this unscrupulous practice, the manufacturing pro-
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cess is currently both energy-intensive and potentially hazardous, both of which

are detrimental to the environment.

In contrast, next-generation solar materials are almost foils to silicon. They are

generally inexpensive, flexible, come in many different colors and degrees of trans-

parency, and can often be processed using inexpensive techniques at significantly

lower temperatures. Although the power conversion efficiencies of next-generation

materials often are not yet competitive with high-end silicon and CdTe modules,

their attributes make them attractive candidates for generating power in markets

that are currently not accessible to mainstream solar panels. Imagine artistic stained

glass windows that illuminate the lobbies of museums, the reading rooms of libraries,

and even homes with brilliant colors while also generating electricity. The blue tint

coloring each skyscraper window could be a 10% efficient solar cell that provides

power to the building while simultaneously tempering the intensity of incident sun-

light to make a more pleasant working environment. Or perhaps dark-colored lenses

in sunglasses might be thin film solar panels capable of charging cell phones or small

electronic devices while on the move, making such devices completely mobile and

portable. As most next-generation technology is solution processable, it might be

possible to develop "photovoltaic paints" that could be applied to many surfaces. In

the near future it might be possible to coat solar cells on electric vehicles so they

would actively recharge when they're sitting in a parking lot or speeding down the

open road. Photovoltaics could cover the surfaces of buildings, billboards, monu-

ments, airplanes, or even the pavement or shoulders of roads... the possibilities are

endless. Even grander yet, sufficiently light and flexible photovoltaic materials might

enable future solar power plants to be large balloons that rise above the clouds and

transmit power down through their tethers. As these examples illustrate, inexpensive,

flexible, and aesthetically pleasing photovoltaic films could revolutionize the realiza-

tion of solar power by becoming integrated in convenient and creative ways that access

new markets that are currently impossible or impractical.

One of the key advantageous attributes of next-generation photovoltaic technolo-

gies is that they are solution-processable. This means that the active ingredient of the
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solar cells and many corresponding hole transport and electron transport materials

can be dissolved in solvents and deposited using various techniques to build devices.

Generally devices in the laboratory are synthesized by spin-coating where the solu-

tion is dropped onto a substrate that is spinning in order generate a continuous and

uniform coating. Although this is an easy and reliable method, it is only suitable

for prototypes and large scale production would require using other techniques. The

most likely candidate is roll-to-roll processing where flexible substrates are routed

through rolls where material is transferred onto the surface and treated in different

ways. This technique would allow spools of flexible solar cells to be manufactured

that could be draped over surfaces. However, other opportunities exist to build solar

cells directly on surfaces using techniques such as inkjet printing, slit casting, and

spray coating. For instance inkjet printing would allow solar cells to be precisely

patterned on objects themselves, whereas slit casting and spray coating could cover

larger areas.

A second advantage of next-generation technology is that they could be deployed

in some of the aforementioned markets where efficiency and cost aren't the only im-

portant driving factors. Flexible and semitransparent photovoltaic films could be

easily integrated into consumer electronics markets initially as niche products. While

this doesn't immediately provide lasting energy solutions, it could provide an inter-

mediate product that would allow next-generation solar companies to make a profit

from low volume product without significant investment from venture capital firms.

This would enable companies to grow organically and scale production gradually to

meet demand in these niche markets until the point is reached where mass-production

could be achieved to enter into architectural photovoltaics or utility-level markets. An

additional option would be to combine the solution-processed film with existing solar

modules to make tandem solar cells that could achieve higher efficiencies without

significant effort. This pathway would allow startup companies to partner with es-

tablished manufacturers to make an improved product capable of boosting efficiency

in residential and utility-scale installations. Such strategies provide a means for de-

velopment that has not been traditionally available to solar cell manufacturers.
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1.2.2 Types of Solution-Processed Solar Cells

There are a number of next-generation solar technologies that are solution-processable

and have experienced significant advances in the last decade. These include:

1. Semiconducting Polymers: conjugated organic macromolecules that have a

band gap between their highest occupied molecular orbital (HOMO) and lowest

unoccupied molecular orbital (LUMO) energy levels. They generally contain

sulfur heterocycles and can conduct electrons along the conjugated backbones

through overlapping ir-orbitals. They can become either n-type or p-type by

adding or removing electrons in the ir-system, respectively. Most often, p-

type conjugated polymers are paired with n-type fullerene derivatives to build

organic heterojunctions. Currently the most popular polymers are P3HT and

PTB7. 123]

2. Quantum Dots: semiconducting nanocrystals that have electrical properties

between those of bulk materials and single molecules. They exhibit quantum

mechanical properties when the nanoparticle radius is smaller than its exciton

Bohr radius (generally less than 10 nm) due to its excitons being confined in

all three spatial directions (i.e. a 3D quantum well). In photovoltaic systems,

quantum dots are packed into layers that act as bulk semiconductors in p -

n junctions with the added benefit that the electronic properties are highly

tunable. 124] The band gap varies inversely with particle size, the band edge

locations depend upon the ligand molecules capping the particle surfaces, [25]

and the material can be either n- or p-type by controlling material composition.

[26, 27] Photovoltaic quantum dots are generally synthesized from IV-VI (e.g.

PbS, PbSe, PbTe, SnS, SnSe, SnTe) or from II-VI (e.g. CdS, CdSe, CdTe)

semiconductor materials with PbS and PbSe being the most popular.

3. Organometal Halide Perovskites: ionic semiconducting materials that are

crystallized from organic halide and metal halide salts to form an ABX3 crystal

structure where A is an organic cation, B is a metal cation, and X is a halide
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anion. In five years, the performance of perovskite solar cells has risen dramati-

cally in the laboratory from an initial 3.5% 128] to a recent 20.1% 1291. The band

gap of perovskite materials can be easily tuned by adjusting the composition

of the perovskite material and films are generally formed at low temperatures,

around 100*C. The most efficient perovskite materials are methylammonium

lead triiodide (CH3NH 3PbI3 or MAPbI 3 ) [30, 311 and formamidinium lead tri-

iodide (CH(NH 2)2PbI3 or FAPbI3 ) [32].

4. Chalcogenide Inks: polycrystalline semiconductors comprised of copper-indium-

gallium-selenide (CIGS) or its less-expensive analogue, copper-zine-tin-sulfide

(CZTS), which exhibit a chalcopyrite crystal structure. CIGS is a thin-film ma-

terial that is being commercialized by several solar cell companies (e.g. Nanoso-

lar) using vapor deposition, however new solution-based methods have recently

emerged that are approaching the 21.7% efficiency listed in Table 1.2. Solution-

processing with these materials takes many forms including completely dissolv-

ing the materials in hydrazine, using colloids of chalcogenide nanoparticles, or

an intermediate approach where films of nanoparticle precursor materials are

chemically transformed to form the final material. [33] As with the previous

two technologies, the band gap of the material can be tuned by tailoring the

stoichiometry of the metals comprising the material or by replacing some of the

sulfur content with selenium.

5. Dye-Sensitized Solar Cells (DSSCs): unlike the previously discussed solid-

state technologies, DSSCs are traditionally liquid-based devices. Instead of

using a semiconductor solid that is capable of both light absorption and car-

rier transport, it delegates each process to a separate material. A monolayer of

sensitizing single-molecule organic dyes are absorbed onto the surface of a meso-

porous scaffold of an electron-accepting wide-band gap semiconductor such as

titanium dioxide (TiO2) or zinc oxide (ZnO), which is then filled with a liquid

electrolyte. Upon absorbing a photon, the dye molecule immediately injects an

electron into the metal oxide scaffold and the electrolyte molecule is oxidized to
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PTB7 PbS QDs CH3NH3PbI3

CIGS N719 Dye

Figure 1-7: Five different classes of emerging solar materials can be processed using
solution-based techniques. The most popular material from each class is presented.

act like a hole. Each carrier then migrates to their respective electrodes for col-

lection. 1341 Historically, DSSCs have been the highest performing photovoltaic

technology based on organic materials, however new semiconducting polymers

are poised to challenge their position in the near future.

Each of these five classes of solution-processed solar technologies have reached

or surpassed the 10% efficiency mark in research environments and the most popu-

lar material from each is shown in Figure 1-7. The current challenge is to continue

progress in material design and processing technique to achieve efficiencies capable

of competing with the dominant silicon and CdTe technologies. One of the com-

mon issues with solution-processed solar materials is that there exists a trade-off

between light absorption and carrier collection. The typical diffusion lengths for

the the minority carrier, which limits the performance, is generally between 5-500

nm for solution-processed materials but often the film thicknesses must be greater

than this to achieve complete absorption. [33] Although some of the inorganic (e.g.

CIGS and CZTS) and organic-inorganic hybrid materials (e.g. MAPbI 3 and FAPbI 3)

can achieve excellent performance with planar heterojunctions, most of them require
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highly nanostructured interfaces to efficiently collect charges in thicker films. Like-

wise, solution-processing generates disorder in the final materials with either crys-

talline domains oriented in random directions or the existence of amorphous regions.

It is more likely that charges will be lost due to non-radiative recombination when

traversing through grain-boundaries and defective regions, which dilutes performance.

Therefore, improved processing techniques and a greater understanding of the mech-

anisms responsible for non-idealities are required to reduce the density of detrimental

defects in the films. Developing techniques that are capable of improving the per-

formance of these technologies without sacrificing the attributes that make them

desirable is the focus of much ongoing research in the field.

1.3 Research Focus

As mentioned in the previous sections, the unique attributes of solution-processed

solar cells offer new opportunities to integrate solar power creatively and inexpensively

into new markets as well as augment the performance of current silicon technology.

Although the research performed in this dissertation uses the standard spin-coating

method to construct solar cells, I envision these emerging materials being adopted by

different large-scale deposition technologies [331 such as spray coating, slot casting,

and inkjet printing, which would allow the mass-production of products as well as

customized solar cells at low cost.

1.3.1 Vision

Imagine a future where colorful, light-weight solar modules coat the exterior of electric

cars and skyscrapers converting them into self-sufficient power systems. Vehicles and

portable electronics will no longer rely on outlets to recharge power reserves and

cities will be able to contribute to energy generation instead of solely relying on their

umbilical connections to remote utility power plants. What if it were possible to

make large balloons out of flexible photovoltaics that would rise about the clouds and

transmit electricity down their tethers? Concerns over cloud coverage and land usage
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would no longer be major issues to building PV power plants.

Furthermore, I envision a future where emerging solar materials are rapidly de-

veloped for commercialization using automated platforms that combine inkjet tech-

nology with high-throughput screening to optimize the printing of efficient, low-cost

solar cells. New solar materials will no longer be discovered through serendipity, but

identified through exhaustive screening procedures that work around the clock. This

approach has proven successful with identifying catalysts and discovering pharamceu-

ticals, why shouldn't it be applied to generating energy solutions? Let us consider

some potential impacts of this technology. First, the risk to our nation's solar indus-

try would be minimized if material-specific fabrication equipment were replaced with

adaptable printing platforms capable of quickly manufacturing the latest technology

to emerge from our research institutions. Second, the integration of solar power into

daily life would occur at an extraordinary pace if building and installing a solar panel

were as simple as loading an inkjet printer with a special cartridge, printing a sheet

of photovoltaic devices, and affixing it to any illuminated surface. Grander yet, imag-

ine how much pollution and greenhouse gas emissions could be avoided if low-cost,

high-efficiency printed solar cells could accommodate demand increases in develop-

ing nations. This is a sample of the possibilities that solution-processed solar cells

promise and although this dissertation will not present any printed solar cells, it aims

to improve the materials that would be compatible with this technology.

1.3.2 Strategies to Improve Next-Generation Photovoltaics

As stated in the introduction of this chapter, the fundamental goal of the work

presented in this dissertation is to develop nanoscale solutions to improve next-

generation, solution-processable solar technologies. Although much of the current

body of literature in pioneering solar cell research could be filed under this broad

category, I pursued two different avenues: one that uses optics to improve the ability

of existing solar materials to harvest light and another that aims to modify the active

materials themselves to generate new active layers. Specifically:
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1. Improve Light Harvesting: By synthesizing plasmonic nanostructures and

incorporating them into solar-cells, light that would otherwise not be fully

absorbed by the device can be concentrated in the active layers of solution-

processed solar cells via the phenomenon of localized surface plasmon resonance

(LSPR).

2. Solar Material Modification: By replacing lead content of organolead halide

perovskite with different elements, the toxicity of the material can be reduced

while additionally improving performance in certain cases.

The first of these strategies provides a means to circumvent the aforementioned

trade-off between light absorption and carrier collection in most solution-processed

technologies by simply blending nanoparticles of various shapes, sizes, and materials

in with the photovoltaic inks. Although this strategy can help squeeze additional

performance out of current materials, it is a stop-gap solution. It can be argued that

larger leaps in improvement result from modifications to processing procedures and

the active materials themselves in order to make the necessary physical processes

more efficient such as light absorption, charge generation, and charge collection - all

of which depend strongly on the electrical properties of materials. Hence, the second

stragey was developed in order to simultaneously address some of the weak points

of current perovskite materials such as toxicity and stability, by means of modifying

the material composition, and study the resulting effect on device performance and

electrical characteristics.

1.3.3 Approach

There are several common threads that have been woven throughout this dissertation,

which result from the approaches I have taken to pursue these strategies for improving

solution-processed solar cells. These approaches are:

57



Compositional Engineering:

One of the main features of solution-processable solar materials is that the composi-

tion of the final active layer can be simply modified by blending additional ingredients

into the precursor solution. This provides the opportunity to tune the chemical com-

position of ionic solar materials such as perovskites, adjust the kinetics of film forma-

tion, add passivating agents that reduce trap densities, and introduce nanomaterials

with specialized functionality into the active layers.

Computational and Experimental Screening:

Finding modifications that improve the performance of solar cells is a challenging

process. Attempting a few improvements here and there is generally an ineffective

strategy to finding solutions that have favorable outcomes, mainly because it is simply

easier to make changes that are detrimental to performance than beneficial. Rather

an approach that systematically screens over many conditions is much more likely to

identify new conditions or compositions that improve solar performance. This ap-

proach also provides information about the sensitivity of the performance to these

conditions and supplies enough data to potentially illuminate and characterize the

underlying mechanism responsible for improvement. In order to increase the likeli-

hood of success, the following process was used to search for favorable active layer

compositions:

1. An undesirable feature of a solar material must be first identified.

2. A strategy needs to be devised that proposes a solution that has the potential

to address this need.

3. Computational screening is performed over wide range of different active layer

compositions to ensure that the concept is valid and identify the most favorable

embodiments.

4. The results of the computational screening are used to guide the fabrication of

actual solar cells. By screening through a candidate pool to investigate how
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the compositional changes to the active layer influence the solar performance,

optimum embodiments can be identified. Furthermore, by comparing the ex-

perimental and computational findings, mechanisms that are responsible for

improvement can be confirmed or speculated upon.

The computational methods used throughout this work are:

1. Analytical Theory: some simple problems have analytical solutions, but often

numerical techniques are required to solve specific systems. Such calculations

were generally performed using MATLAB scripts.

2. Finite-Difference Time-Domain (FDTD): this is a computational tech-

nique that takes an optical system, discretizes the space into a mesh, and nu-

merically solves Maxwell's equations at each node. It is very useful for evalu-

ating how light interacts with systems that do not have analytical solutions, or

in systems that are too complicated to practically evaluate. The commercial

software package Lumerical FDTD Solutions was utilized for these calculations.

3. Density Function Theory (DFT): is a computational quantum mechanical

modeling method that is used to investigate the electronic structure of many-

body systems comprised of atoms and molecules by calculating the spatially

dependent electron density throughout the system. For these calculations, the

open-source software, Quantum Espresso, was utilized in conjunction with re-

sources at computing facilities such as the Texas Advanced Computing Center

(TACC).

Biological Self-Assembly:

The bottom-up approach of using biomolecules to assemble nanocomposite structures

was used whenever it was advantageous to do so. This process is generally inexpensive

and environmentally-friendly as biomolecules are native to aqueous environments at

low temperatures. Therefore, existing mechanisms were utilized when possible and

new ones were developed to synthesize photoactive structures that could be useful in

solar cells.
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Low-Cost Processing:

Since the key driving factor behind solar cells is the cost per watt of generated power,

it only makes sense that emerging photovoltaics should aim to be constructed using

the least expensive materials and least energy-intensive processes available. For this

reason, device architectures were adopted that use less expensive metals such as

aluminum for the electrodes instead of silver or gold. Likewise, fabrication process

were chosen that require lower processing temperatures.

As will become evident in the following chapters, these approaches acted as guide-

lines from which I sought creative solutions to synthesize materials and build solar

devices by integrating aspects of photonics, biological engineering, and materials sci-

ence together.

It should also be mentioned that of the five families of solution-processed solar

cells presented in Section 1.2.2, most of my computational and experimental work was

focused on the first three technologies. I did not pursue work with chalcogenide solar

cells because the required solvent, hydrazine, raises very serious safety concerns due

to its high toxicity and reactivity. Although I performed some computational work

for DSSCs constructed by colleagues, I chose to personally fabricate only solid-state

devices. Thus, most of the original research presented in this dissertation will focus

on polymer, quantum dot, and perovskite solar cells.

1.4 A Note on Organization

This chapter was intended to present both the immense potential that solar energy

offers as well as the challenges that must be overcome for emerging photovoltaic

technologies to become competitive. By providing brief summaries of both the ba-

sic operation of solar cells and the history of the field, it is hoped that the reader

would have sufficient perspective to appreciate how various technical, economic, and

political factors are shaping the future of photovoltaics whilst it grasps for purchase

in a complicated energy landscape. The particular goals of my research have been

motivated and presented to utilize various facets of engineering to address some of
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the technical issues solution-processed solar cells face, particularly the needed for

improved light harvesting techniques and improved materials.

The following chapters will explore each of these avenues in turn, with the first

half focused on how plasmonic structures can improve light harvesting and the lat-

ter half focused on modifying the materials of perovskite solar cells. However, not

every chapter will be specifically focused on solar cells. Rather some will build the

theoretical foundation of these strategies and explore aspects that are important for

solar cells, while later chapters will discuss performance trends in actual devices. The

remaining chapters will discuss the following topics:

Chapter 2: presents the concept of localized surface plasmon resonance (LSPR) as

well as the underlying theory behind the phenomenon. The use of the M13

bacteriophage to assemble and organize plasmonic nanostructures will also be

presented and compared against theoretical measurements.

Chapter 3: presents a new synthesis procedure that uses amino acids to mediate

the growth of zincous shells on gold nanoparticles. A synthesis pathway is

proposed and the materials are characterized using various imaging and spec-

troscopy techniques. By comparing the location of the plasmon resonance peaks

in measured extinction spectra to theoretical predictions, the complex index of

refraction for the shell material was determined.

Chapter 4: presents how plasmonic strutures are able to enhance performance in

solution-processed solar cells. This is accomplished by presenting both the

computational and experimental efforts that investigate how the structures dis-

cussed in Chapters 2 and 3 impact solar cell performance. The specific technol-

ogy discussed is a lead sulfide quantum dot bulk heterojunction devices.

Chapter 5: presents the theoretical effort to computationally identify new perovskite

materials with reduced toxicity. The crystal and electronic structure of mixed

metal perovskite materials based on Pb, Sn, and Bi are presented and discussed.

Chapter 6: presents the experimental effort to reduce the toxicity of lead-based per-

61



ovskite solar cells. The influence of elemental substitution of less-toxic metals

into the film is explored from both a performance and a materials character-

ization perspective. Based on the collected data, speculations are made upon

mechanisms that might be responsible for observed performance improvements.

Chapter 7: presents a summary of the findings of this dissertation as well as thoughts

about the future of the technologies discussed herein.
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Chapter 2

Analytical Modeling and Biological

Assembly of Plasmonic Composites

A plasmon is a quantum of plasma oscillation that arises from the excitation of

free electrons in conductors by electromagnetic fields. It is much akin to the more

familiar quasiparticle, the phonon; however instead of describing collective mechanical

vibrations in condensed matter, a plasmon describes collective oscillations of free

electron gas density with respect to the fixed positive ions of a metal. Although this

definition of a plasmon relies on the quantum mechanical concept of quantization

and was first proposed by David Pines and David Bohm in 1952 to describe long-

range electron-electron interactions, the physics can be accurately described within

the classical framework of electromagnetic theory. 135]

Plasmons are generally classified into three different categories, one which occurs

in the material bulk and two which occur at the surface of conductors:

1. Bulk or Volume Plasmons: are longitudinal plasma oscillations generated

within the volume of conductive materials. These modes cannot be excited by

plane waves, which are transverse in nature, and instead are generated only by

particle impact. [36]

2. Surface Plasmon Polaritons (SPPs): are electromagnetic surface waves

that propagate along a conductor-dielectric interface and are evanescently con-
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fined in the perpendicular direction on both sides of the interface. SPPs can

be excited by incident plane waves, but special phase-matching techniques are

required such as prism or grating coupling.

3. Localized Surface Plasmons (LSPs): are non-propagating oscillations of

conduction electrons in closed metallic nanostructures that are driven by an

electromagnetic wave whose wavelength is larger than the nanostructure size.

Unlike SPPs, LSPs are excited directly by incident light without any need for

coupling geometries.

Although all of these situations are very interesting from an electromagnetic per-

spective, only the two types of surface plasmons constitute active area of photonics

research because they provide the opportunity to break the diffraction limit and

squeeze light into structures that are significantly smaller than the wavelength of

light. In the case of SPPs, light is confined to an interface that is essentially infinites-

imally thin. However, when it comes to using plasmons for energy applications the

most useful type is the localized surface plasmon for the following reasons:

1. Unlike SPPs that arise at infinite planar interfaces between a metal and a di-

electric, LSPs can be excited in nanoparticles directly by sunlight without fancy

coupling geometries.

2. LSPs generate a secondary electric field near the particle surface that is greatly

enhanced locally. This allows light to be concentrated in the regions directly

surrounding the metal nanoparticles.

3. The spectral response of a nanoparticle depends strongly upon geometry and

material, which allows the excitation frequency of LSP modes to be tuned to

the needs of a particular system.

Therefore, this chapter will focus almost wholly on the background theory neces-

sary to understand how localized surface plasmons arise and how nanoscale systems

can be designed to make use of this phenomenon for interesting applications such as

sensing and light concentration. No solar cells will be specifically discussed here, but
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this chapter is intended to lay the groundwork for the plasmon-enhanced solar cells

presented in Chapter 4.

2.1 Optical Properties of Metals

As will be shown in the next section, the ability of conducting nanoparticles to sup-

port localized surface plasmons arises directly from the unique optical properties

of metals. Although mathematics will be used in the next section to present the

plasmon, analytical solutions can only be found for a few very simple geometries.

Therefore, what is more important is to build a foundation based on physical pic-

tures that can explain observable macroscopic behavior. Discussions that start from

established material models will provide a framework from which physical intuition

can be developed, which will be critical to explaining more complicated systems when

analytical mathematical solutions are not available. Therefore, this section aims to

briefly present the necessary background to understand the basic optical behavior of

metals, which is captured almost wholly by the complex dielectric function, E(w).

The optical properties of metals can be classically explained with a plasma model,

where free electrons are treated as a charged gas that can move with respect to the

fixed ionized nuclei of the crystal lattice. The model is valid for frequencies through

the ultraviolet for alkali metals, however deviates in noble metals at frequencies where

interband transitions cause significant light absorption. 1361 Gold and copper metals

appear reddish because higher energy photons are exciting electrons in filled bands

just below the Fermi surface to higher energy levels, and therefore bluer colored

light is not reflected as efficiently as redder wavelengths. Conversely, silver and most

other metals appear whitish-grey because interband transitions require higher energies

that are outside the visible range and all colors are reflected fairly efficiently. The

plasma model avoids quantum mechanical considerations by lumping band structure

effects into an effective electron mass, m. Therefore, a classical model aptly captures

the behavior of metals by presenting electrons as negatively charged particles that

are constantly bouncing off the immobile positive ions of the metal lattice. Using
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Newton's second law, the force acting on an electron can be modeled simply as a

mass-damper oscillator system that is driven by an external electric field, E(t), which

allows for its motion to be determined:

mi(t) + m7yx(t) = -eE(t) (2.1)

where m is the effective optical electron mass, -y is the damping constant due to

collisions of electrons with fixed metal ions, e is the electron charge, and x is the

displacement vector of the electron from its equilibrium position and is a function of

time. In this equation, the first term on the left is the inertial term, the second term

accounts for dissipation of electron motion by collisions with ions, and the term on

the right is the electrostatic excitation force. The damping coefficient can be defined

as -y = 1/T ~ 100 THz, where T is the characteristic relaxation time.

By assuming the external electric field drives the system with a harmonic time

dependence E(t) = Eoe--" Equation 2.1 becomes:

x(t) = . E(t) (2.2)

A polarization, P, is produced by the displacement of the electrons relative to the

atomic cores, P = -nex, which yields:

e2
P = - ne E (2.3)

m(w 2 + ijyw)

The dielectric displacement, D is related to P by:

D=EoE+P=e o(1 W 2  E (2.4)

where wp is the plasma frequency of the free electron gas:

WP = ne2/meo (2.5)
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Since D = EOEE, the dielectric function of the free electron gas is:

W = -(2.6)

Equation 2.6 is known as the Drude model and describes the complex dielectric func-

tion of an ideal metal. This can be broken down into the real, El, and imaginary, 62,

components such that E = 61 + iE2 :

,272 2
E1 (w) = 1 - 2 and E 2 (w) = TwP (2.7)

1 + W2 T2  
w1 + w 2 2 )

where r = 1/-y is used because w'r is a convenient dimensionless parameter to use

for investigating the behavior of metals in different frequency regimes. Consider the

following limits:

Low Frequencies (WT < 1): in this limit, Ei = 1 -- 2 T2 and 62 = 72 W 2 1W7.

Hence, E1 < 0 and the imaginary component dominates the dielectric func-

tion since 62 > 6l. This indicates that the metal is strongly absorbing at low

frequencies. This occurs because free electrons screen out the incident elec-

tric field by oscillating out-of-phase with the excitation source, which produces

a secondary electric field that cancels the incident light and thereby quickly

attenuates light incident on the metal.

The dielectric constant is related to the extinction coefficient, K, by:

= (2.8)
2

therefore in this regime,

I ~T(2.9)2 = 2w

The absorption coefficient, a, of the metal can be determined by introducing

the DC conductivity, oo = wp2TEo into the above equation, and noting that the

skin depth, a = 2Kw/c, and the speed of light, c = 1/VgEPO, where EO and Mo
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are the permittivity and permeability of free space, respectively:

a = 2wuopo (2.10)

At low frequencies, a is large and electric fields are quickly attenuated upon

striking a metal surface as the sea of free electrons are able to easily screen out

the electric field.

High Frequencies (wT > 1): in this limit, Ei ~ 1 - w, 2 /w 2 and E2 - 0. Therefore,

the dielectric function of the metal is predominantly real and obtains the form

of a classical plasma:

W(W) = I - (2.11)
W

2

which allows waves to propagate when w > w, but forbids passage if w < wp.

When the wave is allowed to propagate, El > 0 while 82 ~ 0 and the metal

adopts dielectric character. Physically, the excitation is above the resonance

frequency of the plasma and the free electrons cannot react quickly enough to

counteract the incident electric field. Therefore, the free electrons are unable to

screen the electric field and the metal transmits the wave like an insulator.

According to Equation 2.6, when w > wp then E -+ 1. However, real noble metals

deviate from this behavior because filled electrons in the d-band cause a highly polar-

ized background of positive ions in the lattice to contribute a residual polarization.

The Drude model can be modified to account for this with a dielectric constant e,:

E = E0 - 2(2.12)

which can be broken down into real and imaginary components:

E(W) = E - 2 and E2(W) = (2.13)

Experimental data for gold (Au), silver (Ag), and copper (Cu) by Johnson and

Christy are presented in Figure 2-1 along with the Drude model fits. [37] As can be
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Figure 2-1: The real and imaginary part of the dielectric constants for the noble
metals gold, silver, and copper as measured by Johnson and Christy along with the
fits to the Drude model. 1371

seen, the fits are in good agreement at low photon energies for E < 2 eV, which

are below the threshold for band transitions with these metals. However, at higher

photon energies, significant deviation arises when the interband transitions occur

and excite electrons below the Fermi surface to higher bands. Also notice that the

interband transitions occur at much higher energies for silver compared with gold and

copper, which accounts for their different characteristic hues, as discussed previously.

Therefore, although the Drude model provides the opportunity to understand how

the behavior of electrons in metals influence their complex dielectric constants, it is

best to use the actual measured values for calculations whenever possible to predict

accurate behavior. In FDTD simulations, a high order polynomial is usually fit to

experimental values in order to sample the material parameters at any appropriate

wavelength.
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Figure 2-2: The electric field of a traveling plane wave causes the cloud of free electrons

in a metal nanoparticle to distort, which uncovers the positive ions of the metal lattice.

This gradient in charge density produces an electric field in the direction opposite the

excitation source that acts to restore the electrons to their equilibrium position. This

system is analogous to the classical driven mass-spring-damper harmonic oscillator
where the restoring force is akin to the spring, the dissipation of electron momentum

by collision with the metal ions is the damper, the electron itself is the block of mass,
and light is a harmonic driving force.

2.2 Localized Surface Plasmon Resonance

Localized surface plasmons arise in metal nanoparticles when light of a particular

frequency incites free electrons into collective resonance. Noble metals are of par-

ticular interest because the resonance frequencies fall into the visible range of the

electromagnetic spectrum, making them useful for many optical applications. The

simplest problem that has an analytical solution is the electromagnetic response of

a spherical nanoparticle that is much smaller than the wavelength of light, which is

classically known as Rayleigh scattering theory and holds true regardless of whether

the nanoparticle is a metal or a dielectric because the physical difference of each

material is captured wholly by the dielectric function.

The concept of plasmon resonance in metal particles can be intuited with a simple

thought experiment that is illustrated in Figure 2-2. Imagine that a plane wave is
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propagating through space and encounters a metal nanoparticle that is much smaller

than its wavelength. At one moment in time, the nanoparticle will be fully immersed

in an electric field that is oriented upwards and the free electron cloud in the metal

will feel an electric force that causes the cloud to distort towards the bottom of the

particle. As the electrons migrate, they will leave the fixed positive ions of the metal

lattice unscreened and an electric back-field will develop to pull the free electrons

back to their original positions. Therefore the free electrons experience an applied

force from the electric field of the incident plane wave, a restoring force that arises

from the distortion of the cloud, and a damping force due to the collision of electrons

with positive ions immobilized in the metal lattice. At another moment slightly later

in time, the plane wave will travel through space and immerse the nanoparticle in an

electric field that is oriented in the opposite direction. The electrons will now experi-

ence the same forces, but the directions will all be reversed. Hence the electrons will

be oscillating in time as the incident plane wave passes by. This situation is directly

analogous to a classical mechanical system: the harmonically driven mass-spring-

damper oscillator. Here, the electrical back-field generates a restoring force akin to

that produced by a spring, light is the driving force, the dissipation of momentum

upon collisions is a damper, and an electron is the proverbial block of mass. It is well

known that a resonance frequency exists for this particular oscillator system in the

under-damped condition (i.e. when the dissipation of electron momentum is not the

dominant contribution to electron motion):

Vk b2

Wr = - 1 - (2.14)

where k is the spring constant, m is the mass, and b is the damping coefficient. Driv-

ing the mechanical mass-spring-damper system at the resonance frequency causes the

mass to achieve very large displacements that do not occur at any other frequency.

By extension, it is natural to conclude that a particular frequency of light would

drive the electrons of the metal nanoparticle into resonance as well. In fact, the

exact same concept holds true for free electrons in the metal nanoparticle with one
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additional consequence, the constant collective acceleration and deceleration of elec-

trons in driven harmonic motion produces a secondary electric field with an intensity

that is very high close to the particle surface (i.e. the near-field) and quickly de-

cays spatially until it disappears far away from the particle (i.e. the far-field). This

concentrated field arises directly from the oscillation of the free electrons and is the

physical manifestation of a localized surface plasmon.

2.2.1 Rayleigh Scattering Theory

In order to fully grasp how different system parameters influence the electromagnetic

response of a metal nanoparticle and thus the generation of plasmons, it is instructive

to analytically solve for the electromagnetic field in the near-field and investigate

behavior that is observable in the far-field. The starting point for all electromagnetics

problems is Maxwell's Equations, which consist of four coupled phenomenological

equations that capture the interactions of fields and charges inside media:

V x E = (2.15)at

V D =pf (2.17)

V B =0 (2.18)

where D is the electric displacement field, E is the electric field, H is the magnetic

field, B is the magnetic induction, Jf is the free current density, and pi is the free

charge density. If the material is linear, isotropic, and nonmagnetic, the following

constitutive relations can be written that relate the fields:

D = eOE E (2.19)

B =pop H (2.20)
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Figure 2-3: When a plane wave with wavelength, A, illuminates a small nanoparticle

with a radius, a < A, the particle feels an electric field that is approximately uniform

in magnitude across its spatial extend at any given moment in time. Therefore, the

quasi-static approximation can be used which allows the problem to be treated as if

a sphere were placed between parallel plates.

where 6O and [o are the permittivity and permeability of free space, e is the dielectric

constant, and p = 1 is the relative permeability of nonmagnetic media.

As discussed above, the simplest analysis that can be performed for the electro-

magnetic response of metal nanoparticles is to consider the situation when a plane

wave travels through a space that is occupied by a small nanoparticle. As illustrated

by Figure 2-3, if the diameter of the particle is significantly smaller than the wave-

length of incident light (i.e a < A), the quasi-static approximation can be used,

which substantially simplifies the analysis by removing any time dependence. The

idea is that since the particle is so small, it experiences an essentially uniform electric

field across its entire spatial extent. Therefore, at any given moment the particle can

be thought of as being inserted between two parallel plates. Although the electric

field magnitude will vary slowly in time, the analysis can be performed by simply

considering a single snapshot. If all time dependence is removed, then 0/Ot -+ 0 and

if there are no external sources then pf = 0 and Jf = 0, then Equations 2.15-2.18
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simplify to:

V x E =0

V x H =0

V D =0

V B =0

(2.21)

(2.22)

(2.23)

(2.24)

The electric and magnetic fields are now completely decoupled and the analysis can

proceed by considering only the electric field. Since V x E = 0, a scalar electric

potential, <D can be defined since the curl of the gradient of any scalar quantity is

always zero:

E = -V4) (2.25)

Which can be combined with Equatons 2.23 and 2.19 to produce Laplace's Equation:

V - EOE = V - (--eoV4b) = 0 __ V2D = 0 (2.26)

Laplace's equation takes the following form in spherical coordinates (r, 0, #):

12 1 1p a24-

rOr2' > r2sin 09& 9k"V r2sin 2 002
()') 7\

Since the system has azimuthal symmetry, that is the incident and scattered

electric fields are expected to be axisymmetric about the x-axis pictured in Figure

2-3. Thus, 0/0 -+ 0 and the solution to Equation 2.27 has the general form: [361

00

1(r, 9) = E [Air' + Bir-( 1)] Pi(cos 9)
1=0

(2.28)

where P(cos 9) are the Legendre Polynomials of order 1 and 9 is defined in accordance

with Figure 2-3. At this point it is easiest to separately solve for the electrical potential
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inside, (Ij, and outside, 4It, the sphere:

00
'i,,(r, 0) = [ Airl + Blr-(+)] P(cos 0) (2.29)

1=0

4u 9r,0) = [ Cir' + Dlr~'+)J P(cos 0) (2.30)
1=0

The coefficients A,, B,, C1, and D, must be determined by applying appropriate

boundary conditions.

4D is Finite at r = 0 : In order to ensure that the potential doesn't become infinite

at the center of the sphere, B, = 0 for all values of 1.

J ,t(r -+ oo) = Eox : The electromagnetic response of the sphere should fully decay

away far from the sphere such that the potential that exists only results from

the excitation plane wave. As r -+ oo, only B remain and in order for Jut =

-Eox = -Eor cos0 these coefficients must be B1 = -EO and B,o = 0.

Gauss's Law at r = a, - (EoEmEut - EOEEi,) = p, : Applying Gauss's law at the

surface of the sphere ensures that the radial component of the D is conserved

across the interface. At the surface of the sphere for p, = 0, the boundary

condition becomes:
(94)O, 'tinO'm = fr(2.31)

r=a r=a

Faraday's Law at r = a, r x (Eot - Ein) = 0: Similarly, applying Faraday's law

to the interface ensures that the transverse component, E, of the electric field

is matched across the interface. When converted into electric potential this

becomes:
a(Dout _ tin O(2.32)

0 a 0

Although the details of the solution can be found elsewhere, [36,38] when both Gauss's

Law and Faraday's Law are applied across the interface between the nanoparticle and

the surrounding medium, it is found that all of the Legendre polynomial coefficients
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vanish except for:

A1 = -3Eo Em (2.33)
(E + 26)

D= a3Eo E - E)(2.34)
(E + 26m)

Which yields a final solution for the electric potential both inside and outside of the

sub-wavelength sphere:

'Din(r, 0)= - m Eor cos 0 (2.35)
(E + 2EM)

<Dt(r, 9) = -Eor cos 9 + Eo (a)3( M r cos 0 (2.36)
r E + 26m)

The electric field inside and outside the particle can be found by combining these

expressions for the respective electric potentials with its definition, E = -V<D:

Ein(r, 0) = ( Em ) Eo (f cos 0 - $sin 0) = m)Eo (2.37)

E t (r, 0) = Eo(f cos 0 - 0 sin 0) - Eo (-) (E-En)(f2cos9 + Osin9) (2.38)
.1 r e + 2Em

Incident Field Scattered Field by NP

The scalar potential field, 4D(r, 9), and the total electric field, E(r, 9) through the

center of a silver nanoparticle with a 5 nm radius for several different excitation

wavelengths are shown in Figure 2-4 along with the maximum normalized electric

field magnitude Emax/Eo as a function of A.

There are several very important observations that can be drawn from these equa-

tions that provide some useful insight about localized surface plasmon resonance:

1. The electric field inside the sphere is aligned along the direction of excitation

and has a constant magnitude that depends solely on the dielectric function of

the sphere and the surrounding medium.

2. The electric field outside the nanoparticles is the superposition of the incident

field, E0 , and the scattered field that is generated by the nanoparticle in response
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Figure 2-4: Contour maps of the a) potential field <D(A), and b) normalized electric
field magnitude IEmax(A)I/IEOI for a plane through the center of a silver nanoparticle
with a = 5 nm that is immersed in water (Em = 1.777). c) The spectral response
of the normalized electric field magnitude shows that IEmax(A)I/Eo is largest when
A = 383 nm.
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to the incident field. The nanoparticle's electromagnetic response takes the form

of a Hertzian dipole. For this reason, nanoparticles can be considered as electric

dipole nano-antennas that resonantly absorb and scatter incident light.

3. The scattered electric field outside the nanoparticle decays with 1/r' from the

surface of the sphere and relaxes to zero far away. Hence light is concentrated

more strongly closer to the nanoparticle surface, but the field intensity drops to

about 1.5% of its original value only one radius away from the particle surface.

4. From the scattering term in Equation 2.38, it is clearly seen that the amplitude

of the electric field would be maximized when the e + 2em -+ 0. If both the

nanosphere and the surrounding medium are dielectric, then this quantity is

always positive. However, as previously discussed in Section 2.1, metals can

achieve negative values for el when w < w, as is demonstrated in Figure 2-1 for

both ideal metals that obey the Drude model as well as real noble metals. When

the metal nanoparticle is embedded in a dielectric medium, there will exist a

particular frequency called the localized surface plasmon resonance frequency,

WLSPR, where the denominator will approach zero. If 62 is small, then the

resonance frequency will depend only on the real part of dielectri functions for

the sphere. This is known as the Fr6hlich condition:

61(WLSPR)= -2em(WLSPR) (2.39)

Near the resonant frequency, the free electrons in the metal nanoparticle will

collectively oscillate to form a localized surface plasmon. This in turn generates

a very strong electric field in its immediate vicinity, which is referred to as

the dipole surface plasmon mode. Although the scattered field can be very

large near the surface of a sub-wavelength metal nanoparticle, it is not infinite

because there is also an imaginary component, E2, that limits the amplitude to

a finite value. If interband transitions occur near the LSPR frequency, then E2

will be increased and the enhancement of the electric field intensity in the near-
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field will be dramatically reduced. For this reason, silver nanoparticles typically

demonstrate significantly higher field enhancements than gold and copper.

5. The resonance frequency of the nanoparticle depends not only on the complex

dielectric function of the metal nanoparticle, E(w) = -1 + i62 , but also on the

dielectric function of the surrounding medium, 6 m(w). For standard dielectric

materials such as air, water, and glass the dielectric function has little variation

throughout the visible spectrum, therefore Em is usually taken to be constant

and is always positive for simple insulators. Although the the Frdlich Condition

is only strictly valid for nearly ideal metals where the imaginary component

of E is small, it provides an easy way to identify how the plasmon resonance

frequency is influenced by different media. As shown in Figure 2-5, when a sub-

wavelength metal nanoparticle is immersed in a dielectric media, the resonance

wavelength (ALSPR = 27rc/WLSPR) will red-shift as 6 m increases. Therefore, the

optical response of metal nanoparticles is sensitive to changes in the dielectric

constant of the surrounding media. As will be discussed in the next section,

this features has allow metal nanoparticles to be used as probes for sensing

environmental changes or binding events with biomolecules.

2.2.2 Extinction of Small Particles

All of the theory so far has focused on the electromagnetic response of sub-wavelength

metal nanoparticles in the near-field. However, it is very difficult in practice to

experimentally measure the light that is contained within the few nanometers of

space directly surrounding small particles. The simplest way to understanding what

is happening locally is to perform a calculation for both the near-field and the far-

field and compare it to a simple macroscopic measurement. Fortunately, ALSPR can

be easily determined by measuring the extinction spectrum of a colloidal suspension

with a spectrophotometer. This provides a measure of how much light is extinguished

by the particles, provided the surrounding medium is non-absorbing. Extinction

is the sum of the scattering and absorbing by the nanoparticles, which is directly
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Figure 2-5: According to the Fr6hlich Condition given by Equation 2.39, when a sub-

wavelength metal sphere is immersed in a dielectric media, the plasmon resonance

wavelength will red-shift with increasing em. Experimental values from Johnson and

Christy, [371 for El of Au, Ag, and Cu are shown by the circles and the dotted lines

correspond to -2Em. Therefore, the graphical solution of the Frdhlich Condition

corresponds to the intersection of the dotted lines with the circles.

proportional to the corresponding cross-sections, Ccat, Cabs, and Cext = Ccat + Cabs-

Although the derivation of these quantities can be found elsewhere, [361 [391 these

cross-sections are calculated by determining the power that is absorbed or scattered

by the particle and comparing that to the incident power density:

2

Cscat = k4a6 C-em (2.40)
3 E + 26m

Cab, = 4.7rka3Im E m } (2.41)
E + 2Em

247r a E3M E2
Cext = ( (2.42)

A ( El + 2Em)2 + 62)

Thus, the extinction spectra measured by a spectrophotometer for a suspension

of monodisperse sub-wavelength nanoparticles is expected to be directly proportional

to Cext as provided by Equation 2.42. According to Equations 2.40 and 2.41, when

the Frdhlich condition is met, both Cwcat and Cab, (and hence Cext) will increase

dramatically as well. Hence, not only will the particle's local electric field be enhanced

at resonance but also its ability to both absorb and scatter light. Since C8cat scales
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with a6 whereas Cabs only scales with a3 , scattering will become more significant with

increasing particle size and will eventually dominate absorption. This is part of the

reason why suspensions of larger nanoparticles look hazier than those with smaller

diameters. Likewise, the color of light scattered from larger metal nanoparticles will

corresponds to ALSPR.

2.2.3 Dependence of LSPR on Size, Shape, and Material

Now that the optical properties of the simplest particle geometry, the small sphere,

has been presented. It is worth quickly exploring how nanoparticle material, size,

and shape tend to influence the strength and resonance frequency of LSPs in metal

nanoparticles.

Size Dependence

Rigorous mathematical treatment was applied for the response of small nanoparticles

in the quasi-electrostatic limit, a < A. However. it is worth discussing how nanopar-

ticles that are even smaller or larger than this regime behave. Metal nanoparticles

can be classified into three different size regimes:

1. Nanoclusters (a < Af): if the size of a metallic nanoparticle is less than Fermi

wavelength, Af, (~ 0.5 nm in metals) the continuous bandstructure character-

istic of metals begins to breaks into discrete energy levels. [401 In this regime,

no plasmon modes are supported because the particle has too few atoms to

achieve metallic behavior. Rather, nanoclusters exhibit strong fluorescence in

the manner characteristics of molecular materials such as dyes.

2. Small Nanoparticles (Af < a < A): if the nanoparticle is smaller than

the mean free path of the free electrons in the metal, A, (~ 30-50 nm) then

the electromagnetic behavior is well described by the electrostatic treatment

presented in Section 2.2.1. If the particle is spherical in shape, it will produce

only the dipole plasmon mode under excitation. The behavior of small particles

is generally dominated by absorption. Thus, dilute colloidal solutions will look
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transparent and vividly colored depending upon which wavelengths are strongly

absorbed.

3. Large Nanoparticles (a > A): for nanoparticles that are even larger, the

quasi-electrostatic approximation is no longer valid and a more rigorous elec-

trodynamic treatment is required to capture how different regions of the parti-

cle volume experience different phases of the driving electromagnetic field. [361.

This is done by expanding the internal and scattered fields into a set of normal

modes described by vector harmonics, a process which is known as Mie theory

after Gustav Mie published the method in 1908. [41] The results of the quasi-

electrostatic approximation form the first term of the expanded set, whereas

other higher-order modes arise due to retardation effects in the larger nanopar-

ticle interior. The behavior of large particles is dominated by scattering and

solutions will look increasingly turbid with particle size.

Mie theory is applicable for any spherically symmetric nanoparticle that supports

plasmons and can be generalized to predict the electrodynamic response of core-shell

nanoparticles with multiple concentric shell layers.

Material Dependence

As discussed previously, the resonance wavelength depends strongly on the dielectric

function of the nanoparticle, e(A), and the dielectric constant of the surrounding

medium, em. This is illustrated in Figure 2-6 for a 10 nm diameter nanoparticles

of several different metals (Au, Ag, Cu, Ni) immersed in either water (Em = 1.777)

or chlorobenzene (Em = 2.323 ). First notice that ext > AC > CU, which is due

to interband transisions arising at the resonance wavelength for gold and copper but

not for silver. Secondly, the resonance wavelength, which corresponds to the peak

position, shifts dramatically to longer wavelengths with the dielectric constant of the

surrounding media increases.
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Figure 2-6: The a) absolute magnitude and b) peak-normalized extinction cross-
section for a 10 nm metal nanoparticle depends on the dielectric function of both
the metal and the surrounding medium. The wavelength at which localized surface
plasmon resonance arises corresponds to the peak position of the extinction cross-
section spectrum. The resonance wavelength red-shifts when immersed in media with
higher dielectric constants. The peak extinction cross-section of silver is quite high
because unlike, gold and copper, interband transitions do not arise at the resonance
wavelength. The extinction spectra of nickel does not have an obvious peak like the
noble metals and only exhibits a fairly even extinction over the entire visible range.
For this reason, colloids of nickel nanoparticles appear black whereas silver appears
yellow and both gold and copper appear red. Nickel is a more complicated material
anyways owing to its ferromagnetism.
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Shape Dependence

When the shape of a metal nanoparticle deviates from that of a solid sphere, new

plasmon modes arise. The number of modes that arise increases as the symmetry

of the particle is reduced. For instance, there are two modes for metal nanorods,

which correspond to electrons oscillating in parallel with or transverse to the central

axis of the rod. Which of these modes is excited is determined by the polarization

of the incident light. When the electrons are oscillating in resonance, charge density

will accumulate on the metal surfaces and a restoring force will develop between the

accumulated electrons and the unscreened ions of the metal. As discussed previously,

this restoring force acts like a spring to return the electrons to their equilibrium

positions. The longer the distance between the opposite surfaces of a particle, the

weaker the restoring force will be, which means the spring constant will be reduced.

According to our mechanical analogue, the resonant frequency from Equation 2.14 will

decrease with reduced values for k. Hence, the greater the distance between surfaces

for a given polarization of light, the longer the expected resonance wavelength. Thus,

the longitudinal mode of the nanorod will have a resonance position red-shifted from

the transverse mode.

In geometries such as triangular nanoprisms, further reductions in symmetry lead

to more modes that can arise. Because many different lines can be drawn across

the triangle, several different dipole modes can arise each with a slightly different

resonant frequency. Hence the ensemble average over all of these modes will lead to

a broadened dipole peak.

2.2.4 Applications

There are two main features of the optical response of metal nanoparticles to visible

light that make them useful in practical applications:

Sensing: as demonstrated in Figure 2-6, the peak position (i.e. ALSPR) of the ex-

tinction spectrum of a system with well-dispersed metal nanoparticle is very

sensitive to the dielectric constant of the surrounding medium. If the dielectric
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Figure 2-7: a) As symmetry is reduced, various plasmon modes arise that are de-
pendent on the polarization of the incident light. b) The color of metal nanoparticle
colloids in water depends strongly on shape and material. The color of each solution
is determined by the wavelengths where light is efficiently transmitted, that is where
the extinction spectra is low. c) TEM images of each gold nanoparticles (AuNPs), sil-
ver nanoparticles (AgNPs), gold nanoplates (AuNPLs), silver nanoplates (AgNPLs),
gold nanorods (AuNLs), and d) the peak normalized extinction spectra measured for
each of these solutions.
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constant of the environment changes, then the peak will shift accordingly. This

finds practical use in biological applications where the event of a biomolecule

binding to the nanoparticle will cause the local dielectric constant to change.

Light Concentration: as demonstrated in Figure 2-4, the magnitude of the electric

field directly surrounding the nanoparticle will increase substantially at the

plasmon resonance wavelength. Hence, the nanoparticle acts to concentrate

light in the near-field. For situations where light needs to be redistributed into

a very small volume and some loss of energy is acceptable, plasmons can be

helpful.

Noble metal nanoparticles were used as both probes for sensing applications and

as light-concentrators for energy applications. Each will be discussed in the following

sections.

2.3 Biological Interactions with Metal Nanoparticles

There are many situations where it is desirable to interface biomolecules with metal

nanoparticles. For instance, localized surface plasmons have enabled the use of metal

nanoparticles as dark-field imaging agents in biological tissue [421 [43], photoactive

biomolecule release systems [44], as probes for biomolecular sensing [451, and as pho-

tothermal agents for proposed site-selective cancer therapy [421. Finding methods

that enable biomolecular materials to bind with noble metal nanoparticles is key to

accomplishing any of these tasks. Typical methods for attaching biomolecules to the

surface of noble metals involve thiolated antibodies or oligonucleotides due to the

strong affinity of sulfur atoms for noble metals. However, a more elegant approach

is to build peptides into antibodies or other biomolecules that have affinity for gold

or silver. In the remaining sections of this chapter, this concept will be discussed in

detail where the M13 bacteriophage is used as a platform to bind and disperse noble

metal nanoparticles.
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2.3.1 M13 Bacteriophage

The M13 bacteriophage is a filamentous-type virus that replicates by infecting the

bacteria Escherichia coli with its genome. As shown in Figure 2-8a, it consists of

a protein capsid that enshrouds a single-stranded loop of DNA. The virus is about

880 nm in length and 6 nm in diameter with -2,700 identical copies of the pVIII

protein comprising the coat along the major axis. At the outer surface of either

end of the virus, there are about 5 copies of the pIII and pIX proteins. Due to the

simple structure and well-studied genome of the virus, these outer-coat proteins can

be genetically engineered to display peptides that enable the virus to interact with

materials in its environment. To illustrate this, virus variants were amplified that have

gold-binding peptides incorporated into either the pIII or pVIII proteins. Figure 2-

8b sketches how gold nanoparticles (AuNPs) dispersed in aqueous media would bind

to the virus. Binding events are clearly demonstrated in the actual system by the

TEM images shown in Figure 2-8d where AuNPs are clearly bound to the virus and

outline the filamentous morphology of the virus. 1 Likewise, Figure 2-8c illustrates

the concept of the pIII protein binding to AuNPs that have been patterned on a

substrate. It is clearly seen in Figure 2-8e that the end of each of the virus particles

is attached to a AuNP. Thus, both the pIII and pVIII proteins can be modified so

that a particular region of the virus demonstrates an affinity for inorganic materials.

2.3.2 Self-Assembly of Nanoparticle-Virus Complexes

When a protein of the virus has been programmed to display affinity for a noble

metal, structures such as the decorated virion in Figure 2-8d can be easily assembled

by simply combining an aqueous colloid of appropriately-capped nanoparticles with

an aqueous solution of the virus. In the solution, the peptide at the outermost end of

the capsid protein will be able to bind with the nanoparticle in the event that they

'When many nanoparticles are packed along the virus, it becomes nearly impossible to directly
image the bacteriophage with transmission electron microscopy (TEM) due to the high contrast
between the metal nanoparticles and the organic virion. When less particles are attached to a
virion, the bare proteins become easier to image directly.
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Figure 2-8: a) The M13 bacteriophage is a filamentous-type virus whose outer coat
proteins, pIII, pVIII, and pIX can be engineered to display peptides with affinity for
inorganic materials (virus sketch is not to scale). The inset shows an AFM image
of a single virus. Viruses that have been designed to bind gold nanoparticles with
the pVIII and pIII proteins are shown schematically in (b-c) and using microscopy
techniques (d-e).
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come into contact.

There are several established sequences that are capable of binding either gold,

silver, or both. These are listed in Table 2.1.

Table 2.1: Virus Variants with Affinity for Au or Ag

Variant Binds Au? Binds Ag? Sequence Functional Group
p8#9 (pVIII) Y Y VSGSSPDS Hydroxyl
DSPH (pVIII) Y N DSPHTELP Imidazole
E3 or EEAE (pVIII) N Y EEE or EEAE Carboxylic Acid
C7C (pIII) Y Y CSHLHSPLC Thiol

Each of the virus variants listed uses a different functional group to bind directly

to the metal nanoparticle surface. The pIII peptide, C7C, contains two cysteine

residues that tend to form a disulfide bridge, which must be reduced prior to use

with tris(2-carboxyethyl)phosphine (TCEP) in order to liberate the thiol groups for

interaction with the metal. Conversely, all of the pVIII peptides do not require any

mild reducing agents for use and can each be used in its native state. For the purposes

of this thesis, the variant called p8#9 is used almost exclusively because it has the

ability to bind with both gold and silver and does so in a gentle manner that does not

damage the particles. [461 This should be contrasted against the E3 variant, which

tends to have a significant enough catalytic interaction with Ag that it will decompose

large nanoparticles and redistribute the material along the virus major coat.

There are two types of interactions that can bind a nanoparticle to the virus:

1. Protein Affinity: this occurs when the sequence of amino acids comprising

the peptide on the outermost end of either the pIl, pVIII, or pIX proteins

demonstrates affinity for the material itself.

2. Electrostatic: if the virus major coat proteins and the nanoparticles are op-

positely charged, then they will become bound based purely on electrostatic

attraction.

Electrostatic interactions are generally difficult between nanoparticles and the

virus because usually both the capping agent that stabilizes the nanoparticle and
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the virus are negatively charged at neutral pH. Adding buffer to a solution of col-

loidal nanoparticles can cause them to precipitate irreversibly from solution if the salt

concentration is high enough to screen the charges on the capping-agent molecules.

Therefore, protein-metal affinity is a simpler mechanism for binding and can usu-

ally be performed in deionized (DI) water regardless of the surface charges of the

nanoparticles and virions.

2.3.3 Role of Capping Agent in Metal-Protein Interactions

Although the virus variants listed in Table 2.1 are capable of binding with Au and

Ag, allowing the virus proteins to recognize and bind to a metal nanoparticle requires

that: (1) the affinity of the virus binding peptide for the metal be significantly stronger

than that of the capping-agent, and (2) that the capping-agent molecules be easily

displaceable by the protein itself. Although many different types of nanoparticles

have been grown or bound to the virus, there has not yet been much discussion of the

surface chemistry that is required to promote the bonding of two materials that have

already been formed, as opposed to the act of nucleating new materials directly on

the phage. In order to explore the limitations of the p8#9 virus to bind to AuNPs

and AgNPs, a study was performed to identify which capping-agents would allow for

direct protein-metal binding.

There are several main findings that have resulted from this effort:

1. Citrate is an ideal capping agent for enabling the binding of the virus

to both AuNPs and AgNPs. It is compact, highly charged, and only weakly

bound to the metal surface. Furthermore, the most common methods for syn-

thesizing gold and silver nanoparticles in aqueous solution are derived from the

Turkevich method, which uses citrate as both a reducing agent and capping

agent. 1471 The three carboxylic acid groups present on each citrate polyanion

are all deprotonated near neutral pH, which allows the nanoparticles to be nega-

tively charged and electrostatically stabilized in aqueous solution. Even though

the surface of both the citrate-capped metal nanoparticles and the virus are neg-
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atively charged, as is clearly demonstrated by Figure 2-9a and d-f, binding still

occurs, which indicates that mechanism must be based on protein recognition

of the metal surface.

2. Any metal nanoparticle capped with a thiolated ligand will prevent

interaction between the capsid proteins and the metal surface, re-

gardless of the size of the ligand molecule. All evidence from TEM im-

ages suggests that even in the case of mercaptosuccinic acid (MSA), the closest

thiol analogue to citrate, the nanoparticles do not bind to the virus. This is

believed to happen for two reasons: (a) the thiol functional group is so much

more hydrophobic than the the pVIII binding peptides on the virus variants

that the peptide is denied access to the metal surface, and (b) the affinity of

thiols for noble metals is so much stronger than the pVIII binding peptides

that it will never be sufficiently displaced. As is shown in Figure 2-9c, AuNPs

capped with MSA do not have specific affinity for the virus to the same degree

as citrate and the few observable NPs are believe to be simply sitting on the

bundle of viruses. Should the thiolated capping agent be positively charged,

then electrostatic interaction could occur between a nanoparticle and the virus,

however in this situation the only role that the proteins on the virus have in

binding is displaying negatively charged functional groups.

3. Besides citrate, the only other type of capping molecule that is both compact

enough to produce a highly charged nanoparticle and has a weaker affinity

for the metal surface than the pVIII binding peptides is based on aminated

pyridine compounds, specifically 4-(dimethylamino)pyridine (4DMAP) 1481 and

4-(methylamino)pyridine (4MAP). The only difference between them is that

4DMAP has an extra methyl group on the amine, hence both molecules act

similarly as capping agent. However, 4DMAP is extremely toxic upon skin

contact whereas 4MAP is significantly less hazardous. The planar structure of

these molecules sufficiently stabilize AuNPs by packing tightly onto the surface

and the dipole moment between the amine and the nitrogen atom in the pyridine

91



ring provides the partial positive charge to appear on the surface of the capped

particle. As is evidenced by the TEM image in Figure 2-9b, AuNPs capped with

4MAP are able to bind to the virus in the same fashion as the citrate capped

particles.

2.3.4 Optical Properties of Nanoparticle-Virus Complexes

Upon binding to a virus molecule, the overall optical properties of the noble metal

nanoparticle largely remain the same. The virus proteins and the capping agents on

the nanoparticles generally prevent the individual particles from losing their surface

charge and aggregating. Hence, only the dipole resonance mode characteristic of indi-

vidual particles that are well-dispersed in a medium are generally observed. However,

in accordance with the Fr6hlich condition presented in Figure 2-5 the measured ex-

tinction spectra will shift slightly as the virus has a higher index of refraction than

DI water. Figure 2-10 demonstrates that upon binding both gold and silver nanopar-

ticles in solution, the resonance peak position of the extinction spectra will shift to

slightly redder wavelengths.

2.4 Plasmonic Sensing of Porosity in Nanoporous

Virus Films

Now that the fundamentals of plasmon resonance and biological assembly of noble

metal nanoparticles have been presented, this section will present an interesting ap-

plication where gold nanoparticles are used as probes to quantify the porosity of

nanoporous organic and inorganic films. As discussed in Section 2.2.3, this utilizes

the sensitivity of the LSPR resonance peak position to the dielectric function of the

surrounding medium. Although this thesis is focuses on solar cells, this project is

a worthwhile detour into the field of sensing because it not only reveals how useful

simple gold nanoparticles can be in providing information about their surroundings,

but the theoretical framework used to describe the optical properties of nanostruc-
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Figure 2-9: Both AuNPs and AgNPs are able to bind the virus variant p8#9 when the
capping agent on the metal nanoparticle is easily displaced by the virus. a) Negatively
charged 5nm citrate-capped AuNPs and b) positively charged 4MAP-capped AuNPs
are capable of binding to the virus. c) However, thiolated capping agents prevent
interactions with the proteins as is evidence by the lack of uniform binding when
MSA-capped AuNPs are mixed with p8#9. d) 10nm and e) 20nm citrate-capped
AgNPs are able to densely coat p8#9 virions, whereas f) lower ratios of NP to virus
allow the 20nm AgNPs to become more separate and underfocusing the microscope
allows both the bare virions and the AgNPs to be imaged simultaneously.
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Figure 2-10: Measured extinction spectra of gold and silver colloids of different sizes

as well as observed red-shifts in spectra upon complexation of metal nanoparticles

with the p8#9 virus variant.

tured materials is used for modeling the active layer of bulk-heterojunction solar

cells in Chapter 4. This work was originally published in Advanced Materials and is

expounded upon in this section. [491

2.4.1 Synthesis of Nanoporous Films

Although the details can be found elsewhere, nanoporous virus-based films were as-

sembled using a covalent layer-by-layer (LbL) assembly process developed and per-

formed by No6mie-Manuelle Dorval Courchesne. [49] In brief, gold nanoparticles were

first complexed to the p8#9 virus in solution. A glass or silicon substrate was then

sequentially dipped into the solution containing the virus-AuNP complexes, a solu-

tion of the zero-length cross-linker 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide

(EDC), and a rinse bath. The EDC molecules activate the available carboxylic acid

groups on the virus outer coat proteins, which then covalently bond with the terminal

amines of other virions when the substrate is dipped back into the solution containing
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Figure 2-11: The M13 bacteriophage is first complexed with gold nanoparticles
(AuNPs) in aqueous solution. The complexes are then cross-linked using EDC chem-
istry by covalently forming amide bonds from the carboxylic acid and primary amine
groups available on the complexes. By controlling the cross-linking process with layer-
by-layer (LbL) assembly, a nanoporous organic film can be built that has AuNPs
evenly dispersed throughout the film thickness. The organic film can be mineral-
ized with TiO 2 and converted into a nanoporous inorganic anatase film with heat
treatment.

the viruses. As sketched in Figure 2-11, repeating this process allows a nanoporous

virus-based film to be generated with any desired thickness that has gold nanoparti-

cles uniformly dispersed throughout the film. This nanoporous film can further act as

a scaffold upon which amorphous titanium dioxide can be nucleated and coated from

a solution of titanium tetrachloride (TiCl 4). Through heat treatment, amorphous

titania will transform into crystalline anatase titania and the virus will burn out of

the film through combustion.

As evidenced by the TEM cross-sections presented in Figure 2-12a-b, the LbL

process produces nanowire meshes with even porosity and morphology throughout the

film thickness both before and after mineralization by titania. Figure 2-12c-d show

that gold nanoparticles can be evenly distributed throughout the film as evidenced

directly by the SEM image and indirectly by the uniform red hue of the assembled film,

which is characteristic of well-dispersed gold nanoparticles due to LSPR. Since this

assembly process is capable of dispersing AuNPs without aggregation, the location

of LSPR peak can provide useful information about the effective index of the phage
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film when the optical properties of the system are properly modeled.

2.4.2 Dielectric Function of Nanoporous Media

In order to develop an optical model that describes the behavior of gold nanoparticles

embedded in the nanoporous films, we first need accurate values of the dielectric

function for both the virus and anatase titania. Although measurements are available

for anatase films [50], the M13 bacteriophage is a less common material and its optical

properties have not been previously reported. Therefore, ellipsometry measurements

were performed by J.A. Woollam Co., Inc. to calculate the complex refractive index

of a 59% porous virus film as a function of wavelength between 500 and 1700 nm. As

is discussed in the following paragraphs, this measurement provided the information

from which the dielectric function of pure bacteriophage was estimated using effective

medium theory.

Because the pores of the bacteriophage are significantly smaller than the wave-

length of incident light, light cannot distinguish between the individual domains of

bacteriophage and air in the film, rather it perceives an effective dielectric medium

that is a blending of the material properties of the two components. The Bruggeman

model for an effective dielectric function was chosen because it is valid for a two-

component inhomogeneous medium and does not assume the presence of particulate

inclusions like the Maxwell Garnett model does. [39] The expression for the complex

effective dielectric function 6eff, according to the Bruggeman model is: [39]

f pp - 'eff) + (1 f)(m - Eeff 0 (2.43)
epp + 2Eeff Em + 2 Eeff

where epp is the complex dielectric function of pure bacteriophage, em is the dielectric

function of the other medium (either air, 8 air = 1.000, or water, ewater = 1.777), and

f is the volumetric fill fraction of the bacteriophage in the two-component material.

The effective dielectric function, eeff, must be solved for numerically using Equation

2.43, however, since the effective dielectric constant of a 59% porous bacteriophage

film (i.e. 41% volumetric bacteriophage fill fraction) is known from ellipsometry, this
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Figure 2-12: Cross-sectional transmission electron micrographs of the nanoporous (a)
virus film and (b) titania network resulting from mineralization of the virus film both
nanowire networks are linked to form pores that are uniformly distributed through
the thickness as a result of the layer-by-layer assembly process. c) A top-down SEM
images shows that gold nanoparticles are distributed throughout the film when the
process uses AuNP-virus complexes instead of bare virions. d) Optical images of virus
films coated on glass with (right) and without (left) gold nanoparticles complexed to
the virus during LbL assembly.
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data allows the dielectric function for pure phage, ep,, (i.e. 0% porous phage film) to

be estimated. Rearranging Equation 2.43 and solving for Epp provides:

2(ff"m-1) (Eair-Efilm +1I
= Efilm kfilm Eair+2efilm
, m Eair-Efilm (2.44)

ffilm eair+2efilm)

where ffilm is the bacteriophage fill fraction (41% for measured sample) and Efilm is

the dielectric function for the bacteriophage film obtained from ellipsometry measure-

ments. Also, note that the complex index of refraction for a non-magnetic material

is simply:

n +iK = V/F1 + ie 2  (2.45)

where n is the real part of the refractive index, and K is the imaginary part. Figure

2-13 shows both n and K for the 59% porous phage film as determined by ellipsometry

measurements and the estimated values for a pure bacteriophage film from Equations

2.44 and 2.45. This analysis was extended to show how the complex refractive index

of a virus-film would change as a function of virus fill fraction. Both the real and

imaginary component are displayed as contour plots in Figure 2-14. The complex

dielectric function of pure, voidless anatase titania was calculated from the values

reported by Kim et al. for a 16% porous anatase titania thin film using the same

method discussed above to estimate the complex index of pure, voidless bacteriophage

films. 1501 In short, the reported dielectric function for the 16% porous film was

substituted for Efilm in Equation 2.44 and a titania volumetric fill fraction of 84%

(i.e. 100-16 = 84) was used for ffiim to extrapolate the dielectric function of pure,

voidless anatase titania (i.e. ffilm = 100%), E,. The complex index of refraction was

produced using Equation 2.45 and the result presented in Figure 2-15.

Once the complex dielectric function of pure anatase titania was calculated, Brugge-

man effective medium theory was again used to calculate the effective complex di-

electric function, Eeff, of a nanoporous anatase film with an arbitrary volumetric fill

fraction of titania, f, by numerically solving Equation 2.43. However this time, the

calculated complex function of pure titania was substituted into E,. By calculating
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Figure 2-13: Real (blue) and imaginary (red) components of the index of refraction for
the 59% porous bacteriophage films (dotted lines) as determined through ellipsometry
measurements and the estimated function for pure bacteriophage films (i.e. 0% porous
films, solid lines) as predicted by Bruggeman effective medium theory.
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Figure 2-15: Real (blue) and imaginary (red) components of the index of refraction
for pure (i.e. 0% porous films, dotted lines) and 53% porous anatase titania films.

the extinction peak location for AuNPs in nanoporous anatase films as a function

of film porosity (discussed in the next section), the porosity of actual nanoporous

anatase films can be estimated by simply measuring the absorption peak of AuNPs

dispersed in the film and comparing it to Figure 2-21. Absorption measurements

performed on an anatase film specimen produced a peak at 567 nm using a UV-vis

spectrophotometer (Beckman-Coulter DU800), which is predicted using this method

to be 41% porous. This is a reasonable value as it is expected that the biomineraliza-

tion process would increase the diameters of the nanowire mesh and thereby reduce

pore volume. It should be noted that quartz crystal microbalance measurements

of the anatase sample could not be obtained as the substrate does not survive the

annealing temperatures during the crystallization process. The estimated complex

effective index of this sample is reported in Figure 2-15.
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2.4.3 Predicted and Measured Extinction Spectra

Due to the phenomenon of localized surface plasmon resonance, the location and

width of the absorption peak for spherical AuNPs is very sensitive to two factors:

(1) the dielectric function of the medium surrounding the nanoparticle and (2) the

distance between neighboring nanoparticles in the system. By comparing the absorp-

tion measurements of AuNPs in different environments to theoretical predictions,

inferences can be made about the degree of particle aggregation present in virus-

based composites. Thus far, the complex dielectric function has been developed for

nanoporous virus and titania films, however the calculated dielectric function for the

pure bacteriophage should be tested against another system to ensure validity. To

do so, a model was developed to predict how AuNPs complexed onto the virus in

solution would affect the extinction spectra.

The developed model uses Rayleigh scattering theory to investigate how 8 nm

diameter gold nanoparticles interact with light in both the near- and far-fields. The

electric-field intensity profile in the region immediately outside of the nanoparticle re-

veals how much light is being concentrated in the near-field. In the preceding section,

the dielectric function of the 59% porous bacteriophage film was found experimen-

tally. However, in order to predict the extinction spectra for a AuNP complexed onto

a bacteriophage that is suspended in aqueous solution, an effective dielectric function

must also be obtained for the water-bacteriophage medium. This is not straight-

forward because Bruggeman theory requires that a volumetric phage fill-fraction be

known. The method chosen for computation here is to choose a domain size that is

representative of the volume over which the near-field extends. By making this the

domain volume over which to calculate the volumetric fill-fraction of bacteriophage,

we are considering how the electric field produced by the AuNP will perceive the

media directly surrounding it. The near-field electric field profile is calculated us-

ing Equation 2.38 for a AuNP with a diameter if 8 nm. The dielectric function for

gold nanoparticles used for all the calculations is the experimental values reported by

Johnson and Christy. [371. Figure 2-16 shows the electric field intensity, JE 2 , profile
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Figure 2-16: Contour plots of the normalized electric field intensity profile when il-
luminated at the resonance wavelength of the system through the center of a gold
nanoparticle (a) embedded in air, (b) embedded in water, (c) complexed to a bacte-
riophage in aqueous solution, or (d) embedded in a 59% porous dried-bacteriophage
film. The white circle represents the AuNP surface and the dashed cyan circle is
drawn two AuNP radii from the nanoparticle center.

produced at the LSPR resonance wavelength of the system on a plane through the

center of a AuNP embedded in each of the four media, which has been normalized

to the intensity of the incident plane wave, jE0 12. The white circle represents the

boundary of the AuNP and the dashed cyan circle is located two NP radii from the

center of the AuNP. As can be seen in Figure 2-16, most of the electric field enhance-

ment is contained within the dashed cyan circle. Therefore, it is argued that a sphere

located two radii from the AuNP center is the outer extent to which the nanoparticle

will feel the surrounding media, and the fill-fraction of phage contained within this

sphere will be the value for f used to calculate the effective dielectric function felt by

a AuNP complexed onto a bacteriophage suspended in water.

By approximating the filamentous bacteriophage as a cylinder with a radius, rvirus
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Figure 2-17: Schematic of geometry for gold nanoparticle complexed onto a bacterio-

phage used to calculate the fill-fraction occupied by the bacteriophage.

= 3.5 nm and a length of 880 nm, the volume fraction that the virus-cylinder occupies

in a sphere with radius 2a = 8 nm is (see Figure 2-17):

Vvirus , virus(4a) _ r(3.5nm) 2 (4 4nm) (2.46)
f_____e -_ _ _ _ _______ ___4_4 = 0.287 ( .6

compex VPhere r(2a)3 57r(2 . 4nm) 3

By plugging fcornpiex for f, the estimated dielectric function for pure phage ob-

tained from Equation 2.44 for e&p, and the dielectric constant of water, Ewater = 1.777,

for Em into the Bruggeman effective medium equation provided in Equation 2.43, the

effective dielectric function for the bacteriophage-water complexes can be found by

numerically solving for Seff. The resulting complex effective index of a bacteriophage

complex in water as perceived by a gold nanoparticle is presented in Figure 2-17.

The extinction spectra of spherical nanoparticles can be calculated using Mie the-

ory, which provides an exact solution for the electromagnetic field of an isolated, ho-

mogeneous sphere interacting with an incident plane wave. Since the AuNPs used in

this study are significantly smaller than the wavelength of light, only the dipole mode

contributes to the extinction cross-section and higher order terms can be neglected.

Therefore, the simplified form for the extinction cross-section, Cext, of gold nanopar-

ticles presented in Equation 2.42 can be used to predict the absorption spectrum of

different AuNP systems. The predicted extinction spectra for AuNPs suspended in

air, suspended in water, complexed onto a bacteriophage in aqueous solution, dis-

persed in a 59% porous dried bacteriophage film, and dispersed in a 41% porous

103



1.8 - 1 C R
1.6 - Phage-Water Complex RMa Index, n,

1.4

1

60.4 

-

0
500 550 600 650 700 750 800

Wavelength x [nm]

Figure 2-18: Real (blue) and imaginary (red) components of the effective index of
refraction calculated for bacteriophage-water complexes with a bacteriophage fill-
fraction of fcompje = 0.287, as predicted by Bruggeman effective medium theory.

anatase titania film are presented in Figure 2-19. As the effective dielectric constant

of the medium surrounding the AuNP is increased, the location of the extinction peak

is expected to red-shift, which matches the trend observed in Figure 2-19.

It is well known that the formation of AuNP aggregates drastically changes the

observed absorption spectra because higher order modes arise with resonance at lower

energies, which collectively act to generate a broadened and red-shifted absorption

peak. [511 As shown in Table 2.2 and Figure 2-20, the predicted peak positions are

in excellent agreement with experimental observations and additional peaks or shoul-

ders are not observed in any of the absorption measurements. Together these two

observations indicate that aggregates do not occur in significant enough abundance

to be detected in the samples.

In contrast, when AuNPs are dropcast onto the bacteriophage film after it has

been formed, they tend to fill the pores and form larger aggregates because the citrate

capping agent loses its negative charge once the solvent is evaporated and an attractive

van der Waals force causes neighboring nanoparticles to cluster. As shown by the red
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Figure 2-19: Extinction spectra predicted by Mie theory for AuNPs in different di-
electric media: air, water, complexed onto bacteriophage in aqueous solution, a 59%
porous dried bacteriophage film, and a 41% porous anatase titania film.
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Figure 2-20: a) Comparison of optical properties of AuNPs under different conditions:
freely suspended in water, complexed to bacteriophages in solution, and incorporated
into 59% porous dried bacteriophage films during LbL , or dropcast onto a film post-
assembly. The theoretical prediction for each peak is shown with a dotted vertical line
corresponding to the color of the experimental data. b) Measured extinction spec-
tra of AuNPs embedded in organic virus-based film and amorphous and crystalline
nanoporous titania films.
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Table 2.2: Predicted and measured extinction peak positions, ALSPR, for 8 nm gold
nanoparticles in different media. [491

Sample Measured Predicted
ALSPR (nm) ALSPR (nm)

AuNPs in Water 521.5 521.5
AuNP-Virus Complexes in Water 533.5 533.5
AuNPs in 59% Porous Virus Film 525.0 523.5

curve in Figure 2-20, the measured absorption peak of such films is significantly

broadened and red-shifted from the LbL film peak, because, as opposed to isolated

sub-wavelength AuNPs that only support the dipole resonance mode, AuNP clusters

are able to support multiple higher-order resonance modes. The effect is the same as

that observed when citrate-capped gold nanoparticles lose stability in the presence of

salt and ethanol [52] or are aggregated via ligand exchange [53].

2.4.4 Optical Sensing of Film Porosity

The extinction peak location of AuNPs dispersed in a nanoporous phage or anatase

titania of arbitrate porosity was determined using the methods previously described.

That is, the complex effective dielectric function was first solved using Equation 2.43

and those values were entered into Equation 2.42 to calculate the extinction spectra

of the AuNP system. Figure 2-21 shows the calculated extinction peak location for

nanoporous phage and anatase films (solid lines) as a function of porosity, p = 1 - f.

The extinction peak position curves decrease monotonically with increasing porosity,

which is expected because as the volume fraction of air increases relative to phage

or titania, the effective dielectric function is lowered and the resonance wavelength

of AuNPs dispersed in the media is expected to blue-shift. This figure also shows

the measured absorption peak position for a porous phage film and a porous anatase

titania film (dotted lines). Where the dotted and solid lines intersect is the graphical

solution for the porosity of the nanoporous virus-based films as determined by the

LSPR wavelength of the AuNPs dispersed in each film. Hence the AuNP probes

indicate a film porosity of 55%, which is in good agreement of the microbalance mea-
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Figure 2-21: Real (blue) and imaginary (red) components of the index of refraction for
the 59% porous bacteriophage films (dotted lines) as determined through ellipsometry
measurements and the estimated function for pure bacteriophage films (i.e. 0% porous
films, solid lines) as predicted by Bruggeman effective medium theory.

surement of 59%. Likewise, the AuNP probes suggest that the nanoporous anatase

titania films are 41% porous. This result is very useful because it is difficult to

measure the porosity otherwise, since the quartz crystals used for microbalance mea-

surements would not survive the annealing conditions to convert virus-films that were

minearlized with amorphous titania into a wholly inorganic nanocrystalline nanowire

mesh.

2.5 Conclusion

By laying the theoretical groundwork for the optical properties of metals and the in-

teraction of sub-wavelength metal nanospheres with incident light, the phenomenon

of localized surface plasmon resonance has been explored from both mathematical

and conceptual perspectives. This foundation has been used to provide some physical

intuition that is able to explain the optical response of more complicated particle ge-
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ometries such as nanorods and triangular nanoplates, where analytical solutions are

much more challenging to develop. At the nanoscale, plasmon resonance produces a

very strong electromagnetic response in the near-field directly surrounding the par-

ticle, which provides a mechanism through which light can be concentrated at the

nanoscale. The effects of plasmon resonance can also be observed at the macroscale

as a peak in the particle's extinction spectra, which is shown to be dependent on the

refractive index of the surroundings as well as the dielectric function of the metal

particle itself. As a result, the wavelength at which plasmon resonance is excited

is sensitive to the refractive index of the particle's environment, which we leveraged

to derive some information about the properties of nanoscale systems. Specifically,

both gold and silver nanoparticles experience slight, yet measurable red-shifts in their

extinction peak positions in the event of binding to the M13 bacteriophage in solu-

tion. Such a shift can be used to verify binding events to biomolecules without the

need of continual evaluation with electron or atomic force microscopy. Likewise, by

matching the measured extinction peak locations with predictions made using ef-

fective medium theory and Mie scattering theory, the porosity of nanoporous virus

and virus-templated titania films was determined in a simple, but innovative man-

ner. This concept will be used once more in Chapter 3 to allow the refractive index

to be quantified for shell materials that coat gold nanoparticles. Furthermore, the

physical intuition developed here for plasmonic particles will be valuable for under-

standing why light-harvesting is enhanced in the experimental and simulated solar

cells presented in Chapter 4.
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Chapter 3

Mediated Growth of Zincous Shells

on Gold Nanoparticles by Free-Base

Amino Acids

The preceding chapter presented a theoretical framework for localized surface plasmon

resonance in noble metal particles and introduced how the M13 bacteriophage can be

engineered to express capsid proteins capable of assembling and organizing them into

photoactive nanostructures. This chapter aims to further study metal-biomolecule

interactions by considering what is arguably the simplest two-component system of

this type: metal nanoparticles and free-base amino acids. Here we present a power-

ful synthesis strategy that screens through several candidate amino acids to identify

those capable of mediating the growth of stably suspended core-shell particles in

aqueous solutions. From this effort, histidine was identified as a biomolecule that

directs the formation of amorphous zinc oxide shells on gold nanoparticles with re-

markable precision and quality in an elegant and simple manner. Although no solar

cells are fabricated in this chapter, these nanoparticles are suitable for enhancing

the performance of solution-processed solar cells through localized surface plasmon

resonance.
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3.1 Motivation

Due to the phenomenon of localized surface plasmon resonance (LSPR), noble metal

nanoparticles demonstrate unique optical and electronic properties that are useful for

biological and energy applications. They are commonly employed as optical dark-

field imaging agents [42,43] and nanoscale sensors [45, 54] due to their large extinc-

tion cross-sections and the high sensitivity of the extinction peak to the refractive

index of the surrounding environment. Likewise, their ability to concentrate light

and heat in the near-field is often utilized to improve the light-harvesting ability of

solar energy technologies and serve as agents for triggered drug delivery [44,55,56] or

photothermal therapy 142,57]. However, the practical implementation of noble metal

nanoparticles in such applications generally requires that the metal surface be coated

with a dielectric shell. For instance, metal oxides such as silica improve the stabil-

ity and biocompatibility of metal nanoparticles, [581 can prevent photoluminescence

quenching by separating fluorophores from the metal surface, [54, 58] and are func-

tionalizable with silane linkers. [59] Likewise, the performance of solution-processed

dye-sensitized, 160-62] quantum dot, [63] polymer, [64] and perovskite [65] solar cells

has been enhanced by incorporating into the active layers metal nanoparticles with

thin dielectric shells, which prevent charge trapping and exciton quenching from oc-

curring at the bare metal surface. [66] This role requires that the shell be as thin as

possible, yet continuous, to maximize field-enhancement in the near-field and prevent

photocurrent loss. Similarly, metal-semiconductor core-shell particles have also been

used to enhance performance in many different types of catalytic systems. [67-69]

Although many shell materials have been synthesized on gold nanoparticles (AuNPs)

including SiO 2 [70-75], TiO 2 [61], MnO 2 [76], Cu2 0 [77-791, Fe203 [80], ZnO [81,82],

CdS 163,83], CdSe [83], ZnS [83,84], and PbS [83] it is generally difficult to find pro-

cedures that are simple, reliable, and provide precise control over the shell geometry.

The most common shell materials, amorphous silica and titania, are synthesized in

ethanolic solutions, which tend to induce particle agglomeration. [731 Although pro-

cedures have been developed to stabilize the particles by priming the gold surface
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with aminopropyltrimethoxysilane 1701 or polyvinylpyrrolidone [75], an excess of such

molecules will nucleate free particles in solution, while a deficiency will allow some

degree of particle aggregation to occur during shell growth. Cuprous oxide can be eas-

ily grown on AuNPs in aqueous solution, however the resultant polycrystalline shells

tend to be rough and cannot form continuous shells thinner than -10 nm. 1781 Con-

versely, non-epitaxial growth through solid-state cation exchange provides a means to

form metal chalcogenide shells of precise thickness on AuNPs, but the procedure is

a multi-step process that requires exchanging particles between organic and aqueous

solvents. [831 In contrast to these methods, we present an aqueous, one-step proce.ss

that uses free-base amino acids to mediate the growth of continuous and uniform

shells of either amorphous zinc oxide (a-ZnO) or polycrystalline zinc sulfide (c-ZnS)

on AuNPs. When L-histidine is used, the resulting core-shell colloids are monodis-

perse, unaggregated, directly functionalizable with peptides, and can be tuned to

have shell thicknesses between 2 and 25 nm, thereby meeting the needs of plasmonic

core-shells for many biological and energy applications. Our approach is inspired by

the ability of nature to:

1. Fold proteins at the active sites of enzymes such as carbonic anhydrases by

coordinating with transition metal ions.

2. Use proteins to direct the assembly of inorganic materials such as calcium car-

bonate in seashells and calcium phosphate in bones.

Such in vivo interactions between biological and inorganic materials arise in part from

the inherent functionality of amino acids, which we aim to leverage for the in vitro

synthesis of core-shell particles. In an analogous nature to protein-directed inorganic

growth, successfully synthesizing shells on individual nanoparticles requires finding

capping agents capable of:

1. Stabilizing the particles by coordinating with both the core and shell materials.

2. Mediating the deposition of shell material throughout the growth process.
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As a class of compact molecules, free-base amino acids meet these general require-

ments by:

1. Naturally displaying a wide-array of functional groups, some of which might

have affinity for both the core and shell materials.

2. Displaying a carboxylic acid on the end opposite the functional group that

can be deprotonated to provide the required negative charge for stabilizing the

nanoparticles via electrostatic repulsion.

3. Potentially retaining their ability to promote the growth of inorganic materials.

Zincous materials were targeted for shell growth in this study because several amino

acids have been previously identified as possessing affinity for both zinc chalcogenides

and gold. [85] Additionally, zinc sulfide has been successfully nucleated and grown

on biomolecules such as the M13 bacteriophage in aqueous conditions at room tem-

perature. 1861 By screening over a set of 13 candidates, four free-base amino-acids

were identified as capable of stabilizing and mediating the growth of zincous shells

on gold nanoparticles. Of the four, three mediated the growth of amorphous zinc

oxide shells (Au~a-ZnO) and one mediated the growth of polycrystalline zinc sul-

fide (Aucc=ZnS). Although the optical and material properties of all four of these

amino-acid mediated core-shells were characterized, this chapter focuses mostly on

AuDa-ZnO core-shell particles that were mediated by histidine as it is capable of

growing colloids of remarkable quality.

3.2 Experimental Methods

3.2.1 Chemicals

DL-Alanine (ALA, 99%), L-Arginine (ARG, 98+%) L-Cysteine (CYS, 98+%), L-

Glutamine (GLN, 98+%), L-Histidine (HIS), L-Phenylalanine (PHE, 99%), L-Proline

(PRO, 99%), L-Tryptophan (TRP, 99%), L-Tyrosine (TYR, 99%), zinc chloride

(ZnCl 2, anhydrous 98+%), and tetrachloroaurate(III) hydrate (HAuCl 4 -3H20) were
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purchased from Alfa Aesar. L-Lysine (LYS, >98%), L-Methionine (MET, >98%),

and L-Serine (SER, >99%) were purchased from Sigma-Aldrich. Sodium citrate di-

hydrate (ACS Grade, 99% min) and Glycine (GLY, Genar) were purchased from

Mallinckrodt Chemicals. Ammonium hydroxide (NH 40H 30 wt% in H 20) was pur-

chased from VWR International, Inc. All water was deionized by an EMD Millipore

Milli-Q system (18.2 MQ).

3.2.2 Synthesis of AuNPs

The Turkevich method 1871 is modified to produce 16 nm citrate-capped gold nanopar-

ticles (~3e12 NPs/mL). In brief, a solution of HAuCl 4-3H20 (20 mM, 6.2 mL) is

combined with 188 mL of deionized water in a round-bottom flask and brought to

a boil while stirring and refluxing. A solution of sodium citrate (34 mM, 12.5 mL)

is quickly added under vigorous stirring and boiling was continued for another 20

minutes before the flask was cooled to room temperature. Within a minute after

injection, the solution turns black and gradually ripens into a deep ruby color. The

AuNP solution is used without further purification.

3.2.3 Synthesis of Zincous Shells on AuNPs

The total volume of the aqueous reaction solution is fixed at 20 mL. Before beginning,

the threads of a clean 20 mL glass vial are wrapped with Teflon tape in order to

better seal the vial during hydrothermal growth. In a typical reaction, following

items are sequentially combined in the vial: citrate-capped AuNPs (2 mL of the

prepared solution), an appropriate amount of deionized water (17.08 to 16.10 mL),

an aqueous solution of freshly prepared free base amino-acid (100 mM, 0.75 mL), and

NH40H (30 wt% in water, 0.15 mL). An aqueous stock solution of 50 mM ZnCl 2 was

freshly prepared and an aliquot (50 to 1000 pL) is added to the vial, which is then

immediately capped and shaken. The cap is sealed with electrical tape and placed

inside an oven at 80"C for 9 days in the dark without stirring. The as synthesized

colloidal core-shell solutions are purified by centrifuging the particles down at 15,000
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ref for 5 minutes, discarding as much of the supernatant as possible without disturbing

the particles, resuspending the pellet in DI water, and repeating the cycle. Purified

particle solutions were used for the imaging, materials characterization, and optical

measurements.

3.2.4 Characterization Methods

The powder X-ray diffraction (XRD) patterns were recorded using a Panalytical

X'Pert Pro X-ray diffractometer (Cu Ka radiation, A = 0.154056 nm, operated at

45 kV 40 mA), with a continuous 20 scan from 20* to 80* at step size 0.0169 . The

optical extinction measurements were performed using a Beckman Coulter DU800

UV-vis spectrophotometer with a step size of 0.2 nm. Transmission electron mi-

croscopy (TEM) was performed using a FEI Technai (G2 Spirit TWIN) with 120 kV

accelerating voltage. Energy dispersive x-ray spectroscopy (EDS) was performed on

the FEI Technai TEM with an EDAX octane silicon drift detector. X-ray photo-

electron spectroscopy (XPS) was performed to characterize the surface composition

of the samples using a PHI Versa-Probe II X-ray photoelectron spectrometer with a

scanning monochromated Al source (1,486.6 eV; 50 W; spot size, 200 [Lm).

High-resolution transmission electron microscopy (HRTEM) was performed with

a JEOL 2100 FEG microscope using the largest area size of parallel illumination beam

and 100 [tim diameter condenser aperture. The microscope was operated at 200 kV

with magnifications between 20k and 800k. All images were recorded on a Gatan

2kx2k UltraScan CCD camera. Scanning tunneling electron microscopy (STEM)

imaging was performed with a high-angle annular dark field (HAADF) detector with

0.5 nm probe size and 12 cm camera length.

3.3 Amino Acid Screening Study

The first task was to identify amino acids that can cap both the AuNP core and the

zincous shell surfaces, as well as promote the growth of the shell over the course of the

reaction. To do so, simple visual screening tests were performed to assess the ability
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of several candidate free-base amino acids (Figure 3-la) to stabilize the particles via

electrostatic repulsion before and throughout the growth process.

3.3.1 Stabilizing Gold Colloids

An aqueous solution of each amino acid candidate was first added to a colloid of

citrate-capped AuNPs (AuNPs-Cit) to provide it the opportunity to displace the

citrate capping agent (Figure 3-1b), and ammonium hydroxide and zinc chloride were

added thereafter. At this point, the ability of each amino acid to stabilize the AuNPs

in the presence of salt is simply assessed by color. Solutions that retain the red

color characteristic of well-dispersed AuNP colloids indicate that the amino acid has

sufficient affinity to displace citrate from the gold surface and stabilize the particles

even in the presence of the precursor ions. Conversely, solutions that turn purple

indicate that the AuNPs are aggregating and the associated amino acid is unable to

stabilize the particle surface. As is shown in Figure 3-2 and summarized in Table

3.1, only CYS, HIS, LYS, MET, TRP, and TYR sufficiently stabilize AuNPs in the

presence of the shell precursor materials, whereas all others behaved like AuNPs-Cit

in the absence of any amino acid and begin to flocculate prior to heating.

These observations are in excellent agreement with previously reported molecular

dynamic computations that predicted the interaction strengths of amino acids with

a bare (111) gold surface, which identified TYR, PHE, HIS, TRP, MET, CYS, ARG,

and LYS as having the strongest affinities for the gold surface in decreasing order. [88]

The strong interaction between aromatic amino acids and the gold surface has been

attributed to ir-electrons whereas the sulfur atoms are known to form covalent bonds

with gold. [89] Unlike the computations, our assay does not identify ARG and PHE as

capable of stabilizing the gold colloid under the synthesis conditions. Although ARG

has been used to stabilize [731 and even reduce [90] gold nanoparticles, it is speculated

that the ionic strength of our solution is too high for successful stabilization to occur

during ligand exchange. While PHE is indeed aromatic like HIS, TRP and TYR, it

may have difficulty displacing the citrate capping agent on the AuNPs due to the

hydrophobic nature of the benzyl side chain. Hence PHE might be unable to reach
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Figure 3-1: Visual screening of reaction solutions identified four amino acids as ca-
pable of stabilizing and mediating the growth of zincous shells on AuNPs from a (a)
candidate pool of 13 free-base amino acids. b) The initial solutions of AuNPs and
amino acids prior to the addition of ZnCl 2 are visually identical. c) After heating
the reaction volume at 80*C for 9 days, only CYS, HIS, TRP, and TYR yields stable
colloidal solutions, whereas significant particle flocculation occurs with the other can-
didates. TEM images of the core-shell particles generated by d) CYS, e) HIS, f) TRP,
and g) TYR mediation reveal the presence of a shell material coating the AuNPs in
each case.
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the gold surface, whereas the respective imidazole, indole, and phenol groups of HIS,

TRP, and TYR are sufficiently polar to do so.

3.3.2 Stabilizing and Mediating Growth of Core-Shells

The ability of each amino acid to mediate the growth of a shell and stabilize the shell

material was assessed by visual examination after sealing the reaction solution in a

vial and heating it at 800C for over a week. Stabilization of the particles during the

shell growth reaction requires that the excess amino acid molecules cap the surface

of the freshly formed shell material, otherwise the particles will lose their surface

charge and irreversibly aggregate with neighboring particles due to van der Waals

attraction. The candidate solutions that remain suspended after several days at 80 0C

are the sought amino acids capable of stabilizing both the gold and shell materials

while mediating shell growth, or simply candidates that stabilize the AuNPs but

prevent shell formation altogether. As is shown in Figure 3-1c and summarized in

Table 3.1, stable solutions were obtained at the end of the screening test with cysteine

(CYS), histidine (HIS), tryptophan (TRP), and tyrosine (TYR). As confirmed with

transmission electron microscopy in Figures 3-ld-g and 3-3b-e, each of these molecules

does indeed mediate the growth of a zincous shell around the AuNPs, however those

synthesized from HIS and CYS are remarkably monodisperse and unaggregated.

The identification of CYS and HIS from the screening study is not surprising as

their respective thiol and imidazole functional groups are known to interact strongly

with both gold and zincous materials. Both free-base histidine 1911 and cysteine

1921 have been used to cap quantum dots coated with a ZnS shell and a similar

procedure has been reported to form Au-ZnS nanocomposites using cysteine as a

sulfur source. 1931 Our findings are consistent with previous yeast display studies,

which demonstrated that CYS, HIS, and TRP each have a strong affinity for Au,

ZnS, and ZnSe. [85] Similarly, a previous peptide display study with e. coli identified

ARG, TRP, and GLY as residues that enriched binder proteins for ZnO. [941 Our

results are able to confirm the affinity of TRP for ZnO but are unable to do so for

ARG and GLY since neither molecule was able to stabilize the AuNPs in the reaction
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Figure 3-2: Visual screening tests identify amino acids capable of stabilizing the
particles throughout the shell growth process. Photographs of reaction (left) and
control (right) solutions for the mediated growth of zincous shells on gold nanopar-
ticles (AuNPs) by 13 different candidate amino acids (a) before adding ZnCl 2 , (b)
several minutes after adding ZnCl 2, (c) after 3 days at 80*C, and (d) after 9 days at

80*C. The six control solutions on the right did not contain AuNPs. The concentra-
tion of ZnCl 2 is 0.5 mM unless otherwise indicated. (e) The control solutions without

AuNPs are fluorescent upon excitation with an ultraviolet lamp.

solution prior to shell growth.

3.4 Materials Characterization of Core-Shells

3.4.1 Determination of Shell Materials

As is shown in the TEM images of Figure 3-3b-c, two very different types of shells can

be synthesized with the same process depending upon whether HIS or CYS is used in

the reaction. In each case, individual and monodisperse core-shell nanoparticles are
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Figure 3-3: Optical and morphological characterization of zincous shells mediated by
each of the amino acids identified from the screening study: histidine (HIS), cysteine
(CYS), tyrosine (TYR), and tryptophan (TRP). (a) Measured extinction spectra
of core-shell solutions synthesized with 1.0 mM ZnCl 2. (b-e) Representative TEM
images of each core-shell type and an image of the unpurified reaction solutions.
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Table 3.1: Results of stability screening test for growing zincous shells on AuNPs
with candidate amino acids

Colloid Stability Prior to Heating - - + - - + + + - - - +
Colloid Stability after 3 h at 80*C - - + - - + + + - - - + +
Colloid Stability after 9 d at 80*C - - + - - +- --- - + +

Table 3.2: Results of stability screening test for growing zincous shells in controls

NZ

Colloid Stability Prior to Heating + - -

Colloid Stability after 3 h at 80*C + - -

Colloid Stability after 9 d at 80*C + - -

clearly formed with only a single gold nanoparticle comprising the cores. The striking

difference between the particles is the shell morphology; the HIS-mediated shells are

smooth and uniform, whereas the CYS-mediated shells are rough and polycrystalline.

A series of characterization techniques were performed to identify each shell ma-

terial. In the case of HIS-mediated shells, the x-ray diffraction (XRD) spectra of

Figure 3-4a reveal that even for thick shells, the only crystalline component of the

core-shells is the gold core. The high-resolution TEM (HRTEM) image presented in

Figure 3-4d clearly shows the lattice of the AuNP core but no crystallinity in the

shell, which directly confirms that the shell is indeed amorphous. Elemental analysis

of the these core-shells through both energy dispersive x-ray spectroscopy (EDS) and

x-ray photoelectron spectroscopy (XPS), respectively shown in Figure 3-4b and 3-4c,

reveal the presence of Zn, 0, and Au atoms in the samples, thereby confirming that

the amorphous shells are indeed zincous. The binding energy of the Ols peak is closer

to the reported value for ZnO rather than Zn(OH) 2. 1951 This in concert with the fact

that the hydrothermal growth of zinc oxide nanoparticles and nanorods commonly

occurs under similar conditions indicate that the shell material is indeed amorphous
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Figure 3-4: Materials characterization of histidine-mediated Au~a-ZnO core-shell
particles. (a) XRD spectra of particles with shell thicknesses of 11 and 24 nm along
with standard reference for Au. (b) EDS spectra obtained from the TEM sample
shown in the inset of particles with 23 nm thick shells. (c) XPS spectra for samples
with 2, 3, and 23 nm thick shells. (d) High-resolution, (e) dark-field, and (f) bright-
field TEM images of core-shell particles.

zinc oxide (a-ZnO). [96, 97] The XPS spectra for samples with very thin (~2 nm)

and very thick shells (~24 nm) both indicate a nitrogen peak consistent with amines,

which is evidence that histidine molecules cap the shell surface. The EDS signal for

Cu arises from the TEM grid and not the core-shell sample.

Conversely, the XRD spectrum plotted in Figure 3-5a and HRTEM images of the

CYS-mediated shells in Figure 3-5c-d clearly show that both the gold core and shell

material are polycrystalline. The measured lattice spacings of 0.31 nm in the HRTEM

micrographs are consistent with the (002) planes of wurtzite ZnS, which is confirmed

by the good agreement of the XRD spectra peaks with its reference spectra. The

XPS survey scans shown in Figure 3-5b identify the presence of Zn, S, and Au atoms

in the samples. However, the spectrum also identifies the presence of oxygen, which

could either result from oxygen atoms in the carboxyl group of the capping cysteine

molecules or from impurities in the ZnS crystallites. The incorporation of oxygen into
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Figure 3-5: Materials characterization of cysteine-mediated Au~c-ZnS core-shells.
(a) XRD spectra and standard references for Au and hexagonal ZnS (wurtzite). (b)
XPS spectra. HRTEM images of the ZnS shell material (c) in the vicinity of the
AuNP core and (d) at the particle surface.

the ZnS lattice could explain the observed shift of the (110) and (103) XRD peaks

from the reference for pure wurtzite ZnS.

Both the XRD spectrum and HRTEM images presented for TRP-mediated core-

shells in Figure 3-6a,e-f clearly reveal that the shell is amorphous. Similarly, the

corresponding XPS spectrum in Figure 3-6b is nearly identical to that obtained for

HIS-mediated shells where Zn, 0, and N are all present near the surface of the shells.

The presence of nitrogen is once again attributed to the TRP molecules that are likely

capping the surface of the shells.

The HRTEM images of TYR-mediated core-shells presented in Figure 3-6c-d

clearly show that the shells are amorphous in nature, however the XRD spectrum

shows peaks that are consistent with crystalline hexagonal ZnO. Although the shell

material is indeed amorphous, it is postulated that free-crystalline nanoparticles are

nucleated elsewhere in the solution. The XPS spectrum presented in Figure 3-6b

is also nearly identical to those measured for both TRP- and HIS-mediated a-ZnO

shells.
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Figure 3-6: Materials characterization of Au~a-ZnO core-shells mediated by tyrosine
and tryptophan. (a) XRD spectra and standard references for Au and hexagonal
ZnO. (b) XPS spectra. (c,e) TEM images of TYR- and TRP-mediated core-shells for
1.0 mM ZnCl2 reaction conditions and (d,f) HRTEM images of the indicated regions.

3.4.2 Proposed Synthesis Pathway

A proposed synthesis pathway for the formation of zincous shells on AuNPs via amino-

acid mediation is illustrated in Figure 3-7. First, the functional group on the amino

acid displaces the citrate capping agent on the AuNP and binds to the gold surface.

Adding ammonia raises the pH and ensures the particle is electrostatically stabilized

by deprotonating the outer carboxylic acid group. Upon addition of aqueous ZnCl 2 ,

Zn2 + ions are coordinated by ammonium ions to form tetramminezinc(II) complexes

[Zn(NH3)4I2 +:

Zn) + 4 NH3(aq) -+ [Zn(NH3)4I +) (3.1)

This is evidenced by the initial formation of a white precipitate upon dispensing

ZnCl2 into the reaction solution, which quickly redissolves upon mixing. The pos-

itively charged complexes are attracted to the negatively charged AuNPs, however

the bulky size of the complex prevents them from packing densely enough around

the nanoparticles to screen out their surface charge. Upon heating, the complexes
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decompose and hydrothermally nucleate a-ZnO or c-ZnS on the AuNPs. When the

new material is formed, it is immediately capped by the excess amino acid molecules

in solution. Thus, the amino acids help mediate the growth process by allowing new

material to be deposited while stabilizing the particles in solution. Whereas cysteine

clearly decomposes to provide sulfur atoms for the formation of c-ZnS, any role of

HIS, TRP, and TYR in mediating the growth of a-ZnO beyond capping the surface

cannot be inferred.

This proposed pathway is supported by control experiments where each of the

ingredients in the reaction fluid was systematically omitted; the results of these are

summarized in Table 3.2. In the absence of histidine, AuNPs-Cit flocculate immedi-

ately upon the addition of ZnCl 2, even in the presence of ammonia, as shown by the

purple color of the solution in Figure 3-2. The ionic strength is too high for citrate

ions to stabilize the surface of the AuNPs. The histidine-capped AuNPs (AuNPs-

HIS) also flocculate immediately upon ZnCl 2 addition in the absence of ammonium

hydroxide. This is likely because Zn2+ ions are more compact than the [Zn(NH 3)412+

complexes and are able to pack densely enough around AuNPs-HIS to screen the

charge on the surface. In the absence of ZnCl 2, the AuNPs remain stable and un-

changed throughout the growth process, which indicates that histidine and cysteine

remains strongly bound to the AuNP surface even at elevated temperatures. During

the 9 days of heating at 80*C, the flocculated AuNPs-Cit nucleated the growth of ZnO

nanorods (Figure 3-8), although no shell is formed around the particles. Likewise,

in the absence of ammonia, AuNP-HIS formed chained aggregates with only a very

thin shell observable on the surface (Figure 3-9). These findings reveal that both the

amino acid and NH40H are necessary to grow shells and preserve colloidal stability.

Finally, in the absence of AuNPs in the HIS-based reaction fluid, no free-particles

form in the solution. Interestingly, this suggests that gold itself has a catalytic role in

the formation of a-ZnO shells. In the absence of AuNPs in the CYS-based reaction

fluid, a polydisperse population of very large c-ZnS particles is produced as shown by

the TEM images in Figure 3-10. This demonstrates that free cysteine can nucleate

particles in solution, however the fact that the particle size is controlled with AuNPs
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Figure 3-7: A synthetic pathway is proposed where amino acids mediate the hy-
drothermal growth of zincous shells on gold nanoparticles (AuNPs) in aqueous so-
lution. First, the functional group on the amino acids has a stronger affinity for
the gold surface and displaces the original citrate capping agent. The addition of

NH40H ensures the carboxylic acid groups on the amino acid are deprotonated and
coordinates Zn 2+ into tetrammine complexes, which are electrostatically attracted
to the negatively charged AuNPs. Upon heating at 80*C, the amino acids mediate
the hydrothermal growth of the zincous shell material on the AuNP surface. The
amino acids cap the shell surface and keep the core-shell particles electrostatically
stabilized throughout the growth process. Histidine (HIS) promotes the growth of
smooth amorphous ZnO shells, whereas cysteine (CYS) participates in the growth of

rougher polycrystalline ZnS shells.
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Figure 3-8: TEM images of the Au-ZnO nanocomposites after 9 days of hydrothermal
growth at 80*C in the absence of any amino acid. This control sample was obtained
by combining only citrate-capped AuNPs, NH40H, and ZnCl 2 (0.5mM).

Figure 3-9: TEM images of the Au-ZnO nanocomposites after 9 days of hydrothermal
growth at 80*C in the absence of NH 40H. This control sample was obtained by
combining only citrate-capped AuNPs, histidine, and ZnCl 2 (0.5mM).

suggests that ZnS would rather nucleate on the AuNPs to grow shells than generate

free particles.

Although previous studies have reported methods to synthesize a-ZnO [811 and

c-ZnS [84] shells on gold nanoparticles in aqueous solutions, our screening method

provides a flexible approach through which core-shells comprised of different mate-

rials could be synthesized aside from the Au~a-ZnO and Auac-ZnS particles pre-

sented. Furthermore, our approach has several advantages over these other meth-

ods. The previously reported method for generating a-ZnO shells relies on using

cetyltrimethylammonium bromide (CTAB) as a capping agent for the core particle,

hexamethylenetetramine (HMT) as a growth mediator and base for shell formation,

and ascorbic acid as a complexing agent for Zn 2+. [811 This process constructs highly

porous, loosely-formed shells that condense with aging and is capable of producing
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Figure 3-10: TEM images of control reaction for ZnS particles grown from free CYS
molecules without AuNPs after 9 days at 80*C for initial ZnCl 2 concentrations of (a)
0.5 mM and (b) 1.0 mM.

free a-ZnO particles in the absence of AuNPs. In contrast, our method:

1. Uses less ingredients since the amino-acid serves the dual role of both capping

agent and growth mediator while ammonia is both a base and a complexing

agent.

2. Produces shells that are not porous but rather appear solid and continuous,

although small voids may occasionally form. TEM imaging suggests that our

shells are generally solid and continuous (Figure 3-4d-f), which likely results

from the histidine gradually mediating the growth of the shells over several

days rather than a few hours.

3. Minimizes the synthesis of free a-ZnO particles in solution, whereas the coop-

erative effect of CTAB, HMT, and ascorbic acid is capable of generating free

particles in the absence of AuNPs.

4. Provides a means to create shells of controllable thickness, whereas it is unclear

from the previous report whether the previously reported method is able to do
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so with precision as no thickness control was demonstrated.

Likewise, cysteine has been used to generate similar c-ZnS shells on AuNPs. [84]

However, this method requires the use of an autoclave to superheat the aqueous

solution to 130*C, whereas our procedure proceeds at 80*C and does not require the

use of an autoclave. Hence, the method reported here is both less energy-intensive

and can be performed simply with sealed glass vials in a conventional oven.

3.4.3 Dependence on Zinc Precursor

It must be noted that the reaction kinetics of growing HIS-mediated Au@a-ZnO

core-shells is sensitive to the type and history of the zinc precursor salt. As is shown

in Figure 3-11, a-ZnO shells have been successfully synthesized on AuNPs from both

Zn(N0 3)2-6H20 and several different lots of ZnCl2 under the same reaction conditions,

however in each case the resultant shell thickness was different. The chemistry of

ZnCl 2 is notoriously complex as the salt is both hygroscopic and capable of forming

several different hydration states and hydroxychloride ions in alkali solutions. [981

Hence, the reaction kinetics of the formation of a-ZnO appears to depend strongly on

the exact history of each ZnCl 2 salt, with salts aged in air being capable of producing

thicker shells in shorter amounts of time.

3.4.4 Shell Thickness Tuning

An advantage of the HIS-mediated growth process is that the thickness of the a-

ZnO shells can be precisely tuned by adjusting the concentration of ZnCl 2 in the

reaction solution. Figure 3-12b presents the average shell thickness for each reaction

condition, as determined by processing TEM images, as well as an image of an indi-

vidual representative core-shell particle. This series of TEM images in Figure 3-12a

clearly demonstrates that uniform and continuous shells with thicknesses between 2

and 40 nm can be grown on individual AuNPs. The measured thickness for each

ZnCl 2 concentration is compared against a predicted thickness, which assumes com-

plete conversion of ZnCl 2 to a-ZnO shell material and the shell density is 4.6 g/cm 3
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Figure 3-11: Effect of zinc salt and precursor condition on shell thickness. Histidine-
mediated Auda-ZnO core-shells grown after 9 days at 800C from 2.0 mM Zn2+ solu-
tions using a) Zn(N0 3)2.6H 20, b) O.1M ZnCl 2 stock solution purchased from Sigma-
Aldrich, c) new lot of anhydrous ZnCl 2 from Alfa Aesar, and d) lot of anhydrous
ZnCl 2 from Alfa Aesar that was aged in air.

in accordance with experimental values from a-ZnO thin films. 1991 The a-ZnO shell

thicknesses were predicted by assuming that all of the ZnCl 2 was converted into ZnO

over the course of the hydrothermal growth period. The total volume of ZnO expected

from the complete conversion is:

VznO= Vrxn * CZnCI 2 * MWzno Iconv (3.2)
PZnO

where Vzno is the total volume of ZnO in the solution in cm 3, Vrxn is the reaction

volume (0.02 L), CZnc1 2 is the concentration of ZnCl 2 in the reaction volume IMI,

MWzno is the molecular weight of ZnO (81.408 g/mol), pzno is the density of amor-

phous ZnO (assumed to be 4.6 g/cm3 ), and 7conv is the conversion efficiency, which

represents the fraction of ZnCl 2 in the reaction volume that is converted to ZnO (for

full conversion, 7eonv = 1). The shell thickness, tsahell, can be estimated from:

tshell = znO 1 + R3  - R (3.3)
4ir Vrxn CAuNP/
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where R is the NP radius (8 nm = 8-10-7 cm) and CAuNPs is the concentration of

AuNPs in the reaction volume (3-1014 NPs/L). Combining Equations 3.2 and 3.3

provides:

tshell ConV + R 1/3i- R (3.4)
47r PZnO cAuNPR

where the shell thickness has units of cm. In the event that not all of the ZnCl 2 is

consumed during the shell formation (i.e. rqe 1nv < 1), then the density of the a-ZnO

shell must be lower than the assumed value of 4.6 g/cm3 in order to maintain the

same profile plotted in Figure 3-12b. This can be seen by rearranging Equation 3.4:

PZnO = conv CZnC12 MWzno 41r ((tshell + R)3 - R3) (3.5)
CAuNR, 3

This situation could arise if the amino acid molecules become trapped in the shell,

which could result in a reduced shell density as well as a reduced index of refraction

for the shell material.

The measured shell thicknesses are in good agreement with the predicted values

for intermediate shell thicknesses but deviate at both high and low ZnCl 2 concen-

trations. Figure 3-13 reveal that for concentrations below 2.0 mM the core-shell

particles are remarkably monodisperse with a single AuNP nearly always comprising

the core. However for ZnCl 2 concentration above 2.0 mM, populations of core-shells

emerge with multiple AuNPs in the core and hence the shells become thicker since

the material is not distributed between individual AuNPs but rather across small

AuNP aggregates. This observation suggests that 2.0 mM ZnCl 2 is the threshold for

instability where at some point during the growth of the shells, the surface charge

is sufficiently screened by the ions to destabilize a significant population of the in-

dividual particles and promote the formation of clusters. Both the population of

multiple-core core-shells and the average number of AuNPs comprising the core in-

crease with increasing ZnCl 2 concentration. The observation that the a-ZnO shell

is thinner than expected at ZnCl 2 concentrations below 0.75 mM suggests that the

zinc precursor was not fully consumed. A simple explanation is that concentration

of [Zn(NH 3 )4 12+ is simply too low to drive the reaction to completion through mass
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Figure 3-12: Synthesis conditions of histidine-mediated Auda-ZnO core-shell parti-
cles. (a) Representative TEM images of individual core-shell particles and (b) the
corresponding ZnCl 2 concentration required to synthesize them. The average shell
thickness for each reaction condition (circles), as obtained by processing TEM im-
ages of each sample, is compared against the predicted shell thickness (dotted line)
in the event of complete consumption of the ZnCl 2 reagent. The blue circles corre-
spond to samples where the nearly all of the particles contain a single AuNP in the
core, whereas the red circles indicate that a significant portion of the population has
multiple AuNPs in the core. The error bars correspond to the standard deviation.

action, thereby leaving some unreacted complexes in equilibrium with the core-shells.

The appearance of the histidine reaction solutions before and after hydrothermal

shell growth is shown in Figure 3-14b-d and the corresponding extinction spectra for

each is shown in Figure 3-14a. Upon combining all of the ingredients together, each

solution was identical in color and appearance, as is evident from Figure 3-14b. After 9

days of heating at 80*C in the sealed vials, the appearance changed with the solutions

becoming increasingly violet (Figure 3-14c) and hazy (Figure 3-14d) with increasing

ZnCl 2 concentration. As the shells increase in thickness, scattering becomes increas-

ingly pronounced and the solutions appear increasingly translucent. The measured

extinction spectra of each solution reflect this quantitatively by revealing amplitudes

that increase with shell thickness. For solutions with ZnCl 2 concentrations below 2.0

mM the solution is dominated by single-core particles and the amount of absorp-
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Figure 3-13: Influence of ZnC1 2 concentration on the number of AuNPs in the core of
histidine-mediate Au~a-ZnO particles. (a) The occurrence of core-shells with differ-
ent numbers of AuNPs in the core as a function of ZnCl 2 concentration, as determined
by sampling over 100 particles from TEM images. (b-g) Representative TEM images
of core-shell particles obtained from reaction solutions with ZnCl 2 concentrations be-
tween 1.0 and 2.5 mM.
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tion in each case should be approximately equal. Hence, the incremental increase

in amplitude is largely the result of an increase in scattering. The incremental in-

creases become greater between samples with ZnCl 2 concentrations in excess of 2.0

mM, which is the result of multi-core particles having larger overall sizes and an even

higher scattering efficiency.

3.5 Optical Characterization of Core-Shells

3.5.1 Optical Analysis and Calculation of Shell Complex Re-

fractive Index

As discussed in Section 2.2.2, the peak observed in the extinction spectra of the Au~a-

ZnO core-shells arises from the phenomenon of localized surface plasmon resonance

and its position is very sensitive to the refractive indices of the media surround the

AuNP core. As the shells grow in size, the fraction of the medium directly surround-

ing the AuNP core will become increasingly occupied by a-ZnO and the resonance

frequency of the localized surface plasmons will shift, which is manifested by a change

in the extinction peak position. According to Mie scattering theory, the extinction

peak of a noble metal nanosphere is expected to continually red-shift as the refractive

index of the surrounding dielectric environment increases. [361 As is shown in Figure

3-14, the position of the measured extinction peaks for the Au~a-ZnO core-shells

indeed initially red-shift with increasing shell thickness. However, the peak reaches a

maximum position of 541.7 nm and surprisingly begins to blue-shift with further in-

creases in shell thickness. In order to explain this anomalous behavior, computations

using generalized Mie theory were performed to predict the extinction spectra of the

synthesized core-shell structures.

3.5.2 Calculation of Shell Complex Refractive Index

The sensitivity of the LSPR extinction peak to refractive index changes provides an

interesting opportunity to use the gold core of the AuAa-ZnO core-shells as a probe
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Figure 3-14: Optical properties of the histidine-mediated Au@a-ZnO core-shell par-
ticles. (a) Extinction spectra measured for the original citrate-capped AuNPs and
purified solutions of core-shells from each of the specified reaction conditions. The
position of the extinction peak for each curve is listed next to each legend entry and
denote in each curve by an open circle. Photographs of the reaction solutions (b)
before and (c-d) after heating at 80*C for 9 days.

to determine the refractive index of the amorphous ZnO shell material. This quantity

can be extracted from the measured extinction spectra of core-shells with various shell

thicknesses by comparing the measurements against a series of generalized Mie theory

calculations performed for the corresponding geometries. The HIS-mediated Auda-

ZnO core-shells are excellent candidates for these calculations because the populations

for ZnCl 2 concentrations below 2.0 mM are monodisperse, unaggregated, contain a

single AuNP in the core, and have shells of uniform thickness. Hence, measured

extinction spectra for these core-shell solutions are expected to find good agreement

with the calculated spectra for idealized core-shell geometries.

Generalized Mie theory provides a solution to Maxwell's equations that describes

how stratified spherical particles scatter light. [39] The extinction spectrum for each

Auda-ZnO core-shell embodiment was simulated using the Generalized Multiparti-

cle Mie (GMM) method. GMM is a semi-analytical computation method based on

Mie theory, [41] which provides the analytical solution for a single spherical scatterer

by expanding the incident, scattered, and internal fields using vector spherical har-

monics. The rigorous multiple scattering solution of Bruning and Lo 11001 is used
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Figure 3-15: Geometry of core-shells for GMM calculations consists of a uniformly
coated AuNP immersed in water.

to numerically extend the Mie theory for multiple, non-overlapping spherical bound-

aries. We use the open-source Fortran implementation of GMM by Xu et al., [1011

modified to run for a range of wavelengths (A = 350 to 1200 nm) rather than a single

wavelength.

Calculations were specifically performed for individual gold spheres coated with a

uniform shell thickness between 0.5 and 35 nm and surrounded by water (refractive

index, n = 1.333) as is shown in Figure 3-15. The diameter of the gold core was

fixed at 16 nm in accordance with the measured core diameter of 15.9 4.0 nm, as

determined by image processing over 200 individual core-shells observed with TEM,

and the dielectric function used for gold was sampled from the experimental values

provided by Palik. [102] For each core-shell geometry a set of calculations was per-

formed that systematically varied the real, n, and imaginary, K, parts of the complex

refractive index from 1.4 to 1.7 and 0.0 to 0.1, respectively. The scattering, absorp-

tion, and extinction spectra were calculated for each embodiment of shell thickness

and refractive index and the position of the extinction peak was extracted. The con-

tour plots shown in Figure 3-16 present the calculated extinction peak wavelengths

as a function of shell thickness and n for several fixed values of r'. Overlaid on each

plot is the measured extinction peak position for a given shell thickness. The position

of each data point on the contour plots was determined by matching the measured

LSPR peak to the range of predictions (where n is varied between 1.4 and 1.7) for the

corresponding shell thickness. If it is reasonable to assume that the refractive index
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Figure 3-16: Comparison of the experimental (black x's) extinction peaks positions

(units of nm) with calculated values as a function of shell thickness and complex

refractive index, n + it. When K = 0, the predicted extinction peaks monotonically
increase with increasing shell thickness for any value of n. However, when the shell

becomes somewhat absorbing (K > 0), the predicted extinction peaks initially red-

shift but begin to blue-shift with increasing shell thickness. The experimental values
collapse to a single value of n when K = 0.09.
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of a-ZnO is constant over the spectral range of measured extinction peak positions

(i.e. A = 520 to 540 nm) and is independent of shell thickness, then it is expected

that the experimental data points will indicate the complex refractive index of the

shell by collapsing to a single value of n for the proper value of r.

The first panel in Figure 3-16 confirms that when the shell material is purely dielec-

tric (i. e. r. = 0), the extinction peak location monotonically red-shifts with increasing

shell thickness. This is in accordance with the intuition built from the Fr6hlich con-

dition discussion in Section 2.2.1. However, this behavior was not observed in the

measured extinction spectrum, which causes the experimental data points plotted in

this panel to be misaligned as is indicated by a sloping linear fit. Only when the

shell material is somewhat absorbing (i.e. , > 0) will the peak positions begin to

blue-shift at sufficiently large shell thicknesses. Figure 3-16 shows that as the shell

becomes more absorbing with increasing values of r,, the extinction predictions begin

to display the blue-shifting behavior observed in the experimental data and increas-

ingly align. Full alignment occurs within the error bars of most of the data points

when , = 0.09 and the experimental values collapse to a single value of n = 1.47.

The calculations also suggest that shells thinner than 5 nm have a lower refractive

index. One possible explanation is that the histidine amino acids never release from

the AuNP surface upon nucleating the shell, but rather become incorporated into

the shell and occupy a significant enough volume fraction to reduce the effective in-

dex of the material. This value is also lower than previous measurements of n and

, for a-ZnO films around wavelengths near 530 nm [1031, which suggests that our

HIS-mediation method likely produces shells with a lower material density.

The calculated extinction spectra for core-shells with several shell thicknesses a

shell complex refractive index of n = 1.47 and K = 0.09 is shown in Figure 3-17a

and the calculated and measured extinction peak positions are compared against

one another in Figure 3-17b. As expected, the predicted spectra and peak positions

reproduce the behavior that is observed in the experimental measurements.
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Figure 3-17: (a) Calculated extinction spectra for core-shells with shell refractive
index of 1.47 + iO.09. The extinction peak position is indicated by an open circle
for each geometry. (b) Comparison of calculated and experimental extinction peak
positions as a function of shell thickness.

3.6 .Binding of Core-Shells to Biomolecules

As a result of the amino acid screening study, we have identified several amino acids

that are capable of stabilizing the core-shell particles by capping the shell surface.

This is advantageous because any biomolecule that displays these amino acids on

its surface will also be able to interact directly with the shell material and bind the

core-shell particles. To demonstrate this, we use a variant of the filamentous-type

M13 bacteriophage that displays approximately -2,700 identical copies of a peptide

with several histidine residues along its major axis. This particular virus clone has

a pVIII outer capsid protein sequence of DDAHVHWE and was developed as an

artificial enzyme for catalyzing carboxylic esters. [104] By simply blending either Au-

HISda-ZnO particles with an aqueous solution of the virus, we observe through TEM

imaging (Figure 3-18) that the particles become bound to the virus. Hence, residues

displayed on the exterior peptides of biomolecules are able to displace their free-base

counterparts that cap the core-shell surface and bind directly to the shell material

without any further modification. This opens the opportunity for the facile biological

assembly of plasmonic nanostructures by naturally occurring proteins rich in HIS,

TRP, or TYR-residues or through the use of polyhistidine-tags, which are commonly

engineered into proteins to assist in purification. This is a significant advantage over
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silica shells which generally are functionalized using silane linkers and EDC chemistry

to achieve affinity for biomolecules.

5"

Figure 3-18: TEM microscopy reveals that histidine-capped Au~a-ZnO bind to fila-
mentous M13 bacteriophages that display peptides rich in histidine residues on the
surface of the major capsid protein. The image is intentionally under-focused to
better image the individual filamentous virions.

3.7 Conclusion

Inspired by the ability of proteins to interact with inorganic materials to perform crit-

icial biological functions, it was postulated that free-base amino acid molecules would

retain some degree of this inherent functionality and enable the synthesis of stable

core-shell particles in a simple, streamlined process. By using a visual screening test

of colloidal stability, four amino acids were identified out of an initial pool of thirteen

candidates as being capable of growing zincous shells on AuNPs and stabilizing the

particle surface through electrostatic repulsion. Amorphous zinc oxide shells (a-ZnO)

were produced by histidine, tryptophan, and tyrosine, whereas polycrystalline zinc

sulfide shells (c-ZnS) were grown using the exact same process but with cysteine. The

shell materials were identified and characterized using standard XRD, XPS, EDS, and

HRTEM methods. To our knowledge, this is the first report of growing a-ZnO shells

on metal nanoparticle with amino acids and the approach presented here could be
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easily extended to screen for amino-acids that enable the synthesis of nanocomposites

with other core and shell materials. Histidine demonstrated stronger affinity for the

a-ZnO material than TRP and TYR, which allowed it to enable the growth of uni-

form and continuous shells with thicknesses between 2 and 25 nm on cores comprised

of single AuNPs. Above a ZnCl 2 reaction concentration of 2.0 mM, histidine was

unable to sufficiently stabilize all of the particles during shell growth and populations

emerged with cores comprised of multiple AuNPs.

An anomalous trend was observed in the extinction spectra of the HIS-mediated

Auaa-ZnO core-shells where the extinction peak position blue-shifts with increasing

shell thickness for samples with coatings greater than 15 nm. By performing general-

ized Mie theory calculations and comparing the results with the measured extinction

spectra of core-shell samples with known shell thickness, it was found that these blue-

shifts can arise if the shell material is not purely dielectric, but rather has a small

but significant extinction coefficient. From this analysis, it has been inferred that the

complex refractive index of the shell material is 1.47 + iO.09 at wavelengths near 530

nm. Lastly, by virtue of using amino acids to grow and stabilize the core-shells in

aqueous solution, it has been shown that biomolecules that express peptides rich in

this amino acid are able to displace the free molecules capping the particle surface

and bind directly to the shell material.

It is expected that Auda-ZnO core-shells grown with histidine-mediation will

find use in both energy and biological applications owing to our unique ability to

precisely and reliably produce uniform and continuous shells as thin as 2 nm, and our

ability to directly functionalize the surface with polyhistidine-tags or peptides rich

in HIS, TRP, or TYR residues. Our process of identifying amino-acids that promote

the growth of inorganic shells on nanoparticles could be extended to synthesizing

nanocomposites of other materials and geometries for use in any application where

it is necessary to interface biological and inorganic materials. It is anticipated that

the thin-shelled Auda-ZnO particles will be useful in enhancing the light-harvesting

ability of solution-processed solar cells by concentrating light through localized surface

plasmon resonance.
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Chapter 4

Plasmon-Enhancement of

Solution-Processed Solar Cells

The aim of the chapter is to apply the concepts and nanoscale materials presented in

the previous two chapters to improving the performance of solution-processed solar

cells by using plasmonic nanoparticles to enhance the ability of an active material

to absorb light. This is done by developing simulations that analyze how light is

absorbed throughout solar cells and comparing the results against experimental tri-

als where actual plasmonic solar cells were fabricated. The system presented uses

the nanoporous virus-films presented in Section 2.4 to organize the construction of

depleted bulk-heterojunction quantum dot solar cells, where the composition of the

active layer has been modified by incorporating several types of plasmonic nanoparti-

cles during the solution-based assembly process. By matching simulated parameters

to experimental results, the observed improvements in performance accompanying

the incorporation of metal nanoparticles into the architecture can be confidently at-

tributed to localized surface plasmon resonance.

4.1 Balancing Spectral Light Harvesting

Next-generation photovoltaic technologies are appealing because they offer the promise

of fabricating colorful, flexible, and inexpensive solar cells using solution-processing
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techniques such as slot-casting, roll-to-roll processing, and even inkjet printing. 133]

These attributes meet all of the criteria for deploying solar cells in markets that are

currently inaccessible to conventional silicon solar modules, such as photovoltaics in-

tegration into consumer electronics or architectural and infrastructural installations.

However, most solution-processable solar technologies are still topics of academic re-

search mainly because the one feature these technologies generally lack is high power

conversion efficiencies. Hence, of paramount importance to the future commercial-

ization of these solar materials is developing strategies that can compensate for the

inherent weaknesses each material possesses.

4.1.1 Central Concept

One of the central limitations to solution-processed solar cells is that there exists a

fundamental trade-off between light absorption and carrier collection. The typical

minority diffusion length in solution-processed materials is generally between 5-500

nm, but often the film thicknesses must be greater than this to achieve complete

light absorption. Different solar materials are limited by different physical processes.

For instance polymer-based devices have poor exciton transport, charge transport in

quantum devices can be hindered by defects in surface chemistry, and dye-sensitized

solar cells suffer from interfacial recombination. 131 However, the effect of each of these

situations is the same in that they each reduce the carrier collection efficiencies of the

solar material.

Semiconducting materials are capable of absorbing light that has energy greater

than the band gap. However, the ability of a given material to absorb light will vary

with wavelength. For a photon to be absorbed, it must interact with an electron

that is capable of accepting that energy and become excited to a higher energy state.

Photons with energies close the band gap are relatively poorly absorbed because only

the electrons that are close to the valence band edge would be excited across the band

gap. while the energy is insufficient to excite an electron from a lower energy state.

As the photon energy increases, there are more electrons available at lower energy

levels that are capable of absorbing the photon and becoming excited. As a result of
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this process, higher energy photons are generally quickly absorbed by solar materials,

whereas lower energy photons must travel deeper into the material to encounter an

electron capable of being excited to the conduction band with its energy. In other

words, the probability of interacting with an excitable electron decreases with photon

energy, and thus longer wavelengths penetrate deeper into the active material of solar

cells. This concept is illustrated in Figure 4-1 by showing that a thick active layer

is capable of absorbing all photons with energy above the band gap, while some

low energy photons will pass through a thinner film without being collected. The

issue with solution processed solar cells is that there are generally plenty of defects

that can cause charge carriers to recombine non-radiatively and the energy is lost as

heat. Although thick films are able to absorb all the wavelengths of useable light, the

generated charge carriers will need to travel a greater distance to reach the electrodes,

which means it is more likely they will encounter a defect and be lost. Conversely,

very thin films are capable of efficiently collecting charges if they don't need to travel

far to be collected, however less charges will be generated in the first place because

a significant amount of useable light is passing through the device without being

absorbed. Hence, there exists an optimum thickness that maximizes performance by

balancing light harvesting with carrier collection.

Therefore, some solar materials, such as polymers, can only be about a hundred

nanometers thick before the losses from poor carrier collection efficiencies overcome

any gain in light absorption. Hence, these films are colorful and semitransparent, but

struggle to achieve efficiencies comparable with silicon.

4.1.2 Strategies to Improve Light Harvesting

There are two options about how to proceed in order improve the performance of

such materials. The first is to improve charge collection efficiency so that charges

from thicker films can be collected. The second is to develop methods that improve

the ability of these films to absorb light. The first generally requires the development

of new fabrication procedures the reduce defect densities in films or the development of

nanostructured architectures that assist in extracting carriers from the material bulk.
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Good Light Absorption timd d Poor Light Absorption
Poor Carrier Collection Optze Good Carrier Collection

Figure 4-1: The performance of solution-processed solar cells is governed by a fun-
damental trade-off between light harvesting and carrier collection. a) Devices with
thick active layers are able to absorb most of the light but the charge carriers are
more likely to recombine at defects before collection. b) Devices with an optimized
thickness are able to maximize performance by balancing light harvesting with carrier
collection, however some longer wavelengths pass through the device uncollected. c)
Devices with thin active layers can efficiently collect charges from the bulk but longer
wavelength light will pass right through the device.

While this can be an effective route to improving performance, each specific solar

material requires tailoring in different ways. In contrast, there are several strategies

that allow photons to be managed more efficiently that are independent of solar

material. The most common strategies are:

1. Tandem Solar Cells: multiple solar materials are stacked and the thickness

of each layer is optimized for a separate spectral range of the visible spectrum.

1105-1071

2. Stacked Multilayers: one-dimensional photonic crystals can either act as

anti-reflective coatings or can focus light through interference in a specific spatial

region. 1108]

3. Light-Trapping Arrays: periodic arrays of holes or posts are often used to
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enhance light absorption by redirecting or focusing light. 11091

4. Plasmonic Nanoparticles: plasmonic nanoparticles can act to concentrate

light in the near-field. [61,641

Although any of these techniques can be applied to any solar material, generally

there are particular wavelengths of light that are more poorly absorbed than others.

An ideal solar material would have a completely flat absorption spectrum for photon

energies above the material band gap. Such a material would allow an active layer

thickness to be found that is optimal for every wavelength throughout the useable

solar spectrum. However, generally many solar materials do not have flat absorption

spectra, and therefore for any given thickness there will be particular wavelengths of

light that are lost more than others. Therefore, any photon management strategy

should be designed to ensure that the light that is otherwise lost can be redirected

back into the active layer of the solar cell. Figure 4-2 displays the peak-normalized

absorption spectra for several common solar materials such as the N719 dye used in

DSSCs, two common polymer-fullerene blends, and lead sulfide (PbS) quantum dots

(QDs). The first two sets of materials have dips in the middle of the spectrum which

is fairly common for organic materials such as these, which could contribute to loss if

the device thicknesses are too thin. Likewise, the PbS QDs have an absorption peak

at high energies but is followed by a slowly sloping absorption tail where there can

be substantial loss of long wavelengths for thin films.
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Figure 4-2: The absorption spectra for several solution-processed solar materials: a)

N719 dye for DSSCs, b) P3HT:PCBM and PTB7:PC7 ,BM polymer-fullerene blends,
and c) PbS quantum dot film
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Out of the listed options for managing photons, the first three options require pre-

cisely controlled layer thicknesses or patterned structures to tune the light to match

a desired spectral range. In contrast, plasmonic nanoparticles can be easily incor-

porated into any solution-processed active layer by simply mixing the nanoparticles

into the precursor solutions. As discussed previously in Chapter 2, plasmons can be

excited with direct sunlight and the resonance wavelengths can be tuned by choice of

material and geometry. By tuning the nanoparticles to exhibit resonances at wave-

lengths that are poorly absorbed, plasmonic nanoparticles can absorb light that is

otherwise lost and concentrate it inside the active material, as is illustrated by Figure

4-3. In this scenario, the nanoparticle essentially captures the lost light and con-

centrates it into a thin space that is substantially below the diffraction limit. This

is particularly useful in solution-processed materials that generally have nanoscale

features and film thicknesses on the order of 100 nm.

a)

Active Material Active Material

Figure 4-3: Concept of plasmon enhancment. a) Some wavelengths of light are not
fully absorbed for an optimized solar cell. b) If a plasmonic nanoparticle is in the
active layer, this light would excite plasmon resonance and become concentrated in
the near-field surrounding the nanoparticle.
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4.1.3 Tuning the Resonance Wavelength

As discussed in Section 2.2.3, the resonance position of plasmonic nanoparticles is

determined by the shape of the nanoparticle, the material of the nanoparticle, and

the material of the medium directly surrounding it. Figure 2-7 presents the extinc-

tion spectra for aqueous colloids of several different nanoparticle types, which shows

that enhancing a particular range of wavelengths can be achieved through making a

judicious choice of geometry and metal material. While measuring the resonance po-

sition of colloidal particles in aqueous solution provides an indication of the shape of

the plasmon response, the peak positions will shift when incorporated into solid-state

solar cells where the medium surrounding the nanoparticles is no longer water. If the

complex refractive index of the media surrounding the particles are known, then the

peak shifts can be predicted through computational means for any arbitrary particle

shape or material.

4.2 Plasmon-Enhanced Depleted Bulk-Heterojunction

Quantum Dot Solar Cells

In a joint effort with Noemie-Manuelle Dorval Courchesne, plasmon-enhanced de-

pleted bulk-heteroj unction solar cells were constructed using the virus-templated

nanoporous titania networks previously discussed in Section 2.4. By building upon

the optical model established for the effective medium of the nanoporous films, the

ability of plasmonic nanoparticles to enhance light harvesting in quantum dot solar

cells was computationally modeled and validated experimentally by fabricating de-

vices that displayed improved performance and light harvesting ability in the spectral

regions of expected plasmon-enhancement. That work presented here was published

in the Journal of Physical Chemistry C in 2015. [1101
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4.2.1 Introduction to the System

The aim of this work is to use the M13 bacteriophage to construct solution-processable

thin film solar cells that are light weight, solid-state alternatives to the thicker, liquid-

based dye-sensitized solar cells (DSSCs) previously constructed through biotempla-

tion procedures by colleagues in the Biomolecular Materials Group at MIT. 1111,

1121. Solid-state solution-processed solar cells are generally substantially thinner

than DSSCs, which requires photoanodes that are tens of microns thick due to the

low absorption coefficient of the organic dye molecules when adsorbed on a meso-

porous titania scaffold. The nanoporous bacteriophage-based anatase titania films

discussed in Section 2.4 offer the ability to precisely control both film thickness and

porosity, making it a desirable platform for assembling solar cells that require thin

thicknesses and can benefit from organization at the nanoscale to improve perfor-

mance. As discussed in Section 2.4 gold nanoparticles were incorporated into the

nanoporous networks and employed as probes to sense the porosity of the film. Here

we aim to apply this same multifunctional plasmonic composite to concentrate light

into thin-film solar cells in order to improve photocurrent generation. As shown by

Figure 4-4, the approach is two-fold:

1. The nanoporous virus-based titania nanowire network provides directed path-

ways that efficiently collect and transport charges from the bulk material.

2. Solution-processing enables the network to be easily loaded with plasmonic

metal nanoparticles, which increase light harvesting by concentrating light in

the active layer that would otherwise pass through the film.

Colloidal quantum dots were chosen as the active material for the solar cell because

they are efficient charge transporters, their band gaps can be tuned throughout the

infrared spectrum by changing the particle size, their band edges can be modified

with various ligand molecules, 1113] and they are often paired with anatase titania to

form a heterojunction. Furthermore, colloidal quantum dot solar cells are solution-

processable, low-cost, and have achieved efficiencies as high as 9.2% [251 and 9.9% 141.
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Control Device:
Bulk Heterojunction Geometry with

PbS QDs Infiltrated into Mesoporous
T102 Nanoparticle Film

Enhanced Carrier Collection:
Bulk Heterojunction Geomet with

PbS QDs Infiltrated i
Templated on Nanoporous Virus Film

Enhanced LIght Harvesting
and Carrer Collection:

Plasmonic Nanorticles
Incorporated into TI0 Templated

on Nanoporous s Film

Figure 4-4: Illustration of two fold-strategy employed in building a virus-based
nanoscale device architecture to enhance the photocurrent generation in PbS QD
solar cell over a randomly-organized geometry. a) The control device has a disorga-
nized geometry that consists of a layer of PbS QDs infiltrated into a porous layer
of titania nanoparticles. The percolation pathways for electrons can be circuitous
depending on how the TiO 2 NPs sinter together. b) Virus-templated titania network
provides a blended heterojunction morphology that allows photogenerated charges
to be collected from QDs that have infiltrated into the network and provides more
direct pathways to conduct electrons. c) Metal nanoparticles act as nano-antennas
to concentrate light in their near-field region, thereby producing a higher photon flux
on nearby QDs and an increased rate of carrier generation.
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Traditionally, PbS QDs are stacked on top of a nonporous titania film to form a de-

pleted heterojunction. In order to extract carriers efficiently in this planar device, the

QD film thickness must be thinner than the carrier collection length ( 200 to 250 nm),

which is the sum of the depletion width and the minority carrier diffusion length. [1141

On the other hand, complete light absorption requires that the QD film thickness be

greater than the absorption length (>1 pm). Instead, a bulk heterojunction structure

can be constructed by infiltrating QDs into nanostructured titania, which can extend

the width of the depletion region and allow for more light to be absorbed with thicker

QD films. However, these structures are more prone to trap-assisted recombination

at defects if the conduction pathways are tortuous and if the interfacial surface area

is high. For this reason, nanowire-based titania morphologies that provide continuous

and direct pathways for charge transport are advantageous over disorganized meso-

porous nanoparticle films commonly used in solution-processed solar cells. [115,1161

It has been shown that using an array of titania [241 or zinc oxide [961 nanopillars or

nanowires infiltrated with PbS quantum dots enhances the device performance com-

pared to planar oxide layers because the photocurrent increases enabled by extended

depletion zones overcome any undesirable increases in non-radiative recombination

that result from a larger interfacial area between the active material and the titania

nanostructures.

Our plasmonic virus-templated porous composite is rationally designed to gen-

erally compensate for the weaknesses of photoactive materials with relatively short

lifetimes. Specifically for titania-PbS QD depleted bulk heterojunctions, our system

offers the following advantages:

1. The highly porous film allows for substantial infiltration of QDs into the titania

networks, thereby extending the depletion region of the device.

2. Compared to a porous film made using a titania nanoparticle paste, the inter-

connected network of titania nanowires formed by the high aspect ratio viruses

provides direct pathways for transporting charges from the bulk of the device

to the electrodes. Likewise, forming titania along a high aspect ratio template
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like the M13 bacteriophage produces a smaller overall surface area compared to

a porous film comprised of spherical particles, and is therefore expected to have

less surface defects to promote non-radiative recombination.

3. PbS QDs suffer from an absorption spectrum that preferentially absorbs high

energy photons. Therefore, it is susceptible to the classic tradeoff in solar cells

between light harvesting and carrier collection, where thick active layers are

required to absorb light throughout the visible and infrared ranges, but carrier

generated in the quasi-neutral region are less likely to diffuse to the depletion

region before recombining. By using the M13 bacteriophage to carry and as-

semble metal nanoparticles with plasmon resonances in the visible range within

nanoporous films, photons at poorly absorbed wavelengths can be concentrated

in the near-field surrounding the NPs and light harvesting is improved without

further increasing the QD film thickness.

4. The uniformity and sub-wavelength pore size combined with the ability of the

virus to evenly disperse metal nanoparticles throughout the film offers an ideal

environment where effective medium theory can be paired with finite-difference

time-domain (FDTD) simulations to theoretically evaluate how several metal

nanoparticle types can enhance light absorption in the devices.

4.2.2 Device Architecture

The device assembly process is schematized in Figure 4-5. In brief, a dense compact

layer of anatase TiO 2 was assembled on patterned fluorine-doped tin oxide (FTO)

substrates by spincoating a titania paste, followed by subsequent annealing at 500 'C.

The plasmonic nanoporous scaffold is assembled through a layer-by-layer process that

covalently cross-links viruses that have formed complexes with either gold nanospheres

(AuNPs), silver nanospheres (AgNPs), or silver nanoplates (AgNPLs) through protein

interactions. As previously discussed in Chapter 2, this assembly process allows the

metal nanoparticles to be evenly dispersed throughout the nanoporous film without

forming aggregates. In these device, the virus variant p8#9 was utilized because it
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exhibits affinity for both gold and silver, as was previously indicated in Table 2.1.

The nanoporous film is then mineralized with amorphous titania which coats both

the virus and the nanoparticles complexed to them. The films are further annealed

to crystallize the TiO 2 and remove the virus from the film. PbS QDs with an average

diameter of 2.9 nm and a first excitonic absorption peak at 905 nm (Eg= 1.37 eV)

were then infiltrated into the pores of the film via dropcasting or spin-coating to

create the TiO 2-PbS blend layer with an overlayer of PbS QDs capping the device.

Finally, a 25 nm thick hole transporting layer of MoO 3 was thermally evaporated,

followed by a 100 nm thick gold electrode. The device area of the resulting solar cells

was 0.0547 cm2

1. Pattern FTO 2. Spincoat 3. BuIld Nanoporous 4. Blominerakle S. Infiltrate and 6. Evaporate Top
CompactTlO Virus Film via LbL Virus Fim with Spincoat PbS QDs Electrodes

Law Ty

Figure 4-5: Virus-based titania-PbS QD composites are assembled via sequential
solution-processing to result in the final solar cells.

Any additional details about the device fabrication can be found in the published
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manuscript. [1101 This work was a collaboration with No6mie, who developed the

process for assembling the nanoporous films and was responsible for fabricating the

solar cells. My role was to synthesize the metal nanoparticles, assist in developing

the complexation procedure to bind them to the virus, and model the plasmon en-

hancement theoretically in order to establish when observed improvement is indeed

produced by localized surface plasmon resonance (LSPR).

4.2.3 Synthesis Procedures

Materials

Gold(III) chloride (> 99.99% trace metal basis), silver nitrate, coumalic acid, hy-

drogen peroxide (Perdrogen, 30% solution), sodium borohydride, and glycerol were

purchased from Sigma-Aldrich (St-Louis, MO). Sodium citrate dihydrate was pur-

chased from Alfa Aesar (Ward Hill, MA).

Gold Nanoparticle (AuNP) Synthesis

Gold nanoparticles with -20 nm diameters were synthesized following the Turkevich

method. [471 In summary, 95 mL of deionized water and 2.6 mL of 50 mM gold(III)

chloride were combined in a 250 mL round-bottom flask and brought to a boil while

stirring in a silicone oil bath. While boiling, 10 mL of 1% wt sodium citrate dihydrate

was quickly added while vigorously stirring. The color of the solution quickly turned

black and then ripened into a deep ruby red. The solution was kept boiling and

stirring for an additional 20 minutes. The solution was cooled to room temperature

and stored without further purification.

Silver Nanoparticle (AgNP) Synthesis

Silver nanoparticles were synthesized following a modified Turkevich method. 1471 In

summary, 95 mL of deionized water and 4 mL of 30 mM silver nitrate were combined

in a 250 mL round-bottom flask and brought to a boil while stirring in a silicone oil

bath. While boiling, 10 mL of 5% wt sodium citrate dihydrate was quickly added

153



while vigorously stirring. After stirring for a minute, 6 mL of 100 mM coumalic acid

was quickly added. The color of the solution slowly ripened into a deep yellow-brown

color. The solution was kept boiling and stirring for an additional 20 minutes. The

solution was cooled to room temperature and stored without further purification.

Silver Triangular Nanoplate (AgNPL) Synthesis

Silver nanoparticles were synthesized by modifying the method previously reported by

Zhang et al. [117] In a 1 L Erlenmeyer flask, 240 mL of deionized water was combined

with 5 mL of 50 mM silver nitrate and 5 mL of 750 mM sodium citrate dihydrate

while stirring at room-temperature, followed by 6 mL of 30% hydrogen peroxide stock

solution. While stirring at room-temperature, 10 mL of freshly prepared 100 mM

sodium borohydride was added dropwise to the solution. The color of the solution

changed from yellow to brown to amber-red within about fifteen minutes. Once the

color has stabilized, an additional mL of 30% hydrogen peroxide solution was added.

The addition of hydrogen peroxide was repeated until the solution changed color and

stabilized to a deep blue. Then 1 mL of glycerol was added to stabilize the solution

for long-term storage.

4.2.4 Assembling NP-Virus Complexes

Each of the metal nanoparticle types was bound to the virus by mixing the p8#9

virus with each metal nanoparticle with a ratio of approximately 0.1 NPs per virion.

As confirmed by the transmission electron microscopy (TEM) images shown in Figure

4-6, the complexation process spaces the nanoparticles fairly evenly along the bacte-

riophages, which avoids aggregation and allows the characteristic absorption peaks of

plasmonic particles to be preserved.

4.2.5 Plasmon-Enhanced Device Performance

Each of the three types of nanoparticles improved the overall power conversion effi-

ciency of the titania-PbS devices with the AgNPLs producing the largest photocurrent
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Figure 4-6: TEM images of a) AuNPs, b) AgNPs, and c) AgNPLs complexed to the
p8#9 virus

enhancement (Figure 4-7a). The short-circuit current was enhanced in the presence

of each nanoparticle type, with statistically significant improvement occurring with

AgNPs and AgNPLs. In addition, the open circuit voltage, V, increased by ap-

proximately 50 mV and the parasitic resistances improved when adding any type of

metal nanoparticle to the devices. The improvement in V, is attributed to a nat-

ural increase that results from the plasmonic NPs generating a higher photocurrent

through LSPR. Likewise, the slight improvement in resistances could be attributed to

either local changes in morphology or titania crystallite quality around the nanoparti-

cles that improve charge transport. The improvement in power conversion efficiency,

PCE, caused by the metal nanoparticles in the virus-templated devices was calcu-

lated to be 22.2% for AuNPs, 25.1% for AgNPs, and 36.5% for AgNPLs on average

(Figure 4-7b and Table 4.1). The top performing Ag NPL device reached a PCE close

to 4%, and its JV curve is compared to a virus-templated device without plasmonic

nanoparticles in Figure 4-7c.

4.3 Modeling Plasmon-Enhancement in Virus-Templated

Bulk-Heterojunction PbS QD Solar Cells

The effect of each nanoparticle type on the ability of the devices to harvest light was

computationally predicted prior to device fabrication by combining effective medium
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Figure 4-7: a) Comparison of power conversion efficiency, short-circuit current den-

sity and open circuit voltage for devices with naked virus, or for viruses complexed

with AuNPs, AgNPs or AgNPLs. Paired t-tests were performed and the statistically

significant differences between pairs of results are shown by ** for a p-value < 0.005

and *** for a p-value < 0.0005. b) Average percentage improvement in efficiency

with addition of metal nanoparticles. c) Comparison of the JV curves for the best

device with and without metal nanoparticles. Overall, the nanoparticle device with

the highest efficiency contained Ag NPLs.

theory with finite-difference time-domain (FDTD) calculations. Before performing

the numerical simulations, the material properties of the various media were estab-

lished.

4.3.1 Effective Dielectric Function Calculations using Effective

Medium Theory

Modeling the power absorption throughout the solar cells requires the development

of effective complex dielectric functions for the nanostructured active layers of the

devices (i.e. the virus-templated network infiltrated with PbS QDs, and the PbS

QD film layers). Properly modeling the optical material properties is critical for

accurately predicting how light propagates and is absorbed throughout the solar cell
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Table 4.1: Solar cell performance parameters for plasmon-enhanced virus-based PbS
QD solar devices. Average values and standard deviations are presented for each
parameter, as well as the maximum power conversion efficiency (PCE) for each type
of device. The averages presented are based on at least 10 to 20 devices of each type.

Device Jc Voc FF PCE Max
[mA/cm 2] [V] 1%] 1%] PCE 1%]

Virus Only -13.2 4 2.0 0.51 i 0.04 32 3 2.18 t 0.40 2.93
Virus-AuNPs -14.1 1.6 0.55 0.02 35 3 2.67 0.36 3.15
Virus-AgNPs -15.5 1.0 0.56 0.01 32 t 2 2.73 0.16 3.04
Virus-AgNPLs -15.5 1.2 0.55 0.04 35 4 2.98 0.58 3.96

volume. This section describes the methods used to perform this task.

Pure Anatase Titania

The complex dielectric function for pure anatase titania, ETiO 2 , was calculated from

the values reported by Kim et al. 1501 for a 16% porous thin film (84% anatase volume

fraction) using Bruggeman effective medium theory established in Section 2.4.2: 1391

2 fil--3 Eair -E film +

ETiO2 = 6 film ffi1) Eair+2Efilm ) (4.1)1-ff ilm Eair-efilm +
\ ffilm Eair+2Efilm

where ETiO 2 is the complex dielectric function of the 16% porous anatase film reported

by Kim et al., [501 ffilm is the volume fraction of anatase titania in this film (84%),

and Eair is the dielectric function of air (taken to be 1.000). The complex index of

refraction can be calculated from the dielectric function with Equation 2.45. The

complex index of refraction for pure anatase used for the computations is plotted in

Figure 4-8.

Blend Layer (58% Anatase TiO 2 , 15% PbS QDs, 27% Air)

The complex dielectric function of pure PbS QDs was adjusted from the values re-

ported by Moreels et al. [1181 to have an absorption peak that matches the measure-

ment of 904 nm for the PbS QDs used in the devices (see Figure 4-10).

In reality, a pure PbS QD film can never be achieved because void space will

always exist between the QDs when the spheres pack into a film. Therefore, effective
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Figure 4-8: Real (blue) and imaginary (red) components of the index of refraction
for the 16% porous anatase Ti02 film reported by Kim et al. (dotted lines) and
the estimated function for pure anatase films (i.e. 0% porous films, solid lines) as
predicted by Bruggeman effective medium theory.

medium theory must be used to estimate the effective index of the virus-templated

titania network when PbS QDs are infiltrated into its pores (referred to as the blend

layer) and for the packed QD film that was spin-coated to form an overlayer on

top of the blend layer (referred to as random-packed PbS QD layer). For simplicity

the blend layer was modeled as a homogeneous planar slab with an effective index

resulting from a blending of anatase titania (corresponding to virus-templated titania

nanowires, comprising 58.1% of the film volume) with the PbS QDs and air occupying

the pore space of the virus-templated network. The volume fraction of PbS in the

blend layer was determined to be 15% by averaging the PbS concentration profile

reported in Figure 1D of the manuscript [1101 over the 50 nm thickness of that

film. Although assuming a homogeneous distribution of PbS is a simplification of

the system, by using the average PbS concentration measured for the actual films,

the total amount of light absorbed by the PbS QDs in the idealized slab will be equal

to that absorbed in the actual film. This can be proven using the Beer-Lambert
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law for light absorption, where light with intensity, 1o, is incident on a slab with a

1-D concentration gradient, c(z), of PbS QDs with a molar absorptivity of e. The

intensity at any position within the slab, I(z), is:

I(z) = Io exp (6 j c(z)dz) (4.2)

For a slab of thickness L, the intensity of light after passing through the entire film

is:

I(L) = Io exp (e c(z)dz) = Io exp(eEL) (4.3)

where E is the average PbS QD concentration and is equal to:

L
C = c(z)dz (4.4)

A volume fraction of 15% PbS in the blend layer corresponds to a 35% fill fraction

of the pore volume. Therefore, the effective index of the overall blend layer was

calculated in two steps. First, the Maxwell Garnett effective medium theory [391 was

used to determine the effective dielectric function of the material in the pores, 6 pores

which is taken to be a 35% fill fraction of PbS QDs with the balance being air:

3 fpore ( Embs -6ai 1
-Pores =el+ Pbs \PbS+2 Eair' (4.5)

[ 1 - f~o'"8 ( *-bS*at
ePbs+2eair-

where EPbS is the dielectric function of pure PbS QDs and fpPjjs* is the volumetric fill

fraction of PbS QDs in the pore material (35%).

The second step once again uses effective medium theory to blend the anatase

titania with the effective medium developed for the pores, rees The Maxwell Gar-

nett model was not used for this blending because it is only strictly valid for spherical

inclusions. Thus, the Bruggeman model was chosen because it applies to a completely

randomly inhomogeneous medium. The effective dielectric function of the blend layer,
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Ebfed, can be found by numerically solving the following transcendental equation: [39]

blend pores blend
6Ti02--- effg ee - ee ffTio 2  blend + (1 - f p1o2  ores + ef = o

eTeO2 + 2 6eff /6o e 
(4.6)

where fTio2 is the volumetric fill fraction of anatase titania in the blend layer (58.1%)

and 6 TiO2 is the dielectric function of pure anatase titania calculated earlier with

Equation 4.1. Figure 4-9 plots the real and imaginary parts of the complex refractive

indexes calculated for pure anatase, the effective medium in the pores, and the final

blend layer comprised of anatase titania, PbS QDs, and air.
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Figure 4-9: Real (Left) and imaginary (Right) parts of the complex refractive index
computed for pure anatase titania (blue lines), the 35% PbS QD 75% air mixture
in the pores of the blend layer (red lines), and the final blend layer (black lines)
consisting of a 58% volume fraction of anatase titania, 15% PbS QDs, and 27% air.

PbS QD Layer (56% PbS QDs, 44% Air)

When the PbS QD solution is spin-coated on top of the blend layer, the nanospheres

will pack into a film that consists only of PbS and air. The densest possible packing
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density for a bed of equal size spheres is 74%, which corresponds to perfect close-

packing. In practice, this upper limit is not achieved, rather studies of QD films

assembled by spin-coating colloidal solutions indicate that packing densities are closer

to 50%. [1191 Therefore a PbS volume fraction of 56% was chosen for modeling the

spincoated PbS QD film, which corresponds to a typical value used for a loose random-

packing of equal spheres. [1201 The effective dielectric function, Efm, of this layer

can be calculated by using the Maxwell Garnett effective medium model presented in

Equation 4.5, but substituting fge with fm (56%):

3 f" (EPbS-air 1
film = Ea rl+ ( E I s+2Eair (

6eff L 1-i f pf lm (EPbS-Eair(47

Sbs (Erbs+2Eair) -

The effective dielectric function resulting from this calculation is plotted in Figure

4-10.
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Figure 4-10: Real (blue) and imaginary (red) components of the complex dielectric
function for the pure PbS QDs modified from Moreels et al. [118] for 904 nm QDs

(solid lines) and the estimated effective dielectric function for a spincast film of loosely
random-packed PbS QDs (56% volume fraction of PbS QD and 44% air) as predicted
by Maxwell Garnett effective medium theory.
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4.3.2 Finite-Difference Time-Domain Simulations

In order to computationally predict how a PbS QD solar cell would perform with and

without plasmonic metal nanoparticles, the finite-difference time-domain (FDTD)

method was used to determine how light would propagate and become absorbed

throughout an idealized device. The simulations were carried out with the software

Lumerical FDTD Solutions, Version 8.9.163.

Model Geometry and Materials

The model geometry follows the approximate dimensions of an actual device cross-

section, which consists of stacked planar slabs of material starting with 50 nm of

FTO at the bottom followed by 100 nm of pure anatase titania, 100 nm of the virus-

templated blend layer that has been infiltrated with PbS QDs (58% volume fraction of

TiO 2 , 15% PbS, 27% Air), 100 nm of PbS QD film (56% PbS, 44% Air), and 25 nm of

MoO 3 on top. The complex dielectric functions developed for pure anatase titania, the

virus-built titania-PbS QD blend layer, and the random-packed QD film layers using

effective medium theory in the previous section were assigned to the corresponding

slabs of the model geometry. The lateral extent of the slabs in the x- and y-directions

was fixed to be 60 nm, which is the estimated approximate distance between NPs in

the solar cells. Three different types of nanoparticles were considered in the plasmon-

enhanced solar cells: gold nanosphere (AuNP), silver nanosphere (AgNP), and silver

nanoplate (AgNPL). The radius of the nanospheres was taken to be 10 nm whereas the

cylindrical silver nanoplates had a radius of 10 nm and a thickness of 6 nm. (Although

the silver nanoplates were originally synthesized as triangles. It was observed that

upon binding to the virus, the interaction caused the corners of the plates to round

until the triangular plates changed into cylindrical discs.) The complex dielectric

function reported by Johnson and Christy 137] was used for gold, whereas the function

reported by Palik 1102] was used for silver. Periodic boundary conditions were placed

on each of the lateral x- and y-faces of the model in order to simulate an infinite

slab with periodically spaced NPs. Likewise, this allows any light that is scattered
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obliquely from a NP through the lateral faces to re-enter the simulation volume.

Six different configurations were performed for each nanoparticle type, each with the

nanoparticle positioned at a different location throughout the thickness of the active

materials. Because the nanoparticles were built into the blend layer using the layer-by-

layer assembly method with the M13 virus, the NPs can be located anywhere within

this layer. Five configurations consider a nanoparticle located within the blend layer

(10, 30, 50, 70, or 90 nm from the bottom of the blend layer slab). However, in an

actual device, the interfaces between the blend and random-packed QD layers is not

expected to be smooth, rather the virus-templated titania nanowire film is expected

to be rough. Therefore, a NP that exists near the top of the film could almost

be considered to be embedded within the random-packed QD film layer. Thus, a

sixth configuration was considered where the metal NP was located 10 nm into the

random-packed QD film layer. Because the AgNPL is not spherically symmetric, its

orientation to the incident light will impact the nature of its plasmon resonance; thus,

for each vertical position, three separate orientations were considered with the NPL

located at 0*, 45*, and 90*to the incident field (i.e. 18 total cases were considered for

the AgNPL geometry and 6 cases for the AuNPs and AgNPs.).

The model geometry was illuminated from the FTO side with a plane-wave source

at 400 different wavelengths between 200 and 1200 nm to fully capture the incident

solar spectrum of interest. All simulations were performed with a refined mesh size

of 1 nm in the region around the metal NP and used conformal meshing option "Con-

formal Variant 1" to provide greater accuracy in elements where multiple materials

are present. A three-dimensional power absorption monitor was placed throughout

the active regions of the solar cell to capture how much power was absorbed at each

point in the solar cell. A cross-section of the mesh through the NP center is shown in

Figure 4-11a for the nanosphere case and Figure 4-11b shows the mesh configuration

for all three orientations of the nanoplate cases.

The silver nanoplates are believed to transform into a polydisperse population

of silver nanospheres during the annealing process the virus-templated titania film

undergoes to convert the nanowires from amorphous to crystalline titania. The sim-
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Figure 4-11: The mesh, materials, and geometry of each simulated configuration per-
formed with the FDTD method. a) All six of the different positional configurations
of metal NPs. Five configurations exist for a NP within the blend layer and 1 in the
random-packed PbS QD film layer. b) Because silver nanoplates are not spherically
symmetric, their orientation within the blend layer will change the way light is con-
centrated in the near-field surrounding them. Therefore, at each of the six positional
configurations shown in A, three orientational configurations were considered with
the NPL positioned at 0*, 45*, and 90*with respect to the faces of the material slabs
(18 total cases performed for the NPL device).

ulations performed to test this hypothesis are exactly the same as those done for the

AgNPs except that nanospheres of radius 8.2, 10.4, and 11.9 nm were considered,

which conserve the volume of a stack of 1, 2, and 3 NPLs.
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Calculating Power Absorption, External Quantum Efficiency, and Pho-

tocurrent Enhancement

Upon completion of the simulation, the power absorption monitor provides the source-

normalized power density that has been absorbed at each node throughout the mesh

for each illumination wavelength. This can be thought of as a measure of absorption

efficiency density, Pabs, which is how efficiently a given element can absorb photons of

a particular wavelength that are incident upon the solar cell per unit volume (units of

m-3). By integrating this measure over the spatial extent of active regions in the solar

cell, the total absorption efficiency of the solar cell can be determined as a function of

wavelength. It must be noted that when metal NPs are incorporated into the model,

any light that is absorbed in the NP interior cannot contribute to enhancing solar cell

performance because the power it absorbs either goes into producing the near-field or

is lost as heat. As discussed in Chapter 2, this lossiness is considered by the imaginary

component of the dielectric function for the metal particle and is thereby considered

in the FDTD calculations. Only the light that is concentrated by the LSPR of the

NP in the active material directly surrounding it can contribute to photocurrent

enhancement. Therefore, when determining the total amount of power absorbed by

the solar cell with the goal being to estimate the photocurrent the device can produce,

only the power absorbed in the active media should be considered. This raises an

important point. The act of adding a metal nanoparticle into a system essentially

removes active material from the solar cell and replaces it with metal, which cannot

produce photogenerated charges. Hence, in order for plasmon-enhancement to occur,

the nanoparticle must concentrate enough light in the near-field so that the generated

photocurrent overcome the current loss incurred by occupying volume in the active

layer. For this reason, the particle must be tuned to focus wavelengths of light that

are otherwise lost by the system, not wavelengths that are currently fully absorbed by

the active layer. In this particular QD system, the total thickness of the active layer

is only 200 nm, whereas most systems of this type are closer to 300 nm. The film

thickness is limited by the fabrication procedure used to create the nanoporous virus-
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mesh. Hence, the devices need the plasmonic particles to absorb light not only at long

wavelengths, but also shorter ones, which would otherwise pass through uncollected.

The external quantum efficiency, EQE, of the solar cell, which quantifies how

many photons of a given wavelength incident on the solar cell are converted into

collected charges, can be estimated by:

EQE(A) = ?lcqa(A)(1 - R(A)) (4.8)

where T/a is the absorption efficiency, 71c is the charge collection efficiency, and R is

the reflectance of the solar cell. For simplicity the following assumptions are made in

the solar cell.

1. It is assumed that none of the incident light is reflected: R = 0. In reality this

is not the case, but the reflectance of the actual device will be similar among

all of the solar cells since the same materials are used for each embodiment.

Hence, reflectance is taken to be zero for pure convenience.

2. It is assumed that the PbS QDs in the blend layer are fully depleted by the

nanoporous virus-templated titania film. Therefore, any carriers generated

within the blend layers will be efficiently transported by drift due to the built-in

field in this region. Thus, it is assumed q, = 1 within the blend layer.

3. For simplicity, it is assumed that the depletion region only encompasses the

blend layer and does not extend into the random-packed QD layer above. The

basis of this assumption is that there are less quantum dots and titania present

in this layer than in a bilayer geometry, which causes the depletion width to

be shorter than the typical value of ~150 nm. Therefore, the random-packed

QD layer is assumed to be within the quasi-neutral region of the heterojunction

where diffusion governs charge extraction. Hence, electrons that are generated

deeper in the PbS QD film above the blend layer are less likely to diffuse to the

depletion region for efficient collection. To capture this effect, an exponential

decay envelop with a decay length of 30 nm, [121] corresponding to the diffusion
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length of electrons in the PbS QD film, is used for the charge collection efficiency

in the random-packed PbS QD film layer. Therefore:

7C = {1 0<z<Lb (4.9)

-(z-LbL, Lb <Z Lb + LQD

where Lb is the thickness of the titania-PbS QD blend layer, LQD is the thickness

of the close-packed QD layer, and Ld is the decay length (i.e. 30 nm).

The absorption efficiency, 71, is determined by integrating the absorption efficiency

density, Pabs, over the volume of the active layers, V:

iqa(A) =f Pabs(X, y, Z, A)dX 3  (4.10)
V

The EQE can be estimated from the FDTD simulations by multiplying the normalized

power absorption density provided by the 3D power monitor, i.e. Pabs, by the qc given

in Equation 4.9, and integrating over the volume, V, of the active layer that contains

the blend material or the random-packed PbS QD layer active materials (we exclude

the power absorbed in the metal NP volume from consideration):

EQE(A) = 7 J'~(Z)Pabs (X, Y, zA) dx3 (4.11)

V

To account for the different geometrical configurations that the NP and NPL can

have in the actual devices, the simulated EQE reported in Figure 4-12 is the ensemble

average over all of the cases considered for that device type (i.e. 6 cases for No NPs,

AuNPs, and AgNPs; 18 cases for AgNPLs). For the corrected AgNPL predictions,

which instead simulate three differently sized nanospheres, a total of 18 cases are

considered and the ensemble average is taken over this set.

Figure 4-12b and c, respectively, show the computed and measured EQE spectra

for devices loaded with each type of silver plasmonic particle. The overall shape of

the simulated and measured EQE spectra for the devices without nanoparticles are
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remarkably similar, with a main peak arising around 375 nm followed by a slowly

decaying profile at higher wavelengths. The simulations predict a clear plasmon-

induced performance enhancement starting around 400 nm for AgNPs and 525 nm for

AuNPs, which is in good agreement with the observed regions of power enhancement

in the actual devices.
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Figure 4-12: FDTD simulations we used to rationally design and predict the plasmon

enhancement in devices containing metal nanoparticles. a) Geometry of simulations.

b) Predicted and c) Measured EQE spectra for devices containing AuNPs, AgNPs

or AgNPLs, compared to virus-only devices. Experimental EQE curves with metal

nanoparticles were adjusted based on measured average short-circuit current values for

each type of device. d) Predicted and measured photocurrent enhancement compared

to virus-templated devices without nanoparticles. e) Predicted plasmon decay length

for different nanoparticles embedded in the blend and random-packed QD layers.

The presented model clearly demonstrates for the Ag nanosphere case that the

wavelengths between 400 and 600 nm where significant EQE enhancement occurs can

be explained by LSPR acting to concentrate light in the near-field region surrounding

the noble metal nanoparticles. This increases the photon flux incident on QDs located

within the near-field, thereby increasing their rates of charge carrier generation.

Once the ensemble average quantum efficiency has been determined, the photocur-

rent enhancement for a given device type (i.e. no NPs, AuNPs, AgNPs, AgNPLs)
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can be calculated by comparing the estimated short circuit photocurrent densities of

the devices with metal NPs to that without. The short circuit current density can be

predicted by:

A max q Amax

J = q .EQE(A)bs(A)dA = -A- EQE(A)M(A)AdA (4.12)
Amin min

where q is the charge on an electron, b, is the photon flux of the AM 1.5 solar

spectrum, M is the spectral irradiance of the solar spectrum (which can be related

to b, by: M(A) = b,(A)/E(A) = Ab,(A)/hc), h is Planck's constant, c is the speed of

light, and Amin = 200 nm and Amax = 1200 nm for the simulations.

Therefore, the photocurrent enhancement factor, EF, is defined to compare the

photocurrent produced in the plasmonic devices to that generated in the same device

without metal NPs:

F _ jP r~rax
jNP f;. EQENp(A)M(A)AdA

EF SC mn (4.13)
cNoNP Ama EQENONP(A)M(A)AdA

The enhancement factor can be directly compared to the ratio of the short circuit

current density, J.c, for a unit cell with NPs to that without, JNPJoNP, which is

presented in Figure 4-12d. The measured devices demonstrate higher photocurrent

enhancement than the simulations predicted with the measured enhancement being

6.2%, 16.3%, and 16.5% for solar cells with AuNPs, AgNPs, and AgNPLs respectively,

whereas simulations predicted 3.8%, 10.9%, and 4.2%. When the photocurrent is cal-

culated for a polydisperse population of AgNPs that have been transformed from Ag-

NPLs, the predicted enhancement rises to 11.3%. Although the predictions were lower

than observed photocurrent enhancement, the trend is clearly captured. It is worth

noting that devices with AgNPs in both the simulated and measured devices produce

a photocurrent enhancement roughly three times larger than devices with AuNPs. As

discussed in Section 2.1, gold experiences interband transitions in the visible range

which increase the optical losses as a fraction of the incident photons are exciting

electronic transitions rather than electron oscillations (i.e. plasmons). Although the
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predicted and measured EQE profiles show that the shorter wavelengths are the most

efficiently absorbed and converted into useable current, the silver nanoparticles are

still able to produce a substantial amount of current in this range due to the im-

proved ability of silver to concentrate light even though the resonance frequency is

blue-shifted relative to gold.

Calculating Plasmon Decay Length

Some information about why the plasmons are able to substantially improve the per-

formance of the solar cells can be garnered by looking at how far the near-field pen-

etrates into the surrounding active material. The distance over which the near-field

generated by the metal nanoparticles via LSPR can penetrate into the surrounding

active media was determined by analyzing line profiles of the absorbed power density

taken through the center of the NP while at resonance. The resonance wavelength

was determined as the simulated illumination wavelength that produced the largest

absorbed power value outside the metal NP core. Figure 4-13 shows a contour plot

of the absorbed power density of each NP device case at resonance taken through the

center plane of the metal NP.

The influence of illumination wavelength on the penetration length of the near-

field generated by the metal NP into the active media was investigated by sampling

the absorbed power density along a line through the center of the metal NP (indicated

by the yellow dotted line in Figure 4-13). Figure 4-14 plots this line profile for every

simulated wavelength for all three NP types. It can be observed that although plas-

mon resonance increases the absorbed power most strongly at the LSPR wavelength,

enhancement occurs over a spectral range of about 100 nm for the nanospheres and

200 nm for the nanoplate cases. It should also be noted that the spatially flat ab-

sorption line around wavelength 350 nm corresponds to the main absorption peak of

the PbS QD rather than plasmon resonance of the metal NPs.

In addition to performing simulations with the metal NPs located within the blend

layer, simulations were also performed with the metal NPs located within the random-

packed PbS QD film layer in the absence of the blend layer (device structure: FTO
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Figure 4-13: Contour plots of source-normalized absorbed power density, Pab, [m- 3

throughout the simulated solar cell cross-section at a plane through the center of the
a) AuNP at A=564 nm, b) AgNP at A=440 nm, and c) AgNPL at A=571 nm. The
dotted yellow line indicates the position where the line profiles are taken to determine
the plasmon decay length.

(50nm)/Random-Packed PbS QD Layer (100 nm)/MoO 3 ). Figure 4-15 shows the

power absorption density line profiles through the NP centers at the LSPR resonance

peak and normalized to the maximum value within the active medium for each NP

type embedded in both the blend (Figure 4-15a) and random-packed PbS QD layer

(Figure 4-15b). The dotted line indicates that location where the normalized value

reaches 1/e, which corresponds to the decay length. The plasmon decay lengths are

tabulated in Table 4.2.

As demonstrated in Figure 4-12e, blending the PbS QDs with the titania nanoporous

network provides an effective medium that allows the near-field surrounding the metal

NPs to propagate further into the blend layer than they would if incorporated into
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Figure 4-14: Line profile plots of source-normalized power density, Pas, as a function

illumination wavelength for a) AuNP, b) AgNP, and c) AgNPL (horizontal configu-

ration). The dotted horizontal yellow line indicates the LSPR wavelength and the

dotted vertical white lines indicate the edges of the metal NP. The area between the

dotted white lines represents the power absorbed in the interior of the metal NP,
whereas the area outside represents the power absorbed in the blend layer of the solar

cell.

Table 4.2: The plasmon decay length is presented for each type of nanoparticle while

embedded in either the blend or the random-packed QD layer.

Plasmon Decay Length, LD [nm]
Random-Packed

NP Type Blend Layer QD Layer

AuNPs 12.46 6.43
AgNPs 5.23 4.92
AgNPLs 5.53 4.92

the random-packed QD layer. This is a direct result of the effective complex index of

the blend layer being lower than the random-packed QD film by virtue of its lower

volume fraction of PbS. This is useful from a practical standpoint because the larger

the extent of the near-field, the greater the chance a PbS QD can experience a higher

photon-flux and exist in a defect-free region that can efficiently generate and trans-

port charge carriers. This illustrates that the effective optical properties of the bulk-

heterojunction architecture are beneficial to further boosting plasmon-enhancement

in practical devices.
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Figure 4-15: Line profile plots of absorbed power density normalized to the maximum
value outside of the metal NP core for each of the NP types at the LSPR wavelength.
The decay profile for the metal NPs embedded in (a) the blend layer and (b) the
random-packed PbS QD layer of a device without the blend layer (a simple bilayer).
The horizontal dotted black line represents the value 1/e, which corresponds to the
decay length, indicated by the vertical dotted lines. The printed value Ld is the
decay length, i.e. the distance from the NP surface when a normalized value of 1/e is
reached. Note that profiles appear slightly asymmetric due to the way the simulation
domain was meshed.

4.3.3 Modeling Voltage Increase in Plasmon-Enhanced Solar

Cells

The optical model presented in the previous sections can only explicitly account for

enhancement of the device photocurrent and cannot account for any differences in par-

asitic resistances and the fill factor between devices, which fortunately do not change

significantly between virus-based solar cells with and without plasmonics NPs. How-

ever, an increase in both Vc is observed for each of the plasmonic devices, which

suggests that the incorporation of metal nanoparticles into the active layer is respon-

sible for this improvement.

It is possible that the increased open-circuit voltage, Vc, is simply a natural

result of the plasmonic solar cells producing a higher photocurrent. The intuition

behind this notion is that the standard diode model of solar cells couples together the

bias voltage and the photocurrent according to Equation 1.10. Therefore, it would

be expected that if the same device would somehow generate a higher current (for
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instance due to improved light harvesting by LSPR), then the open-circuit voltage

would also increase accordingly. Figure 4-7e shows that the measured JV curves of

the virus-based solar cell without NPs has a similar shape to that of the virus-based

solar cell that has been assembled with AgNPLs, and one could imagine that the

curve for the AgNPL device might be almost reproduced if the virus-only curve was

translated along the y-axis to match the short-circuit current values. This hypothesis

was tested by fitting the measured JV data to the standard diode equation for solar

cells that includes parasitic resistances given in Equation 1.10.

The series and shunt resistances were determined by calculating the inverse of

the slope of the measured JV curves near the x-intercept and y-intercept, respec-

tively. Likewise, the dark and light short-circuit current densities were determined

from the measured light and dark JV curves for each of the devices by finding the

current density when the applied bias voltage is equal to zero. The ideality factor,

m, characterizes how far the actual solar cell behavior deviates from an ideal diode

(m = 1) while under illumination. This factor was determined for each applied bias

by rearranging Equation 1.10:

q(V + JAjC - jo - V+JARsr -1
m = JARSr) In (4.14)

kbT J \\ /.J

The calculated ideality factor for illuminated devices are plotted in Figure 4-16 for

the devices made from TiO 2 paste (no virus), the virus-film device without metal

NPs, and the virus-film device with AgNPLs.

The advantage of the standard model described by Equation 1.10 is that every

term represents a physical characteristic of the solar cell. Thus, changes in solar cell

performance can be predicted by adjusting some of these terms and solving the equa-

tion. Now that the parasitic resistances and the ideality factor have been determined

from the measured light JV curves, it can be predicted how a given device would

perform if it were able to somehow generate a different photocurrent. By taking

the values for Rsr, Rsh, and m(V) determined for the virus-film solar cell without

plasmonic nanoparticles and plugging them into the standard model, but now substi-
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Figure 4-16: The ideality factor as a function of applied voltage bias, as determined
from the measured JV curves while illuminated (i.e. the light ideality factor)

tuting the J,, and Jo values measured for the virus-film solar cell with AgNPLs, the

JV curve can be predicted for how the non-plasmonic virus-based solar cell would

perform if it could suddenly generate the current measured in the virus-based de-

vice with AgNPLs. This was accomplished by numerically solving the transcendental

diode equation with these values; the result is plotted in Figure 4-17. The fact that

the predicted Vc is so close to that measured for the virus-based device with AgNPLs

strongly indicates that the increase in open-circuit voltage shown by the plasmonic

solar cells is a natural result of the increase in photocurrent that results from the

improved light harvesting in the device via LSPR by the metal NPs. It could be ar-

gued that any difference in fill-factor between the measured curve for the virus-based

device with AgNPLs and the curve predicted from the non-plasmonic virus solar cell

is due to slight variations in the device morphologies that produce slightly different

series and shunt resistances.

Therefore, the effect of LSPR conveniently causes both the J,, and V, to rise in

the plasmonic devices, causing the observed overall enhancement in PCE to be even
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Figure 4-17: The measured light JV curves for the virus-film solar cell without plas-
monic NPs (solid blue line) and the virus-film solar cell with Ag NPLs (solid red line),
with the open circles indicating the predicted curve that has been fit to the standard
solar cell equation given in Equation 1.10. The black line represents the predicted JV
curve from standard diode equation of the non-plasmonic virus-film solar cell (solid
blue line) if it generated the short-circuit photocurrent produced by the virus-based
device with Ag NPLs.

higher.

4.4 Conclusion

Significant care was taken in this study to model the optical behavior of this nanoscale

composite solar cell architecture in order to definitively demonstrate that the improve-

ment observed in the devies with metal nanoparticles was caused by localized surface

plasmon resonance. This was accomplished by being able to predict the observed

trend in photocurrent enhancement as well as the spectral regions of observed EQE

enhancement. Unfortunately, the solution-processed solar cell community at large

generally abuses the term "plasmon-enhancement" by claiming that any difference in

performance between a device with and without nanoparticles must be attributed to
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LSPR without substantial modeling to support the claim. The issue in part is due to

the fact that synthesizing metal nanoparticles and blending them into devices is fairly

straightforward, that it is commonly attempted without sufficient understanding of

how performance should be affected from an optics point of view. It is often the case

that experimental EQE curves are presented in articles that do not show any boost in

efficiency specifically at the expected wavelengths of LSPR enhancement, but instead

show a uniform EQE improvement across the entire spectrum. This occurrence is

evidence that the increases in photocurrent are in fact not due to plasmon resonance,

since the phenomenon of LSPR is strongly wavelength dependent. Rather, uniform

increases across the spectrum suggest there is an improvement in charge collection,

which might be the result of serendipity or changes in processing conditions, which

might somehow reduce material defects, change interfacial contacts, or alter mate-

rial crystallization, for instance. Furthermore, often device improvements are not

proven to be statistically significant by repeating experimental conditions over multi-

ple batches of nominally identical devices. Especially in polymer-fullerene solar cells

where the active thicknesses are often less than 100 nm, small variations in thickness

between nominally identical devices could have a profound impact upon efficiency.

Hence, simply comparing a single JV curve without nanoparticles against one with

them included is not sufficient to make any serious claims and the community at large

needs to ensure that publications provide sufficient statistical evidence that trends

are repeatable.

Lastly, although plasmon enhancement can take a material that is limited by

carrier collection and often improve its ability to reclaim some light that is lost.

However, in the grander picture of photovoltaics, this approach is not a practical way

forward to translate solution-processed materials to commercialization. The reason

is two-fold:

1. The driving force behind photovoltaics is inherently cost. Hence, adding gold

and silver even in small quantities is unlikely to generate cost savings. Commer-

cializing a polymer solar cell, for instance, would be more likely if new polymers

were developed that were simply better solar materials.
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2. Plasmon-enhancement is only significant for devices that are already poor solar

performers. Devices that already achieve high-efficiency do not garner a large

boost in performance upon adding metal nanoparticles because they generally

already do a good job of absorbing light and transporting charges to begin with.

That is, they have already overcome the trade-off between light harvesting and

current collection.

Although the physics is very interesting, the approach of plasmon-enhancement is

ultimately only a stop-gap solution to squeeze some additional performance out of

materials that are not competitive with conventional photovoltaic semiconductors,

like Si and GaAs. Plasmonic solar cells are interesting to researchers in nanophotonics

because it offers a trendy application for nanoscale phenomena, however the solar cell

community at large does not view this approach as being valuable to solving the

greater issues facing current solar technologies. On the other hand, other strategies

for managing photons such as generating anti-reflective layers and tandem devices are

incredibly important for allowing high performance solar cells to maximize the use of

every photon that is incident on the solar cell. An excellent example of this is the

champion single-junction GaAs solar cells developed by Alta Devices that achieved

record performance by controlling the optics of interfaces to promote photon recycling

through simple, yet effective light trapping strategies.

Therefore, the remaining two chapters of this dissertation will leave the realm of

nanophotonics and focus on alternate approaches to improving photovoltaic perfor-

mance at the nanoscale by modifying material properties of solution-processed solar

materials, specifically organic-inorganic hybrid perovskites.
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Chapter 5

Computational Screening of

Mixed-Metal Perovskite Materials for

Photovoltaic Applications

Inorganic-organic hybrid perovskites are an exciting new class of solar materials that

have become the leading field of research in emerging photovoltaic technology. Having

risen from an initial efficiency of 3% [28] to over 20% [1221 in less than five years,

perovskites promise to be the long-sought material class capable of producing efficient,

thin, and inexpensive solar cells that are synthesized from earth abundant materials.

If the current pace of development holds steady, it is likely that perovskites will not

only swiftly translate out of the research laboratory and into the energy marketplace

but overtake crystalline silicon as the leading solar material. One of the main issues

that threaten this outcome is that all of the highest performing perovskite materials

are based on Pb and are inherently toxic. The safety concern regarding this material

is compounded by the fact that these ionic perovskite crystals are soluble in several

solvents, including water.

The goal of this chapter is to theoretically screen through a postulated set of

perovskites with mixed-metal compositions to identify new materials that retain the

desirable photovoltaic characteristics of the standard methylammonium lead triiodide,

MAPbI 3 , perovskite material but are substantially less toxic. This effort is intended
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to establish the feasibility of these materials and provide insight that will guide ex-

perimental attempts to synthesize those that are the most promising. To accomplish

this task, density functional theory (DFT) was used to predict the crystallographic

and electronic properties of several candidate materials comprised of multiple metal

species. As introduced in Chapter 1, DFT is a computational quantum mechanical

modeling method that calculates the spatially dependent electron density and total

energy for a given arrangements of atoms or molecules. From this information, the

DFT code can calculate additional output quantities such as atomic forces, stresses,

and positions within the system. A self-consistent loop can be performed on a simu-

lated system where:

1. The total energy, electron density, and atomic forces acting on each atom is

calculated for an initial configurations of atoms.

2. The atomic positions are allowed to relax to a more favorable position by dis-

placing each according to the net force acting on it.

3. The process repeats until the lowest total energy state is found for the system

within a specified tolerance limit (estimated energy error is less than le-9 Ry).

4. The lattice constants and electronic bandstructure are then calculated for the

lowest energy configuration.

Since perovskite materials are crystalline bulk semiconductors, the calculations were

performed for only the unit cell of the material and periodic boundary conditions

were applied in all three spatial directions to reduce the computation time. The tech-

nique is generally computationally intensive and requires the use of supercomputing

clusters to calculate relevant material parameters. Therefore, calculations were per-

formed judiciously to obtain the most important metrics and some parameters that

are usually calculated with DFT were omitted, such as density of states (DOS) and

projected density of states (pDOS) quantifications.
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5.1 Motivation

The rapid paradigm shift of the emerging photovoltaics field from liquid-state to solid-

state devices was catalyzed by the discovery that the solution-processable organic-

inorganic hybrid ABX3 perovskite, CH 3NH3PbI3 (methylammonium (MA) lead tri-

iodide), could produce solar cells that were stable at ambient conditions and dis-

played power conversion efficiencies exceeding 8%. [1231 This finding challenged the

long-held reign of dye-sensitized solar cells as the premiere solution-processed so-

lar technology by matching their power conversion efficiencies while replacing the

liquid-based electrolyte with a solid-state hole transporter. As illustrated by Figure

5-1, perovskite materials have a characteristic ABX 3 crystal structure. Solar mate-

rials generally use an organic cation (methylammonium, MA+, or formamidinium,

FA+) as the A-site cation, Pb2+ or Sn2+ as the B-site cation, and a halide anion

(Cl-, Br-, or I-) at the X-site with MAPbI3 and FAPbI3 being the most well-

studied, high-performing solar materials of this type. Perovskite solar cells generally

adopt a p-i-n device architecture, illustrated by Figure 5-2a where the active mate-

rial is used intrinsically (i.e. without external doping) and is sandwiched between

an n-type and a p-type material. When the perovskite is stacked between n-type

anatase TiO 2 and the p-type solid-state hole transporter 2,2',7,7'-tetrakis-(N,N,-di-

p-methoxyphenyl-amine)9,9'-spirobifluorene (spiro-OMeTAD), devices have achieved

efficiencies exceeding 15% [29,124,1251 with open-circuit voltages up to 1.07 V using

scalable solution processing or vapor phase deposition methods. The high photo-

voltaic efficiency of these lead-based devices has been attributed to the material's

near-optimum band gap of ~1.6 eV and high carrier mobilities, which allow a signif-

icant portion of sunlight to be absorbed and the efficient extraction of charges from

the sites of photogeneration. Experimental measurements have shown that lead per-

ovskites can display carrier diffusion lengths greater than 1 pm, [126,1271 which is a

remarkable achievement for multi-crystalline, solution-processed materials.

Although lead-based hybrid perovskites are the most commonly studied, there are

serious concerns about their practical incorporation into next generation photovoltaics
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Figure 5-1: Schematic of the simplified ABX3 perovskite crystal structure. The A-
sites are generally occupied by an organic cation, the B-sites by a metal cation, and
the X-sites by halide anions.

due to the toxicity of lead compounds. Only recently has the field begun to branch

out in search of environmentally-friendly analogues that could display comparably

high photovoltaic performance and the main focus has centered around tin. Also a

group 14 metal, tin demonstrates similar chemical behavior to lead, which enables

the formation of ABX 3 perovskites that are analogous to the traditional Pb-based

solar materials using the same reaction pathway and fabrication procedures. 1128,129j

Similarly, perovskite materials have been synthesized from germanium, another group

14 element, but have not yet been incorporated into working devices. 1130]

In order to maintain bulk neutrality of the ABX 3 crystal, the A-site cation must

have a +2 oxidation state since the valency of the halide is fixed at -1 and the methy-

lammonium at +1. However, the stability of the +2 oxidation state decrease as one

travels up the group 14 elements. [1311 While MAPbX 3 compounds are stable under

ambient conditions, the photovoltaic performance of pure MASnX 3 tends to quickly

degrade once removed from an inert atmosphere as the Sn 2+ ions oxidize to Sn 4+,

which disrupts the charge neutrality of the perovskite compound and induces phase

separation into tin oxides or hydroxides and methylammonium iodide. [1281 Nonethe-

less, MASnI 3 devices with efficiencies over 6% have been achieved by performing the

materials synthesis, device fabrication, and sealing procedures in an inert atmosphere
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Figure 5-2: Schematic of conventional perovskite solar cells. (a) The conventional
device architecture used for perovskite solar cells forms a p-i-n heterojunction stack
where the hole transport layer (HTL) functions as the p-type material, the perovskite
is the intrinsic active material, and the electron transport layer (ETL) is n-type. (b)
The simplified flat-band energy diagram for the conventional architecture allows for
electrons to be extracted at the transparent conductive oxide (TCO) and holes to
collect at the top electrode and await electron injection back into the device.

before performing device characterization. [1281 Although the crystal structures be-

tween MAPbI3 and MASnI 3 are nearly identical, studies demonstrate that the band

gap and band edge locations are different, with MASnI 3 exhibiting a narrower band

gap around 1.2 eV and open-circuit voltages up to 880 mV in actual devices. [128,1321

Mixed Pb:Sn perovskites can also be generated by mixing the PbI 2 and SnI2

precursors in the proper molar ratios during the synthesis of perovskite films. While

investigating such materials, Ogomi et al. reported that these mixed metal perovskite

films can remain stable under ambient conditions when a critical amount of Pb 2+ is

incorporated into the lattice and that the band gap and band edges locations can be

tuned by varying the ratio of Pb2+ to Sn2+ content in the crystal. 11291 Therefore,

combining various metals ions into mixed-metal hybrid pervoskite materials provides

an opportunity to rationally design non-toxic next generation solar cell materials that

might be stable without encapsulation and have electronic properties that are tunable

with compositional changes.
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5.2 Approach

The goal of this work is to identify less-toxic solar materials that preserve the excellent

photovoltaic properties characteristic of pure Pb perovskites while simultaneously re-

placing some or all of the Pb2 + ions. To accomplish this, criteria was first established

that qualifies a theoretical crystal as a promising solar material. Second, a pool of

candidate mixed-metal perovskite materials was designed that are rationally based

on the MAPbI and MASnI materials that have been previously experimentally vali-

dated as efficient solar materials. Third, computations were performed to numerically

predict important metrics that are necessary for any material to exhibit reasonable

photovoltaic behavior. Finally, the predicted properties of mixed-metal materials

were compared against those calculated for the pure Pb and Sn perovskites to look

for trends in behavior upon B-site substitution. Those candidates that met all the

criteria for a theoretical solar material were identified as final candidates that should

be attempted experimentally to validate the numerical predictions of electronic and

crystallographic properties.

5.2.1 Defining Criteria for Efficient Solar Materials

In order for a computational screening approach to identify new solar material com-

positions, criteria must first be established that quantify the qualities of a "good

theoretical photovoltaic material". The simplest way forward is to recount the ba-

sic physical mechanisms involved in producing electricity from solar cells and identify

the material parameters that promote efficient operation. A good solar material must

be a semiconductor that is capable of absorbing light over much of the visible spec-

trum and producing photogenerated charge carriers. As discussed in Section 1.1.2,

the detailed balance limit presents an inherent trade-off in device performance be-

tween photocurrent and photovoltage that is a function of the material band gap.

As depicted graphically in Figure 1-5, the theoretical efficiency of solar materials is

maximized when the band gap is near 1.4 eV. Band gaps higher than this are capable

of generating higher photovoltages, but will have a reduced photocurrent since less
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infrared light will be absorbed. Similarly, materials with lower band gaps will produce

additional current from longer infrared wavelengths, however the photovoltage will

be reduced as excited charge carriers will thermalize to the band edges, which are

now closer together. Therefore, we are interested in solar materials that display band

gaps that are as close to 1.4 eV as possible.

Upon generating electron-hole pairs, good solar materials must be capable of sep-

arating those charges and transporting each species to its respective electrode. The

p-i-n device architecture commonly used in perovskite solar cells establishes a built-in

electric-field across the thickness of the perovskite allowing charges to be collected

by drift during operation. In most thin film solar cells, the thickness of the intrinsic

layer must be smaller than the depletion width and limits the thickness of the active

layer. However, solar materials with sufficiently high carrier diffusion lengths allow

useable charges to be collected from the quasi-neutral region where the electric field

has been completely screened by residual background charges from impurities. There-

fore, a good theoretical perovskite solar material is expected to have high mobilities, or

equivalently, low effective masses for both free electrons in the conduction band edge

(CBE), m*, and free holes in the valence band edge (VBE), m*.

When the photogenerated charges are transported out of the bulk perovskite crys-

tal through drift and diffusion mechanisms, they must be efficiently collected by the

flanking n- and p-type charge transport layers as shown by the flat band diagram

in Figure 5-2b. To do so, the conduction and valence band edges of all three ma-

terials in the p-i-n structure must favorably align to promote electron extraction at

the i-n heterojunction and electron injection at the p-i heterojunction. If the edges

are misaligned when all three materials are in physical contact, electronic barriers

will form at the interfaces that impede current collection. It is highly desirable that

the band edges of new solar materials be compatible with known electron (ETL)

and hole transport layers (HTL), such as TiO 2 or phenyl-C61-butyric acid methyl

ester (PCBM) and spiro-MeOTAD or poly(3,4-ethylenedioxythiophene) polystyrene

sulfonate (PEDOT:PSS), respectively.

In order for any solar material to attain practical use in devices, it must be not
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only thermodynamically stable at rest but also stable during device operation. This

is a point of concern for perovskite materials. As a result of its ionic nature, there

is the possibility that ions could migrate throughout the crystal or that the bulk

material will phase separate back into its precursor materials in various environments.

In fact, it is well-known that the traditional MAPbI material phase separates into

MAI and PbI 2 when humidity is high. Likewise, the crystal destabilizes at elevated

temperatures near 150*C and methylammonium iodide evaporates out of the bulk

crystal. The perovskite can be stabilized by replacing the organic MA + cations at the

A-site with FA+, [321 however the long-term stability required for sustained operation

in the field remains to be proven with this material. Before such affects are even a

concern, it must first be established that a mixed-metal perovskite material is more

stable in the ABX3 crystal than as its separate constituent precursors. Hence, it must

be ensured that any promising theoretical mixed-metal perovskite would theoretically

form and remain stable at the calculated conditions.

Each of these four qualities of desirable solar materials are summarized in Table

5.1. It must be mentioned that there are always many other factors that affect

device performance that are difficult to predict theoretically, such as grain size, defect

formation in the film, or the presence and character of sub-gap states that provide non-

radiative recombination pathways. Therefore, even though certain materials might

demonstrate theoretically desirable properties, it might be difficult to synthesize a

postulated material in sufficient purity to make practical use of it in solar cells. The

results from any calculations must only be viewed as guidelines that suggest solar

performance is possible and predictions must be confirmed with experimentation.

5.2.2 Selecting Initial Candidates

The governing premise behind this work is that by replacing only a portion of the

metal content in MAPbI and MASnI perovskite crystals with a second metal species,

it might be possible to develop less-toxic or wholly non-toxic perovskites with tun-

able material properties that retain the excellent overall photovoltaic behavior of the

pure materials. In other words, the goal is to perturb the electronic structure of the
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Table 5.1: Summary of Criteria for Classifying a Hypothetical Perovskite Material as
a Good Theoretical Photovoltaic Material

Characteristic Metric Criterion

1 Absorb over Visible Band Gap, Eg Eg ; 1.4eV
Spectrum

Efficient Carrier Effective Mass, mM2 e Minimize(m*, m*)Transport and m*e

3 Thermodynamically Total Energy, E EABX 3 <Z ecursors E
Stable EABXToa EneryL E

4 C Band Edge Locations, CBEABX3 < CBEETL
CBE and VBE VBEABX 3 > VBEHTL

perovskite in an effort to reduce toxicity and potentially improve the stability of the

crystals.

The pool of candidate mixed-metal perovskite materials was constrained by the

following conditions:

1. The A-site cation and X-site anion are fixed as MA+ and I-, respectively.

2. No more than two different B-site species should exist in the same compound.

3. Mixed B-site systems must result in a neutral crystal.

4. All secondary B-site cations, B', must be relatively non-toxic.

5. All B-site cations must form a stable iodide salt with the proper oxidation state.

Constraints 1 and 2 were imposed for simplicity and Constraint 3 out of physical

necessity. Constraint 4 is a requirement if the mixed-metal perovksites are to be less

toxic than the pure Pb materials. Constraint 5 was imposed so that the simplest

chemical reaction pathway used to synthesize triiodide perovskites, written in Equa-

tion 5.1, with either solution-processing or thermal evaporation might be maintained

to make the mixed-metal analogs.

PbI 2 + MAI -+ MAPbI3 and Sn12 + MAI -+ MASnI3 (5.1)
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Therefore, potential replacement metal species, B', were restricted to those that form

stable iodide salts of the proper valency.

Three sets of candidate materials were developed based on mixtures of Pb, Sn, or

Bi. Although lead-mixtures, MA(Pb:B')1 3 , are still inherently toxic, these have the

greatest chance of successful implementation into devices as Pb-based perovskites are

the most well-studied and generate the highest performing devices. However, it would

be desirable to narrow the band gap slightly from 1.6 eV to a value closer to 1.4 eV

in the mixed-metal systems. Tin-mixtures, MA(Sn:B')13 , are structurally analogous

to the lead-mixtures but offer the potential of being wholly non-toxic. The band gap

of MASnI3 is around 1.2 eV 1128,1331, thus it is hoped that replacing a portion of

Sn atoms with a second species will widen the band gap slightly to bring it closer

to the ideal value. Bismuth was chosen to be the basis for the third set since it is

only one column removed from lead and is the least toxic of all the heavy metals.

Evaluating bismuth-mixtures, MA(Bi:B')1 3 , provides the interesting opportunity to

see how choosing an element outside of the Group 14 elements would impact the

electronic character of the perovskite material. While B' 2 + ions can be mixed with

Pb2+ or Sn 2+ in any ratio, the candidate materials chosen focus mostly on blends

where 25% of the Pb or Sn ions are replaced with B', denoted throughout the study

as MA(3Pb:1B')1 3 and MA(3Sn:1B')I 3 , in an effort to investigate how substituting a

second metal species at some of the B-sites would perturb the MAPb1 3 and MASnI3

systems. However, some of the most promising 3Sn:1B' mixtures were further studied

with 1:1 ratios, MA(2Sn:2B')I 3 , to assess the impact of further B-site substitution. On

the other hand, bismuth ions most commonly have an oxidation state of +3 and exist

in a precursor form as BiI 3. In order to meet bulk neutrality with the ABX 3 lattice,

all bismuth-based perovskites must be blended with a monovalent metal species (i.e.

B'+) in equal molar proportions to form MA(2Bi:2B')1 3 materials.

Figure 5-3 presents the iodide compounds that are available across the periodic

table and those that were chosen for investigation in this study. Of the available

divalent iodide salts that could be mixed with PbI 2 and SnI 2 , the salt for Be, Ba,

Cd, Hg, and Tl were excluded from consideration due to their toxicity. Although AuI
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Figure 5-3: Iodide compounds that are available across the entire periodic table. Di-
valent metal species blended with Pb and Sn are highlighted in green. Monovalent
metal species blended with Bi are highlighted in blue. Elements omitted from the
study for reasons of toxicity or otherwise are highlighted in red and orange, respec-
tively.

and AgI are non-toxic and could be blended with BiI 3, they were excluded due to

their high cost. Likewise, the divalent lanthanide salts, SmI 2 and YbI 2, were excluded

because of the difficulty in properly capturing the behavior of f-shell electrons with

a pseudopotential. To further reduce the number of computations that need per-

forming, the largest and smallest non-toxic alkali and alkali earth metals were used,

whereas some of the intermediate sized ions were omitted. It was assumed that the

characteristics of the intermediate ions would be bounded by the extremes since the

chemical behavior of the ions in each column is expected to be very similar. Hence,

KI, RbI, and CaI2 were omitted from the study.

In order to ensure that the DFT calculations produce reasonable results, a set of

control devices comprised of pure Pb and Sn as well as several Pb:Sn mixtures were

included in the candidate pool so that predictions of lattice parameters, band gap, and

effective carrier masses could be benchmarked against published experimental values.

The full set of perovskite compositions considered in this computational study is listed

in Table 5.2.
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Table 5.2:

Controls
MAPbI 3

MA(3Pb:lSn)I3
MA(2Pb:2Sn)I3
MA(lPb:3Sn)I3

MASn13

Pool of Mixed-Met

Lead-Mixtures

MA(3Pb:lCo)I3
MA(3Pb:lMg)I3
MA(3Pb:lMn)I3
MA(3Pb:lNi)I3
MA(3Pb:lSr)I3
MA(3Pb:lZn)I3

l Perovskite Candidates by Series

Tin-Mixtures Bismuth-Mixtures

MA(3Sn:lCo)I3 MA(2Bi:2Cs)1 3
MA(3Sn:lMg)I 3  MA(2Bi:2Cu)I3
MA(3Sn:lMn)I 3  MA(2Bi:2Li)1 3
MA(3Sn:lNi)I 3  MA(2Bi:2Na)I3
MA(3Sn:lSr)1 3
MA(3Sn:lZn)I3
MA(2Sn:2Mg)I3
MA(2Sn:2Ni)I3
MA(2Sn:2Sr)I3
MA(2Sn:2Zn)I3

5.2.3 Calculation Sequence

Although the details of the computations are discussed in the Section 5.3, a partic-

ular sequence of calculations was performed to predict the relevant crystallographic

and electronic properties of each candidate material listed in Table 5.2. In order to

calculate the band gap, effective carrier masses, total energy, and band edge locations

required to evaluate each material against the criteria for future consideration listed

in Table 5.1, the following calculations were performed:

1. Postulate an initial crystal structure based on available literature or prior cal-

culations for the given material composition.

2. Relax the crystal structure in all three dimensions to find the lowest energy

atomic configuration. This provides the lattice constants for the crystal.

3. Repeat Step 2 for all possible atomic arrangements that exist for the material

(i.e. for a material with 1 B' and 3 B atoms, there exist four possible ar-

rangements, one where the B' atom occupies a different B-site in the postulated

lattice). Use the relaxed crystal structure from the first arrangement evaluated

as the starting point for the others. The arrangement with the lowest total

energy is the most probable one and is used for the following calculations.

4. Calculate the band structure. This provides the band gap, Fermi level energy,

and band edge locations relative to the Fermi level.
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5. Recalculate the band structure for all major crystallographic directions and

estimate the effective carrier masses from curvature of the band edges.

6. Relax the crystal structure for each of the precursor compounds and compare the

ensemble energy of the reactants to the total energy of the perovskite product.

Likewise, compare the energy of a mixed-metal perovskite to a corresponding

system that has formed multiple material phases. This indicates whether a

material is thermodynamically favorable.

7. Perform slab calculations to estimate the workfunctions and absolute band edge

locations.

This calculation sequence allows the lattice parameters, band gap, effective carrier

masses, and thermodynamic stability of each candidate material to be quantitatively

assessed. Slab calculations were performed to estimate the workfunctions for different

terminations of the (001) surface of the perovskite lattice. This scheme allows the

"flat band" energy levels to be roughly estimated for a material that is physically

isolated from other materials, which can be compared with some accuracy against

measurements of the absolute position of the VBE and Fermi level with respect to

the vacuum energy level obtained with ultraviolet photoelectron spectroscopy (UPS).

However, this approach is not entirely accurate because other crystal facets besides the

(001) surface will be displayed in the grains of actual perovskite films and workfunc-

tion measurements will be a weighted ensemble average of the set of these surfaces.

Furthermore, complete understanding of the energetics that arise when a perovskite

material is in physical contact with the HTL and ETL materials in actual solar cells,

requires performing slab where the perovskite crystal is in contact with a reference

material such as anatase titania in order to capture the influence of dipoles at these

interfaces. Simulating stacked superlattices of both materials would involve hundreds

of atoms, which is too many for the DFT software to handle. Even if calculations

were possible, the result would still be specific for the particular termination of the

perovskite and anatase TiO 2 crystals comprising the interface. Since, the perovskite

films are not epitaxially grown on the titania layers, the nature of the interface is
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not controlled. Hence, trying to predict interface energetics for the material stacks

commonly used in perovskite solar cells was considered to be too costly given the

expected uncertainty in the results.

5.3 Computational Methods

The relaxed crystal structure and electronic properties of each candidate material

were calculated using density functional theory with the generalized gradient approx-

imations (DFT-GGA). Specifically, DFT-GGA calculations used the PBE exchange-

correlation functional 1134] and were performed on the Stampede cluster at the Texas

Advanced Computing Center (TACC) or the Hopper Cluster at the National Energy

Research Scientific Computing Center (NERSC) with the PWSCF code of Quantum

Espresso v5.0.1. 1135]

All bulk material calculations were performed on the orthorhombic phase of the

hybrid pervoskite with the unit cell comprised of four repeated units of MABI 3. Peri-

odic boundary conditions were placed on the calculation volume in all three directions

to simulate the bulk crystal material. The lattice unit cell contains 48 total atoms,

four of which are B-sites. Therefore mixed-metal perovskites can be calculated for

compositions of 3B:1B' and 2B:2B'. This larger cell is need to allow the methylammo-

nium ions and the octahedral iodide cage to obtain different orientations at different

locations in the unit cell. Scalar relativistic ultrasoft pseudopotentials [1361 were em-

ployed to describe electron-ion interactions and electrons in the shells listed for each

element in Table 5.3 were explicitly included in the calculations. A 3 x 3 x 3 k-point

mesh was chosen to sample the Brillouin zone and a kinetic energy cutoff of 70 Ry

was used for all calculations based on convergence testing of MASnI 3 and MAPb13 .

The crystal structure of each candidate material was allowed to relax in all directions

in order to obtain the lowest energy crystal configuration.

It must be noted that scalar relativistic calculations were performed in this study

and the choice was made to not include spin-orbit coupling (SOC). Several compu-

tational chemistry groups that are investigating perovskites with DFT calculations
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Table 5.3: Shells Explicitly Considered in the Ultrasoft Pseudopotential (USPP) for
Each Element

Element Shells Included in USPP
H is
Li 1s, 2s, 2p
C 2s
N 2s

Na 2s, 2p, 3s
Mg 2s, 2 p, 3s
Mn 3s, 3p, 3d, 4s, 4p
Co 3s, 3p, 3d, 4s, 4p
Ni 3s, 3p, 3d, 4s, 4p
Cu 3s, 3p, 3d, 4s, 4p
Zn 3s, 3p, 3d, 4s, 4p
Sr 4s, 4p, 4d, 5s, 5p
Sn 4d, 5s, 5p
Cs 5s, 5p, 5d, 6s, 6p
I 5 s, 5 p

Pb 5d, 6s, 6p
Bi 5d, 6s, 6p

stress that SOC is necessary to accurately capture the density of states in the conduc-

tion band. Failure to include SOC generally results in an overestimation of the density

of states near the CBE of perovskites, which causes the effective electron masses and

optical absorption to be overestimated. [1371 However, spin-orbit coupling generally

substantially underestimates the band gap of the perovskite materials. A compu-

tational study demonstrated that the band gaps were underestimated by almost 1

eV for both MAPbI 3 and MASnI 3 materials compared with the experimental val-

ues. [1381 The best way to compensate for this is to include many-body effects using

GW self-energy corrections, which has been shown to accurately predict both the

effective masses and band gaps. GW-SOC studies predicted band gaps for both the

Pb- and Sn-based perovskites within 0.1 eV of experimental values. [1381 The main

issue is that including SOC in DFT calculations increases the computation time and

GW calculations are at least an order of magnitude more costly. It is impractical to

screen through multiple postulated compositions with GW calculations that include

SOC since resources are not available to do so. Hence, the decision was between per-
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forming more costly calculations that more accurately predict the electron effective

mass but dramatically underestimate the band gap (DFT calculations with SOC) and

performing the most cost-effective calculations possible that yield decent band gap es-

timates but overpredict m* (scalar-relativistic, i.e. DFT calculations without SOC).

The primary goal is not to predict the absolute material propeties with the highest

degree of accuracy, especially since most of these materials are purely hypothetical.

Rather, this is a feasibility study that is meant to investigate how replacing a portion

of Pb, Sn, and Bi atoms with a second metal species changes the crystallographic

and electronic properties relative to the pure perovskite materials. In other words we

are interested in investigating trends and relative changes as a function of material

composition and not in absolute accuracy. Hence, the choice was made to pursue

the most cost-effective option that would allow the largest number of compositions to

be computed within the amount of available computer time at the supercomputing

clusters, which is scalar relativistic calculations without SOC.

The crystal structure for both the MAPbI3 control material was found by allowing

the atoms to relax from the initial configuration reported by Mosconi et al. [131 The

crystal structure of MASnI3 was found by replacing all of the Pb2 + atoms with Sn2 +

and relaxing the lattice from the positions found for MAPbI 3 . The relaxed crystal

structure for both the pure Pb and Sn perovskites are shown in Figure 5-4 and the unit

cell is outlined for each view. Clearly, the structure is substantially more complicated

than the schematic depicted in Figure 5-1 due to the MA+ ions not being spherically

symmetric like the other ions. The crystal structures are nearly identical for MAPb1 3

and MASn13 , with the main difference being that the octahedral iodide cage distorts

more dramatically between layers for the Pb-based lattice.

As mentioned in Section 5.2.3, there are multiple possible atomic arrangements

that mixed-metal species can adopt in the unit cell of the perovskite lattice. Since

there are a total of four B-sites in the unit cell, there are four locations that a second

species could occupy for the 3B:1B' blends. Finding the most likely crystal structure

for MA(3B:1B')I 3 candidates requires relaxing all four possible combinations of 3

B2+ ions and 1 B' 2 + ions. Likewise, testing all six combinations of 2 Bi3 + and 2
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* = Pb2+ (4 cations)

o = I (12 anions)

= MA+ (4 polycations)
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A 
T h Ow

o = Sn2 + (4 cations)

O = I- (12 anions)

= MA+ (4 polycations)

Figure 5-4: Calculated crystal structure of (a) MAPb13 and (b) MASnI 3
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B'+ ions is required for analyzing the MA(2Bi:2B)1 3 candidates. All of the possible

arrangements were tested for two different materials in the Sn-mixture set and two

materials in the Bi-mixture set. Both Sn-mixtures yielded the same lowest energy

configuration and both Bi-mixtures yielded the same configuration as well. Similarly,

all four arrangements were considered for a single composition of the Pb-mixtures.

Since the B' ion is always divalent in the Pb-mixtures and Sn-mixtures and monovalent

in the Bi-mixtures, it is assumed that the electrostatic ion-ion interactions will always

cause this lowest energy configuration to be consistent within each material set.

5.3.1 Convergence Tests

Before performing the full series of calculations, convergence tests were performed

to ensure that the number of k-points used to sample the Brillouin zone and the

kinetic energy cutoff are sufficient. Therefore, a series of self-consistent calculations

were performed on the relaxed crystal structures of both the MAPbI 3 and MASnI 3

materials where k was ranged between 2 and 6 and the energy cutoff, Ec,, was ranged

between 30 and 130 Ry. The convergence test results for MAPb1 3 and MASnI 3 are

shown in Figure 5-5 and Figure 5-6, respectively. In both cases, an energy cutoff of

70 Ry was deemed sufficient as the total energy varied by less than 2 meV from the

converged value. Likewise, 3 points were determined to be sufficient for the k-point

mesh as it varied by less than 0.3 meV from the converged value in each case. Hence,

all calculations for mixed-metal systems employed these values in the DFT input files.

5.4 Crystal Structure Predictions

Density functional theory is generally very accurate at predicting the crystal structure

and lattice parameters of most materials. This is especially true in ionic crystals such

as the perovskite, where the interaction between ions is primarily electrostatic in

nature. By default, DFT calculations are performed for crystals held at absolute-zero

(i.e. T = 0 K), hence when comparing predicted crystal structures to experimental

measurements using x-ray diffraction or a similar technique, it is possible there will
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be some discrepancies. The perovskite system is known to adopt an orthorhombic

geometry at low-temperatures and undergoes a phase transition to a tetragonal lattice

near T = 150 K. [139] When the temperature is further increased, the distortions of the

octahedral cage disappear and the crystal becomes cubic at temperatures above T =

330 K. 11331 The difference between the a and b lattice parameters of the orthorhombic

perovskite phases are minimal, which means they can be compared against reported

measurements of the tetragonal phase that arises at room temperature.

5.4.1 Benchmarking with Mixed Pb:Sn System

In order to validate that the pseudopotentials are properly capturing the behavior of

the perovskite systems, the calculated lattice parameters of the MAPbI 3 and MASnI 3

and the mixed MA(Pb:Sn)1 3 systems are compared against the experimental values

reported by Stoumpos et al in Reference [140].

As seen in Table 5.4, the relaxed structures of the single metal perovskites, MASn13

and MAPbI 3 , and the mixed-metals are in excellent agreement with the experimental

values available in literature even though the predicted crystal structure is orthorhom-

bic and the experimental values are tetragonal. In each case, the difference between

the lattice parameters is around a few percent. Each of the lattice parameters is

plotted as a function of composition for the spectrum of mixed Pb:Sn systems in

Figure 5-7. While the experimental values show that the transverse lattice constants,

a and b, increase as more of the Pb content is replaced with Sn, the predictions show

Table 5.4: Comparison of Calculated and Experimental Lattice Parameters for Mixed-
Metal Pb:Sn Perovskites

Predicted Experimental % Difference
Material a [A] b [A] c [A] a [A] b [A] c [A] a [A] b [A] c [A]
MAPbI 3a 9.10 8.95 13.06 8.75 8.75 12.47 4.0% 2.3% 4.7%
MA(3Pb:lSn)1 3  9.01 8.86 13.09 8.86 8.86 12.65 1.7% 0.0% 3.4%
MA(2Pb:2Sn)I 3  9.10 8.84 12.98 8.96 8.96 12.65 1.6% 1.3% 2.6%
MA(lPb:3Sn)I3  9.11 8.84 12.98 8.98 8.98 12.60 1.4% 1.6% 3.0%
MASnI 3b 9.10 8.82 13.10 8.91 8.91 12.56 2.1% 1.0% 4.3%

aExperimental values for pure Pb and Pb:Sn systems taken from Reference [1401
bExperimental values for pure Sn taken from Reference [141]
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Figure 5-7: Calculated (a) transverse and (b) longitudinal lattice parameters for
MA(Pb:Sn)1 3 mixed-metal perovskites.

that a remains nearly constant whereas b decreases slightly. Likewise, there is some

discrepancy in the trend for the c lattice parameter as well. However, these slight diff-

ences are likely an outcome of the simulations investigating an orthorhombic structure

rather than a tetragonal one.

The crystal structures for each mixed-metal Pb:Sn system is shown in Figure 5-8.

Although Pb2+ is a larger ion (119 pm ionic radius) than Sn2+ (93 pm ionic radius),

both of the metal atoms sit squarely in the octahedral iodide cage of the lattice. 1142]

Hence, the overall structure of the mixed-metal lattices look almost identical.

5.4.2 Lead Mixtures

Aside from mixtures with tin, six other mixed-metal perovskite compositions were

investigated computationally by replacing a quarter of the Pb2+ ions with either C02+,

Mg2+, Mn 2+, Ni2+, Sr2+, or Zn2+. Of this set of metals, Sr2+ is the largest with an

ionic radius that is nearly identical to Pb2+, and Ni2+ is the smallest. For reference,

the ionic radius of each divalent atom used for Pb and Sn-mixtures is listed in Table

5.5. 1142] The relaxed crystal structure for each Pb-based mixed-metal perovskite
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Figure 5-8: Crystal structure for mixed-metal MA(Pb:Sn)13 perovskites compositions.

composition is shown in Figure 5-10. The MA(3Pb:lSr)I and MA(3Pb:lSn)1 3 lattices

are remarkably well-behaved. In each case, the Sr 2+ and Sn 2+ ions sit squarely in the

center of the octahedral iodide cage. As the ionic radius of the secondary metal species

decreases, distortions in the crystal lattice begin to arise. Both the C0 2+, Mn 2+, and

Mg 2+ ions are centered in the x and y-directions, however each is slightly displaced in

the z-direction. Both Zn2+ and Ni2+ distort more dramatically by displacing laterally

and vertically in an effort to reach one of the faces of the iodide cage. The direction of

displacement is towards the nearest MA+ ion that has the positively charged nitrogen

atom oriented furthest away. It appears in these situations that the overall crystal

structure is still determined by the interactions between the MA+, Pb2 +, and I- ions.

As such, the second metal species is not as strongly secured in position and finds

a lower total energy by shifting its position upwards slightly. Since this is a bulk

crystal calculation, it is likely that the ions would distort downwards if the MA+

ions rotated accordingly to accommodate electrostatic interactions between the small

metal cation and the positive charge on the nitrogen atom of MA+. Therefore, it is
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quite possible that these materials will display some sort of ferroelectric behavior (i.e.

the polarization of the material will switch directions with an applied electric field)

during device operation if the displacement of these ions can switch directions when

an applied field changes polarity.

Table 5.5: Ionic radii of divalent metal species. [1421

Ion Ionic Radius' [pm]
Pb2+ 119
Sr2+ 118
Sn2+ 93
C02+ 88.5
Mn2+ 83
Zn2+ 74
Mg2+ 72
Ni2 + 69

aThe values listed for ionic radii are specific for a coordination number of 6, which is the number
of iodide atoms that would surround each of these divalent metal species while at the B-site of the
perovskite lattice.

Table 5.6: Calculated lattice parameters for mixed-metal Pb-based perovskites in
order of decreasing ionic radius of secondary metal species

Material a [A] b [A] c [A]
MAPbI3  9.10 8.95 13.06
MA(3Pb:lSr)I 3  9.02 8.89 13.26
MA(3Pb:lSn)I 3  9.01 8.86 13.09
MA(3Pb:lCo)I3  8.71 8.64 13.19
MA(3Pb:lMn)I 3  8.77 8.67 13.18
MA(3Pb:lZn)I 3  9.14 8.78 13.26
MA(3Pb:lMg)1 3  8.84 8.74 13.18
MA(3Pb:lNi)1 3  8.98 8.84 13.03

The crystal lattice parameters reported in Table 5.6 and plotted in Figure 5-9

suggest that even though replacing a quarter of the Pb-atoms with a second species

is a significant amount, the overall crystal structure changes very little. Using Co 2+

as the replacement induces the largest shift in the transverse parameters with a and

b each shrinking by 4.3% and 3.4%, respectively. Likewise, the largest change in

the normal direction occurred with Zn2+ stretching the lattice by 1.5%. Hence, the

crystal structure is indeed only perturbed by replacing this portion of Pb atoms.
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Figure 5-9: Calculated (a) transverse and (b) longitudinal lattice parameters for
mixed-metal Pb-based perovskites in order of decreasing ionic radius of secondary
metal species.

Figure 5-9 shows that as the transverse dimensions decrease, generally the longitudinal

parameter increases in order to conserve volume. The figure also shows that the

transverse lattice parameters, a and b, tend to initially decrease with decreasing ionic

radius but then rise slightly thereafter. It is likely that the similarly sized Sr2+ and

Sn2+ ions can generally maintain the same electrostatic interactions with all of the

neighboring atoms. Due to their slightly smaller size, they pull all of the surrounding

iodide ions inwards, thereby causing the crystal lattice to distort locally. Co2+ and

Mn 2+ behave similarly, however they are can only strain the bonds with the iodides

so much before they are forced to displace slightly from the center of the halide cage.

Even smaller ions, have weaker electrostatic interactions with their neighbors and

resort to more dramatic displacements to reduce the total energy. The more the

B-site ions displaces, the less the lattice needs to distort, and the a and b lattice

parameters start to relax back towards the original value for pure MAPbI 3. From

this perspective, Co 2 + ions are very interesting since they induce the largest change

in the lattice parameters but do not significantly displace from the center of the iodide

octahedron.
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Figure 5-10: Relaxed crystal structures for Pb-based mixed-metal perovskites with

25% replacement of Pb with a second metal species, MA(3Pb:1B')I 3 . Ionic radius of

second metal species decreases in size from Sr2+ to Ni2 +.
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5.4.3 Tin Mixtures

The crystal structure for each of the Sn-based mixed-metal perovskites was deter-

mined in the exact same manner used for the Pb-based analogs by allowing each

atom in the postulated initial crystal configuration to relax its position until the low-

est energy state was found. This set contains seven different compositions where a

quarter of the Sn2+ ions are replaced with a second metal species and four composi-

tions where half of the Sn content is replaced. Figure 5-12 shows that the predicted

crystal structures for the MA(3Sn:1B')I3 compositions are very similar to those ob-

served for Pb-mixtures in Figure 5-10. The largest replacement species, Sr 2+ and

Sn2+, remain centered in the octahedral iodide cage, whereas smaller ions become in-

creasingly displaced from the center. When substituted into the Pb-mixtures, Co 2+,

Mn2 +, and Mg 2+ only displaced in the z-direction, however when incorporated into

the Sn-mixtures they displace both laterally and vertically in all three principal di-

rections. Similar to the Pb-based analogs, Zn2+ and Ni 2+ demonstrate the largest

displacements. One of the most notable differences in the Sn-based systems is that

the octahedral cage around the B'2 + ions does not shrink biaxially, rather it becomes

squeezed in one direction and elongated in the other to form a diamond shape as is

clearly observed in the XY-plane diagrams of Figure 5-12.

Table 5.7: Calculated lattice parameters for mixed-metal Sn-based perovskites in
order of decreasing ionic radius of secondary metal species

Material a [A] b [A] c [A]
MASnI 3  9.10 8.82 13.10
MA(3Sn:lPb)I3  9.11 8.84 12.98
MA(3Sn:lSr)I3  9.12 8.85 13.07
MA(3Sn:lCo)I3  8.98 8.92 12.84
MA(3Sn:lMn)1 3  9.00 8.93 12.85
MA(3Sn:lZn)1 3  9.11 8.89 13.87
MA(3Sn:lMg)I3  9.04 8.88 13.79
MA(3Sn:lNi)1 3  9.22 8.82 12.95
MA(2Sn:2Pb)I3  9.10 8.84 12.98
MA(2Sn:2Sr)I3  9.16 8.89 13.10
MA(2Sn:2Zn)1 3  8.96 8.80 14.32
MA(2Sn:2Mg)1 3  8.59 8.99 14.80
MA(2Sn:2Ni)I3 9.20 8.42 12.69
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Figure 5-11: Calculated (a) transverse and (b) longitudinal lattice parameters for
mixed-metal Sn-based perovskites in order of decreasing ionic radius of secondary
metal species.

The relaxed lattice parameters for each configuration are tabulated in Table 5.7 in

order of decreasing ionic radius of the B' 2 + ion. Likewise, the lattice parameters are

plotted in Figure 5-11. Interestingly, the trends in lattice parameters differ slightly

from those observed for the Pb-mixtures. Since Pb2 + and Sr2+ are larger than Sn2 +,

they cause the lattice to locally dilate, which is observed by slight increases in both a

and b with little change in c. However, a and b become inversely correlated for smaller

ions. As shown in the crystal structure diagrams, the octahedral cages around Co2+

and Mn 2+ become laterally squeezed and forms a trapezoidal cross-section in the

XY-plane, which causes a to decrease while b increases for the full lattice. For even

smaller ions, the octahedral cages experience further distortions and adopt diamond

cross-sections for Zn2+ and Mg2+. This distortion generates an internal torsion that

causes the overall lattice to expand back towards the pure MASnI3 lattice parameters.

Although the crystal structures are not explicitly shown for the MA(2Sn:2B')I3

samples, the lattice parameter trends for Pb2+ and Sr2+ are similar to that for the

MA(3Sn:1B')I 3 compositions, which indicates that these lattices are well-behaved

since their ionic sizes are comparable to Sn 2+. However, the predictions for Zn2+,
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Mg2+, and Ni2 + show dramatic changes in the lattice parameters, which suggest that

the crystal structure becomes increasingly distorted and that these ions occupy too

large of a fraction of B-sites to preserve the desired 3D perovskite lattice. Hence, the

substituting a portion of Sn2+ atoms with a second species only perturbs the crystal

structure when less than about a quarter of the ions are replaced unless the ions are

very similar in size.

5.4.4 Bismuth Mixtures

As with the other sets of mixed-metal perovskites, the crystal structure of Bi-based

materials was predicted for compositions with half of the B-sites occupied by Bi3+

ions and the other half occupied by either Cs+, Na+, Cu+, or Li+. For reference,

the ionic radius of each of these ions is listed in Table 5.8. [1421 The relaxed crystal

structures of these materials are shown in Figure 5-14. It is not surprising that the

lowest energy configuration of these systems adopt a simple cubic pattern for the

B-site where Bi3 + and B'+ alternate. This atomic arrangement is needed in order for

simple electrostatic interactions to bring all the atoms close together while minimizing

the total energy.

Table 5.8: Ionic radii of metal species comprising the Bi-based perovskites. 11421

Ion Ionic Radius' [pm]

Cs+ 181
Bi2+ 103
Na2+ 102

Cu2+ 91
Li2+ 90

aThe values listed for ionic radii are specific for a coordination number of 6, which is the number
of iodide atoms that would surround each of these divalent metal species while at the B-site of the
perovskite lattice.

As with the Pb and Sn-based mixed metals, the crystal structure is the least

perturbed when the ion size of B' is closely matched to Bi3 +. For this system,

MA(2Bi:2Na)1 3 produced the least distorted crystal structure due to the excellent

match in size between the ions. On the other hand, Cu+ and Li+ become substan-
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Table 5.9: Calculated lattice parameters for mixed-metal Bi-based perovskites in
order of decreasing ionic radius of secondary metal species

Material a [A] b [A] c [A]
MA(2Bi:2Cs)I 3  9.32 9.27 13.91
MA(2Bi:2Na)1 3  8.89 8.82 12.99
MA(2Bi:2Cu)1 3  8.88 8.68 13.14
MA(2Bi:2Li)1 3  8.80 8.71 13.50

a) b)
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Figure 5-13: Calculated (a) transverse and (b) longitudinal lattice parameters for
mixed-metal Bi-based perovskites in order of decreasing ionic radius of secondary
metal species.

tially displaced at certain sites in the same manner that Zn 2+ and Ni2+ demonstrated

in the Pb-based systems. When Bi3 + was partially replaced with Cs+ neither ion

experienced displacement in the z-direction. However, Cs+ ions became displaced

laterally from Bi3 +. Cesium was chosen for investigation because it provides an up-

per bound on available ion size for perovskite systems, however, the ion is so massive

that it has been used to replace MA+ ions at the A-sites in the lattice to make CsSn13

and CsPbI materials. Although the ions are forced to sit at the B-sites by design,

there is a good chance it might attempt to swap places with MA+ if the crystal would

form at all.

The predicted lattice parameters are reported in Table 5.9 and plotted graphi-
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MA(2Bi:2Cs)1 3  MA(2Bi:2Na)1 3  MA(2Bi:2Cu)1 3  MA(2Bi:2Li)1 3

Figure 5-14: Relaxed crystal structures for Bi-based mixed-metal perovskites with
50% replacement of Bi with a second metal species, MA(2Bi:2B')I 3. Ionic radius of
second metal species decreases in size from Cs+ to Li+.

cally in Figure 5-13. Although a pure bismuth perovskite was not simulated here for

comparison against the mixtures, the MA(2Bi:2Na)I 3 composition yields predicted

lattice parameters closest to that of MAPbI 3 . As expected, Cs+ addition produces

the largest lattice parameters for all three directions and the crystal relaxes to smaller

values with smaller B'+ ions. The small sizes of Cu+ and Li+ attempt to further com-

press the lattice, but like the Sn-based analogs, are unable to do so and translate

relative to the iodide octahedron to lower the energy. By relaxing through ion trans-

lation, the lattice is allowed to also relax slightly and the lattice constants assume

larger values.
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5.4.5 Simulated X-Ray Diffraction Spectra

Calculating the relaxed crystal structure of the mixed-metal perovskite systems pro-

vides all of the information needed to simulate the powder x-ray diffraction (XRD)

patterns. This analysis was performed using the PowderPlot package that is included

in the distribution of VESTA, which was used to generate all of the graphics of the

crystal structures presented in this section. [1431 Copper Ka radiation was used as

the light source and the powder diffraction pattern was simulated for angles 29 be-

tween 100 and 80*. As shown in Figure 5-15, there are many peaks for each Pb-based

sample owing to the asymmetry of the orthorhombic Bravais lattice and the fact that

the simulation does not have any preferred orientation. The most notable feature

is that there is very little difference in the peak locations between the mixed-metal

samples. This is not surprising as the lattice parameters and crystal structure dia-

grams indicate that replacing 25% of the Pb2+ with an alternative metal species does

not generally influence the overall crystal structure. Likewise, the similar size and

bonding behavior between Sn and Pb cause their simulated spectra to also be quite

similar. The slight changes observed between 20 = 20* to 30* might disappear in

actual crystal lattices where it is expected that the MA+ would produce a significant

anount of disorder throughout the crystal.

Similarly, the simulated XRD spectra for MA(Sn:B')1 3 mixed-metal perovskites

do not change dramatically with composition either, as is shown in Figure 5-16. The

mixed-metal Bi-based perovskites generate XRD patterns with the largest differences.

As shown in Figure 5-17, the Bi-mixtures produce an additional peak around 20 =

120 compared to MAPbI3 and MASnI3 and the peaks between 20* and 30* are more

pronounced.

However, regardless of whether the particular lattice is based on Pb, Sn, or Bi,

the overall XRD patterns are very similar due to the fact that all of these crystals

have the ABX3 perovskite crystal structure. These findings suggest that it might be

very difficult to observe differences in peak locations in actual mixed-metal perovskite

films when compared against the pure MAPb13 or MASn13 materials. For instance,
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the tetragonal structure of room-temperature perovskites will cause measured XRD

patterns to exhibit less peaks and the disorder in actual materials might obscure slight

peak shifts that are distinguishable in these simulations. Hence, it might be difficult

to know whether a mixed-metal material is actually experiencing B-site substitution,

or if the atoms are precipitating from the pure MAPbI3 or MASnI3 and forming a

second phase that is amorphous.
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5.5 Band Structure and Band Gap Predictions

The band structure was calculated from the converged wavefunctions previously de-

termined for the relaxed crystal structure of each mixed-metal embodiment using

the pw.x and bands.x programs in Quantum Espresso. [135] The band structure was

generated by first defining a path along the high-symmetry points of the orthorhom-

bic Bravais lattice and sampling the Brillouin zone at those specific k-points for 110

different energy bands. The band gap was determined from the band structure by
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Figure 5-17: The simulated powder XRD spectra for the mixed-metal Bi-based per-

ovskite materials.

taking the difference between the lowest energy in the conduction band edge (CBE)

and the highest energy in the valence band edge (VBE). Whereas DFT-GGA cal-

culations accurately predict crystal structure, they tend to typically underestimate

band gaps because the PBE exchange-correlation does not always fully capture the

interaction between electrons. Hence, different results are usually obtained with dif-

ferent exchange-correlations and experimental values are required to identify which

functionals provide the best fit for any given material.

5.5.1 Benchmarking with Mixed Pb:Sn System

To assess our ability to predict the band gaps of the perovskite materials, the cal-

culated values for the pure and mixed Pb:Sn perovskites are compared against ex-

perimental values reported in literature [129] in Table 5.10 and Figure 5-19. Each of

the predicted values for the bandgap was determined from the band structures shown

in Figure 5-18. All of these compositions have very similar bandstructures due to

the fact that Sn and Pb are from the same group of the periodic table. Although

the density of states were not explicitly calculated or projected onto orbitals, other
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studies have shown that the VBE is composed mainly of I p-orbitals mixed with Pb or

Sn s-orbitals, whereas the CBE is mainly comprised by the Pb or Sn p-orbitals. [144]

Hence, it is not surprising that the character of the band edges is preserved as the Sn

content increases. In each Pb:Sn mixture, the band gap is always direct and located

at the F-point of the band diagram.

Good agreement arises between the predicted value of 1.67 eV for MAPbI and the

experimental values of 1.6 eV 1141, which is likely due to fortuitous error cancellation

since DFT-GGA calculations generally underestimate band gap values. Likewise, the

predicted band gap of 1.04 eV for MASnI3 is within only 0.2 eV of the measured

value, which is substantially better than 0.6eV value previously reported for similar

scalar relativistic DFT calculations. 11381 Better agreement has been obtained for

MASnI 3 in other studies using post-processing algorithms such as GW with spin-orbit

coupling [138] or hybrid functionals such as HSE06 [145]. However, the aim of this

study is to see how Pb-, Sn-, and Bi-based perovskites are perturbed by the addition of

a second B-site cation species to produce new materials that have not been previously

attempted. Regardless of the absolute accuracy of a particular exchange-correlation or

hybrid functional, the overall error might be somewhat consistent between candidates

within a given material set, which allows more confidence to be placed in trends rather

than in absolute values. Therefore, the PBE exchange-correlations were used for all

calculations without any corrections for van der Waals interactions or post-processing

routines. This notion is validated by the ability of the DFT-GGA calculations to

accurately predict the trend exhibited by actual mixed Pb:Sn perovskites, where the

band gap narrows with increasing Sn content, as is shown in Figure 5-19.

5.5.2 Lead Mixtures

The calculated band structure for each Pb-based mixed-metal perovskite composi-

tion, MA(3Pb:1B')I 3, is shown in Figure 5-20. Interestingly, there are some striking

differences between the different samples. First, MA(3Pb:lSr)1 3 has a character that

is very similar to MA(3Pb:lSn)1 3 (shown in Figure 5-18c). There is a single direct

energy gap between the CBE and VBE at the F-point in the crystal, however sub-
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Figure 5-18: (a) The symmetry points in the orthorhombic crystal lattice and the
calculated band structure for Pb:Sn blends: (b) MAPbI 3, (c) MA(3Pb:lSn)1 3, (d)
MA(2Pb:2Sn)1 3, (e) MA(lPb:3Sn)I 3 , (f) MASnI3 ,

stituting Sr into a quarter of the B-sites widens the gap, whereas Sn narrows it.

Furthermore, the character of the band edges is largely preserved. Interestingly, this

situation is also true for MA(3Pb:lZn)I 3 even though the crystal structure displayed

in Figure 5-10 shows the Zn2+ ion is substantially displaced from the center of the
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Table 5.10: Comparison of Calculated and Experimental Band Gaps for Mixed-Metal
Pb:Sn Perovskites

Predicted
E [eV ]

Experimental
Ea [eVi Difference

MAPbI3
MA(3Pb:lSn)I3
MA(lPb:lSn)1 3
MA(lPb:3Sn)I3
MASnI3

1.67
1.34
1.06
1.02
1.04

1.57
1.31
1.28
1.23
1.20

'Experimental band gaps referenced here are the values reported by

6.3%
2.0%

17.2%
17.2%
13.2%

Ogomi et al in reference [1291.

Figure 5-19: Comparison of calculated and experimental band gaps for mixed-metal
Pb:Sn perovskites. aThe experimental band gaps referenced here are the values re-
ported by Ogomi et al in reference [1291.

octahedral iodide cage. It has a direct band gap that has similarly widened and the

character of the band edges remains preserved.

The character of the CBE for MA(3Pb:lMg)I 3 is different compared to that for

the previous cases. As a result the lowest energy location shifts from the F-point to

the U-point in the CBE causing this perovskite material to have an indirect band

gap. However, the magnitude of the band gap is almost identical to that of the pure

MAPbI material.

The remaining Pb-based mixtures with Co, Mn, and Ni demonstrate the most
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Figure 5-20: The calculated band structures for Pb-based mixed-metal perovskites
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interesting behavior of this set by generating intermediate bands inside the band gap.

These states likely arise from the d-orbitals of the transition metals which have a

lower energy than the p-orbitals and are hence more likely to generate states in the

band gap. In each case a band arises at the predicted Fermi level and is isolated

from the band edges of the material by small energy gaps, denoted in the figures as

AE. In the case of MA(3Pb:lCo)I 3, it appears that two thin bands arise. The one

highlighted in blue is clearly in the center of the gap whereas the one highlighted in

brown is only isolated from the VBE by a 0.1 eV gap, which would likely disappear at

elevated temperatures. The VBE and CBE retain the same character as the MAPbI3

system and the overall energy gap between them widens to a value of 1.77 eV while

remaining at the P-point.

Table 5.11: Calculated band gap, E., and energy gaps, AE, for mixed-metal Pb-based
perovskites in order of decreasing ionic radius of secondary metal species

Material E. [eVi1 AE, eVj AE2 jeVI AE3 [eV]
MAPbI3  1.67 - - -

MA(3Pb:lSr)I 3  2.03 - - -

MA(3Pb:lSn)I 3  1.34 - - -
MA(3Pb:lCo)I 3  1.77 0.41 0.32 0.11
MA(3Pb:lMn)I 3  1.48 1.10 0.25 -
MA(3Pb:lZn)I 3  2.03 - - -
MA(3Pb:IMg)I 3  1.66 - - -
MA(3Pb:lNi)I3  2.04 1.32 0.13 0.13

aIn the cases of Co, Mn, and Ni there exists one or more intermediate bands in the band structure.
For these cases, the band gap value reported is the energy difference between the valence band and
conduction band edges (i.e., the usual band gap in the event the intermediate bands did not form).
The energy for each gap is clearly labelled in Figure 5-20.

The case of MA(3Pb:lNi)I 3 is similar to the Co composition, however both bands

are small and are hardly isolated from one another. It is likely that these bands

would essentially blend into the valence band and cause the material to behave as an

indirect semiconductor with a band gap of 1.32 eV. As with Co, the character of the

CBE and VBE retain the overall character of the MAPbI 3 system.

Finally, MA(3Pb:lMn)I 3 also demonstrates a narrow intermediate band but it is

closer to the CBE and is separated from it by a gap of 0.25 eV, which is about twice
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the energy separating the lower energy intermediate bands in the Co and Ni systems

from the VBE. However, unlike those systems, the character of the CBE has changed

and causes the lowest energy to arise at the U-point and the band gap to become

indirect, like the case for MA(3Pb:lMg)I3-

The introduction of these states into the band gap could either act as deep traps

that promote non-radiative recombination, or they could potentially have a beneficial

role for performance. From a theoretical perspective, a system with an intermediate

conduction band in the band gap provides the opportunity to break the detailed-

balance limit. When an electron-hole pair is generated, the electron can be excited

either into the intermediate or upper conduction band depending upon the energy

of the incident photon. Upon absorption of a second photon, the electron in the

intermediate band could be excited to the upper conduction band and contribute to

the photocurrent of the device. Hence, the intermediate band provides mid-gap states

for electrons to be generated from photons with energy below the overall band gap

in a two photon process. An intermediate band solar cell must meet the following

conditions for proper operation: Ill

1. The gaps in the band structure must be large compared to the maximum phonon

energy. If the energy separation is too small, electrons excited into the conduc-

tion or intermediate bands are likely to scatter into a lower band by means of

colliding with phonons.

2. The CBE of the electron transport layer should selectively contact only the

upper conduction band and remain isolated from the intermediate band. Oth-

erwise, the electrons populating the intermediate band will achieve thermal

equilibrium with the contact and the CBE of the intermediate band will act

as the CBE for the entire device, thereby dramatically reducing the attainable

photovoltage.

3. The physical feature that generates the intermediate levels must be periodic

in space. Periodicity allows for electrons to become delocalized, which aids

transport through the semiconductor. If this condition is not met, such as in
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the case of randomly distributed impurities, the carriers will become localized

and carrier transport will become impeded.

The idealized mixed-metal perovskite systems inherently meet the third condition

as the substituted atoms are periodically distributed throughout the bulk crystal. The

second condition can be easily met through judicious choice of the electron transport

layer. However, the first condition is the one that is problematic for these systems.

The ambient thermal energy, kbT, under operating conditions near 50'C is already

around 0.03 eV. Hence, the 0.1 eV gaps are likely too small to prevent interband scat-

tering from occurring. However, perhaps if different A-site or X-site ions are chosen

instead of MA+ and I- the intermediate band might be more securely separated from

the band edges for these mixed-metal systems.

The band gap and energy gaps for the compositions that produce intermediate

bands are tabulated in Table 5.11 and plotted in Figure 5-21. Upon comparing

this figure against Figure 5-9, it is clear there is a correlation between the material

band gap and the c lattice parameter. Metal ions that elongate the crystal in the

z-direction, such as Sr2+ and Zn2 +, also widen the bandgap. Whereas, the composi-

tions with smaller c parameters, such as Sn 2+ and Mn2+ also tend to have reduced

band gaps. This suggests that the interaction between the B-site cations and the

apical iodides in the octahedral cage strongly influence the character and location of

the conduction and valence band edges. Figure 5-22 plots the CBE and VBE with

respect to the Fermi level for each of the Pb-based perovskites with the composition

of MA(3Pb:1B')1 3 . This simplified flat band representation clearly shows that each

material is indeed semiconducting since the Fermi level always runs through the band

gap. It also suggests that replacing Pb2+ can shift the location of the Fermi level

within the band gap closer towards one of the band edges, thereby indicating that

the material demonstrates a shift in electronic character. For instance, the cases of

MAPbI 3 , MA(3Pb:lSr)1 3, and MA(3Pb:1S)I 3 have the Fermi level closer to the con-

duction band edge, which suggests these materials are slightly more n-type than the

other compositions. Likewise, the case of Ni shifts the Fermi level closer to the valence

band edge providing it with a character that is slightly more p-type. The cases of
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Sn, Co, and Mg have a Fermi level positioned close to the center of the band gap in-

dicating that these materials are closer to being intrinsic semiconductors. Generally,

the perovskite materials are considered to be intrinsic semiconductors since there is

usually no extinsic doping that would change the charge carrier densities, however the

introduction of these secondary species could have an impact on carrier densities. For

metal impurities in silicon, it has been observed that elements in Group 8 or below

tend to act as electron donors, whereas those in Group 9 or as acceptors. [1461 It is

interesting that these simulations seem to generally support that observation in the

perovskite material.

5.5.3 Tin Mixtures

The band structure was calculated for Sn-based perovskites compositions using the

exact same method employed previously for the Pb-based perovskites. The band

diagram for the MA(3Sn:1B')I 3 and MA(2Sn:2B')I 3 compositions are shown in Figure

5-23 and Figure 5-24, respectively. It is not surprising that the band structures for the

MA(3Sn:1B')I3 materials are very similar to the Pb-based analogs reported in Figure

5-20. The overall shape of the bands are very similar due to the fact that Sn2+ and

Pb2+ have the same bonding behavior. Furthermore, the compositions with Co 2+,

Mn2+, and Ni 2+ once again produce intermediate bands, however the bands for Co

and Ni are located even closer to the VBE. In fact, the lower energy band in Co and

the band in Ni are so thinly separated from the VBE, that they hardly qualify as a

band in the first place. The intermediate band for the Mn case is the first definitive

band that does not have the Fermi level running through it. It is offset from the

Fermi level by 0.23 eV and is thus the first identified intermediate band that could be

accurately described as a second conduction band since it would be unpopulated at

T = 0 K. This case is even more interesting since all of the gaps are indirect between

the bands, which indicates that photogenerated electrons might be longer lived in the

intermediate band since radiative recombination requires interactiong with a phonon

to match momentum. The only other change between the Pb- and Sn-based analogs

is that the embodiment with Sr now has an indirect band gap although the new lowest
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energy location is hardly removed from the IF-point and the Mg case now has a direct

band gap and retains the CBE character of the MASnI 3 material.
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The calculated band structures for (a) MA(3Sn:lSr)1 3 , (b)
MA(3Sn:1Co)I 3, (c) MA(3Sn:lMn)I 3, (d) MA(3Sn:lZn)I 3, (e) MA(3Sn:lMg)I 3, and
(f) MA(3Sn:lNi)I3

Increasing the content of the B' species in the Sn-based materials to 50% generally

changes the shape of the bands around the X-point. The only other major difference is
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that a strange cross-over point arises for the MA(2Sn:2Mg)I 3 material which appears

to be reminescent of a topological insulator. It is unclear whether this is a physical

effect or a result of some numerical error in the computation.

t.
U

S0.

0 w

Figure 5-25: Calculated band gaps for mixed-metal Sn-based perovskites in order of
decreasing ionic radius of secondary metal species.

The calculated band gaps are reported for each composition in Table 5.12 and

Figure 5-25. For the 3Sn:1B' compositions, the bandgap widens with decreasing ionic

radius. These predictions suggest that the MASnI 3 is the smallest bandgap material

that can be generated at absolute zero. However, as the temperature is increased,

electrons will likely scatter into the valence band from the intermediate band in the

Ni and Co systems, causing the effective band gap of these materials to decrease to

even smaller values.

The band edges for each Sn-based composition are plotted in Figure 5-26. Of this

set all of the compositions are semiconducting except for the case of MA(2Sn:2Ni)I 3 ,

which is technically metallic since the Fermi level runs through the valence band

rather that the gap. As seen with the Pb-mixtures, the Fermi level can shift to

different positions within the band providing each composition with behavior that is

intrinsic, n-type, or p-type. Most notably, pure Sn and the mixtures with Pb are the
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Table 5.12: Calculated band gap, Eg, and energy gaps, AE, for mixed-metal Sn-based
perovskites in order of decreasing ionic radius of secondary metal species

Material Eg [eVia AE1 [eV] AE2 [eVi AE3 [eV]
MASnI 3  1.04 - - -

MA(3Sn:lPb)I 3  1.02 - - -

MA(3Sn:lSr)I3  1.36 - - -

MA(3Sn:lCo)I3  1.23 0.47 0.23 0.05
MA(3Sn:lMn)I 3  1.14 0.73 0.26 -
MA(3Sn:lZn)I 3  1.44 - - -
MA(3Sn:lMg)I 3  1.38 - - -
MA(3Sn:lNi)1 3  1.47 1.30 0.08 -
MA(2Sn:2Pb)I3 1.06 - - -
MA(2Sn:2Sr)I3
MA(2Sn:2Zn)I3
MA(2Sn:2Mg)I3
MA(2Sn:2Ni)I3

1.44 - -

1.47 - -

1.55 - -
1.09 0.81 0.10

'In the cases of Co, Mn, and Ni there exists one or more intermediate bands in the band structure.
For these cases, the band gap value repdrted is the energy difference between the valence band and
conduction band edges (i.e., the usual band gap in the event the intermediate bands did not form).
The energy for each gap is clearly labeled in Figure 5-23.
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Figure 5-26: Calculated band edges with respect to the Fermi level for mixed-metal

Sn-based perovskites in order of decreasing ionic radius of secondary metal species.
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most p-type with the band edges closest to the VBE, whereas 3Sn:lNi and 3Sn:lMg

materials are the most n-type with the band edges closest to the CBE.

5.5.4 Bismuth Mixtures

The calculated band structure for the MA(2Bi:2B')13 mixed-metal perovskites are

plotted in Figure 5-28. Compared with the Pb- and Sn-based systems, the Bi-based

systems are relatively uninteresting. Each of the four compositions demonstrate rela-

tively flat bands, especially at the VBE, and relatively wide bandgaps. The predicted

values for this series of materials are tabulated in Table 5.13 and plotted in Figure

5-27. Only the composition with Cu is able to produce a band gap below 2 eV.

Table 5.13: Calculated band gap for mixed-metal Bi-based perovskites in order of
decreasing ionic radius of secondary metal species

Material Eg [eVi
MA(2Bi:2Cs)I 3  2.61
MA(2Bi:2Na)I3  2.17
MA(2Bi:2Cu)I3  1.49
MA(2Bi:2Li)I3  2.34

3

2

~1.5

1

Figure 5-27: Calculated band gaps for mixed-metal Bi-based perovskites in order of
decreasing ionic radius of secondary metal species.
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Figure 5-28: The calculated band structures for Bi-based mixed-metal perovskites (a)
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Figure 5-29: Calculated band edges with respect to the Fermi level for mixed-metal

Bi-based perovskites in order of decreasing ionic radius of secondary metal species.
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As can be easily seen from the band edges plotted with respect to the Fermi

level for each Bi-based perovskite in Figure 5-29, the electronic structure is indeed

semiconducting. The compositions with Cu and Li are more noticeably n-type while

Na is p-type.

5.6 Carrier Effective Mass Calculations

Efficient solar materials must be able to quickly transport electrons and holes away

from the site of photogeneration inside the crystal and inject them into their respec-

tive transport layers to minimize non-radiative charge recombination and maximize

charge collection at the device electrodes. The material metric that gauges this is the

respective carrier mobility of the holes and electrons. Carrier mobility, A, is defined

as:

/-= gr/M* (5.2)

where q is the charge on an electron, r is the average carrier scattering time, and

m* is the effective mass of the carrier. Although it is generally very challenging to

theoretically estimate T, the effective mass can be estimated directly from the calcu-

lated band structure. It is a measure of how easily electrons in a medium respond to

applied forces, such as those exerted by the electric fields associated with solar cell

operation. Equation 5.2 shows that the mobility of free charges in a semiconductor

will be higher when the effective mass is low and charges are more likely to be effi-

ciently transported through the solid material. The band structure E(k) for classical

semiconductors can often be locally approximated as having a simple parabolic form:

h2k2

E(k) = Eo + h (5.3)
2m*

where E(k) is the energy of an electron at wavevector k in the band of interest and

EO is a constant corresponding to the energy of the band edge. Equation 5.3 therefore

provides the means to calculating the effective mass of carriers from the curvature of

the bands if the parabolic approximation is valid.
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In solar cells, a photoexcited electron will quickly thermalize down to the conduc-

tion band edge (CBE) and the corresponding hole will relax to the valence band edge

(VBE). Since the free carriers will exist almost exclusively at the band edge, only the

curvature of the VBE and CBE need be considered in the calculation. The effective

mass of an electron, me, traveling along a particular crystallographic direction can

be estimated by taking the second derivative of Equation 5.3: [1]

1 1 & 2 E
- - --- (5.4)

M* h2 Dk2 CBE

The effective mass of a hole, m*, is analogously:

1 1 a2 E (55)
M* _h2 Ok 2 VBE

Photogenerated carriers could be generated at any point inside the crystal and could

travel along various crystallographic directions, some of which are easier to travel

through than others. The effective masses were estimated for each candidate mate-

rial by evaluating the band structure along a series of k-points between the F-point

and every other major orthorhombic symmetry point, fitting a parabola to the lo-

cal region around the F-point, and then evaluating the effective masses according

to Equations 5.4 and 5.5. The band structures for the control MA(Pb:Sn)1 3 mix-

tures and the MA(3Pb:1B')I 3 , MA(3Sn:1B')I3 , MA(2Sn:2B')I3, and MA(2Bi:2B')1 3

mixed-metal perovskites are shown in Figures 5-30 through 5-34.

The crystallographic directions that have the largest curvature are the preferred

pathways since they will result in the lowest effective mass of the carriers. Perovskite

films can adopt several different preferred orientations of its grains depending upon the

procedure used for synthesizing the films as well as the exact perovskite composition.

For instance, reports suggest that grains of FAPbI 3 films have preferred orientation

with the (110) [1471 or (111) 1291 planes, whereas MAPbI 3 films generally display

preferred orientation with the (100) and (001) planes 11481. Therefore, although ideal

perovskites will display low effective masses in each of the high-symmetry directions,

the most-important are from F --+ X (i.e. [1001), F -+ Y (i.e. [0101), F -+ S (i.e.
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[110]), and F -+ R (i.e. 11111).
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Figure 5-30: (a) The main crystallographic directions in the orthorhombic crystal
lattice. The calculated band structure for each of the main crystallographic directions
are shown as open-circles and the quadratic curvature fits near the IF-point for each are
outlined for the Pb:Sn blends: (b) MAPbI3 , (c) MA(3Pb:lSn)I 3 , (d) MA(2Pb:2Sn)1 3,
(e) MA(lPb:3Sn)I 3, and (f) MASnI.

The calculated values for the effective mass of electrons in the CBE and holes

in the VBE for each of the perovskite systems are tabulated in Table 5.14 through
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Figure 5-31: The calculated band structure for each of the main crystallographic
directions are shown as open-circles and the quadratic curvature fits near the '-point
for each are outlined for the Pb-based mixed-metal perovskites (a) MA(3Pb:lSr)I 3,
(b) MA(3Pb:lCo)I 3, (c) MA(3Pb:lMn)I 3, (d) MA(3Pb:lZn)I 3 , (e) MA(3Pb:lMg)I 3,
and (f) MA(3Pb:lNi)13 .

5.16. The effective mass that has been averaged over all of the considered crystal-

lographic directions is represented by the bar graphs in Figures 5-35 through 5-37

and the error bars span from the minimum to the maximum calculated value. For
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Figure 5-32: The calculated band structure for each of the main crystallographic
directions are shown as open-circles and the quadratic curvature fits near the F-point
for each are outlined for the Sn-based mixed-metal perovskites (a) MA(3Sn:lSr)1 3,
(b) MA(3Sn:1Co)I3 , (c) MA(3Sn:lMn)I 3, (d) MA(3Sn:lZn)1 3 , (e) MA(3Sn:lMg)1 3,
and (f) MA(3Sn:lNi)I3-

the case of MAPbI3 , the reduced effective masses for holes are both low and vary

little with direction, whereas the reduced effective masses for electrons are generally

slightly higher and are worse for directions in the XY-plane than any vector with a
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Figure 5-33: The calculated band structure for each of the main crystallographic
directions are shown as open-circles and the quadratic curvature fits near the F-point
for each are outlined for the Sn-based mixed-metal perovskites (a) MA(2Sn:2Sr)I 3,
(b) MA(2Sn:2Zn)I 3, (c) MA(2Sn:2Mg)I 3, and (d) MA(2Sn:2Ni)I3 .

component along the z-direction. These values for electrons are much higher that the

recently measured value of m*/mo = 0.104 in MAPbI 3, which was achieved through

spectroscopic methods that use very high magnetic fields. [1491 As discussed previ-

ously, the effective masses of the electrons are expected to be overestimated in our

DFT calculations as a result of not using spin-orbit coupling. However, the trends

between compositions is still expected to be informative as the error is likely to be

systematic for the entire set of mixed-metal perovskites. Most of the Pb-based blends

exhibit comparable effective masses to the values for pure Pb with two notable de-

viations: Co and Mn. As discussed previously, both of these compositions produce

intermediate bands and hence the character of the band edges change. The curvature

is flattest for the F -+ X and F -+ Y directions in the pure Pb case and become
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Figure 5-34: The calculated band structure for each of the main crystallographic

directions are shown as open-circles and the quadratic curvature fits near the F-point

for each are outlined for the Bi-based mixed-metal perovskites (a) MA(2Bi:2Cs)1 3 ,

(b) MA(2Bi:2Na)I 3 , (c) MA(2Bi:2Cu)1 3, and (d) MA(2Bi:2Li)13-

even flatter upon substitution with Co2 - . Also the F -÷ Z case is remarkably flat

for both the valence and intermediate bands. However, the effective masses in all

other directions are similar to the MAPbI3 . The case of Mn is unique among this set

because the character of the CBE is remarkably different. It is similar to the VBE in

that the local curvature is slightly concave-down rather than concave-up. As a result,

the effective mass of electrons in several directions is negative, which indicates that

the electrons will act as if they have a positive charge with positive mass. Otherwise,

the calculations suggest that the effective masses of the electrons generally decrease

when a second species is substituted at some of the B-sites, whereas the effective

mass of the holes generally increase slightly. It is quite possible that this behavior

would be rectified if spin-orbit coupling was included. Regardless, these calculations
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still demonstrate that the carrier transport properties of Pb-based perovskites is gen-

erally preserved upon replacing a quarter of the Pb2+ ions with a non-toxic metal

species.

The pure Sn perovskite, MASnI 3 is predicted to have slightly lower effective masses

than lead-based counterpart. As with the Pb-based materials, the 3Sn:lCo compo-

sition displays higher m* in the F -+ X and F -+ Y principal directions and the

3Sn:1Mn composition displays some oddly shaped bands in the same locations that

are not accurately captured with a parabolic fit. The effective masses of the holes

are nominally the same as the pure Sn case since the VBE is not strongly perturbed

in either case. The local curvature for F -+ Z for the case of 3Sn:lSr also is not

quite parabolic and hence a negative effective mass is calculated here for electrons in

the CBE. Otherwise, substantial changes to the effective masses only arise at higher

dopings, where both the CBE and VBE almost completely flatten with F -+ Z gen-

erating exorbitantly high reduced effective masses, that exceed 1.1013 (hence these

values are reported as oo in the Table 5.15.) Overall, these calculations suggest that

replacing a quarter of the Pb2 + or Sn2 + ions with a second metal species is indeed

only perturbing their respective pure MAB13 systems, as evidenced by the similarity

in calculated effective masses between the mixed and pure materials. However, the

MA(2Sn:2B')I3 systems reveal that transport can become substantially impeded in

the F -+ Z direction when the replacement level is increased to half of the metal

atoms.

Compared to Pb- and Sn-based perovskites, Bi-based blends have considerably

worse transport properties. The reduced effective masses of both carriers are always

greater than unity regardless of the crystallographic direction and the average values

of m*/mo for 2Bi:2Cs and m* /mo for 2Bi:2Na only appear low because some directions

produce positive values while others are negative. Hence, even though MA(2Bi:2Cu)I 3

demonstrates a reasonably good band gap, its effective masses are so high that the

material would not be able to efficiently extract photogenerated carriers from the

material bulk.
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Table 5.14: Calculated effective masses for electrons in CBE, m*, and holes in the
VBE, m*, for major crystallographic directions in the Pb-based mixed-metal per-
ovskites.

Material
MAPbI 3
MA(3Pb:lSr)I3
MA(3Pb:lSn)I3
MA(3Pb:lCo)1 3
MA(3Pb:lMn)1 3
MA(3Pb:1Zn)I3
MA(3Pb:lMg)I3
MA(3Pb:lNi)I3

Material
MAPbI3
MA(3Pb:lSr)I3
MA(3Pb:lSn)1 3
MA(3Pb:lCo)1 3
MA(3Pb:lMn)I 3
MA(3Pb:lZn)1 3
MA(3Pb:lMg)I3
MA(3Pb:lNi)1 3

Avg
1.90
1.30
0.63
3.09
-0.92
1.22
1.05
1.44

Avg
0.30
0.56
0.27
1.88
0.86
0.62
0.55
0.87

m*/mo [-I
F -X F -Y F -+Z IF -- R

4.89
2.44
1.20
8.20
3.79
2.66
2.02
2.46

5.83
2.51
1.18
8.33
4.60
2.12
2.07
2.54

0.14
0.17
0.12
0.15
-4.13
0.18
0.13
0.28

0.44
0.67
0.39
0.76
-3.29
0.62
0.56
0.95

mT*/mo [-1
F -X F -+Y F -Z F -- R

0.22
0.28
0.20
0.34
0.34
0.34
0.30
0.34

0.26
0.29
0.23
0.32
0.32
0.31
0.30
0.32

0.43
1.77
0.36
10.72
3.58
1.97
1.68
3.66

0.32
0.42
0.30
0.46
0.45
0.46
0.42
0.47

r -+S -+T F -U
1.33
2.48
1.03
3.22
-4.81
2.10
1.82
2.58

0.27
0.39
0.24
0.44
-7.73
0.41
0.36
0.55

0.37
0.41
0.29
0.54
5.15
0.44
0.40
0.74

F -S T -+T F -+U

0.32
0.36
0.29
0.39
0.38
0.40
0.36
0.39

0.28
0.40
0.25
0.45
0.44
0.42
0.40
0.44

0.25
0.38
0.23
0.48
0.47
0.46
0.41
0.47
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Table 5.15: Calculated effective masses for electrons in CBE, m*, and holes in the
VBE, mOs, for major crystallographic directions in the Sn-based mixed-metal per-
ovskites.

m*/mo [-1
Material Avg F-X r--+Y F-Z r-+R r-+S --+T F-U

MASnI3  0.82 1.37 2.10 0.13 0.40 1.19 0.27 0.29
MA(3Sn:lPb)I 3  0.71 1.29 1.55 0.12 0.37 1.11 0.24 0.26
MA(3Sn:lSr)I 3  -1.08 0.35 0.50 -10.92 0.95 0.78 0.46 0.30
MA(3Sn:lCo)I 3  2.44 4.63 7.82 0.12 0.49 3.33 0.33 0.33
MA(3Sn:lMn)I 3 -0.18 6.40 -12.99 0.21 1.01 2.76 0.57 0.79
MA(3Sn:lZn)1 3  0.99 0.22 0.48 2.85 1.23 1.33 0.56 0.26
MA(3Sn:lMg)1 3  0.99 0.26 0.59 2.89 1.10 1.18 0.63 0.26
MA(3Sn:lNi)I3 0.88 0.76 0.88 1.21 0.88 1.65 0.38 0.40
MA(2Sn:2Pb)1 3  0.69 1.34 1.42 0.13 0.38 1.05 0.23 0.29
MA(2Sn:2Sr)I 3  1.46 0.14 0.28 7.77 0.77 0.64 0.40 0.20
MA(2Sn:2Zn)1 3  -o 0.16 0.33 -oo 0.89 0.76 0.45 0.23
MA(2Sn:2Mg)I 3  -o 0.22 0.38 -oo 1.30 1.14 0.53 0.30
MA(2Sn:2Ni)1 3  1.25 0.21 0.31 5.79 0.90 0.76 0.43 0.32

m~s/mo[-]

Material Avg F -X F -Y F -Z F -R F -+S r -T f -U

MASnI 3  0.21 0.17 0.20 0.22 0.24 0.24 0.20 0.19
MA(3Sn:lPb)1 3  0.20 0.15 0.18 0.23 0.22 0.22 0.19 0.17
MA(3Sn:lSr)I3  0.30 0.16 0.18 0.85 0.26 0.22 0.24 0.21
MA(3Sn:lCo)I3  0.40 0.20 0.22 1.29 0.29 0.27 0.28 0.25
MA(3Sn:lMn)I 3  0.25 0.18 0.20 0.44 0.24 0.22 0.23 0.22
MA(3Sn:lZn)1 3  0.90 0.17 0.20 4.85 0.30 0.25 0.28 0.24
MA(3Sn:lMg)I 3  0.54 0.16 0.18 2.45 0.27 0.23 0.25 0.22
MA(3Sn:lNi)I 3 0.51 0.31 0.33 1.32 0.43 0.40 0.42 0.38
MA(2Sn:2Pb)I3
MA(2Sn:2Sr)1 3
MA(2Sn:2Zn)1 3
MA(2Sn:2Mg)1 3
MA(2Sn:2Ni)1 3

0.20
-0.32
-O0
-00
0.35

0.15
0.16
0.18
0.20
0.24

0.18
0.18
0.19
0.20
0.32

0.26
-3.62
-00
-00
0.47

0.23
0.29
0.27
0.28
0.39

0.22
0.23
0.23
0.24
0.39

0.19
0.28
0.26
0.27
0.33

0.18
0.24
0.24
0.26
0.29
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Figure 5-35: The mean effective mass of electrons in CBE (red), m*, and holes in the
VBE (blue), m*, of each Pb-based perovskite normalized to rest mass of an electron,
mo. Error bars represent the full range of calculated values for the crystallographic
directions.

5.7 Thermodynamic Stability

Although several of the mixed-metal perovskites have demonstrated favorable bandgaps

and charge transport properties from the previous band structure calculations, the

questions remains whether it would be thermodynamically favorable for these mixed-

metal structures to even form. Basic thermodynamics states that a favorable reaction

will proceed if the total energy of the products is less than that of the reactants.

Therefore, the glaring question of whether these mixed-metal compounds are even

theoretically stable was addressed by calculating the total energies of a handful of io-

dide precursor materials and comparing the total energies of the collection of precursor

materials against that of the corresponding mixed-metal perovskite for stoichiomet-

rically equivalent systems. Specifically, the Sn-based systems of MA(3Sn:1B')1 3 and

MA(2Sn:2B')I 3 for B' = {Mg, Ni, Sr} were computationally evaluated in the following

manner:
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I

Figure 5-36: The mean effective mass of electrons in CBE (red), m*, and holes in the

VBE (blue), m*, of each Sn-based perovskite normalized to rest mass of an electron,
mo. Error bars represent the full range of calculated values for the crystallographic

directions.

1. The crystal structure of MAI, SnI 2, MgI 2, NiI 2, and SrI2 were individually

relaxed to the lowest energy configuration with the same pseudopotentials used

for the mixed-metal perovskite calculations. The crystal structures for each of

these are shown in Figure 5-38.

2. The total energy of each precursor material was adjusted to ensure that the

stoichiometry of the chemical pathway for the perovskite formation reaction is

balanced.

3. The total energy of the relaxed mixed-metal perovskite is compared against the

sum of the total energies for the related precursor materials, with each adjusted

to the proper molar amount.

4. If the energy of the final mixed-metal perovskite is less than that sum of the

precursors, then it is thermodynamically favorable to form the perovskite.
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Figure 5-37: The mean effective mass of electrons in CBE (red), m*, and holes in

the VBE (blue), m*, of each Bi-based perovskite normalized to rest mass of an elec-

tron, mo. Error bars represent the full range of calculated values for the considered

crystallographic directions.

For instance, the chemical reaction to form MA(3Sn:lSr)I 3 is:

4 MAI -+ 3 Sn1 2 + SrI 2 - 4 MASno.75Sro. 25 I3  (5.6)

The unit cell for MAI has 4 MA+ ions and 4 I atoms; SnI 2 has 6 Sn and 12 I atoms;

and SrI 2 has 4 Sr and 8 I atoms while the mixed metal perovskite unit cell is comprised

of 4 MA+ ions and 3 Sn, 1 Sr, and 12 I atoms. Therefore, the total energy calculated

for each crystal must be adjusted so the stoichiometry of the reaction is correct:

3 1
Eprecursors = EMAI + 3EsnI2 + I EsrI2  (5.7)

where E is the calculated total energy for the relaxed crystal structure for each

simulated material.
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Figure 5-38: The crystal structures of the iodide precursor materials are very diverse
as evidenced by the different structures of a) MAI, b) MgI 2, c) NiI2 , d) SnI 2, and e)
SrI 2 .

In each of the six cases investigated, it was always more energetically favorable for

the precursors to form the mixed-metal material than for them to remain unreacted.

The total energies of the collection of precursors is compared against that of the corre-

sponding perovskite for each composition investigated in both Table 5.17 and Figure

5-39. The energy difference between the collection of reactants and the candidate

perovskite is generally around 0.5 eV. This reveals that it is likely that the mixed-

metal materials would form, or more accurately that if the material was synthesized,

it would not phase separate back into its original precursors at absolute zero. The

calculations do not provide any insight into the kinetics of the reaction, so although

the perovskite is expected to form, it is not known how quickly the reaction would

proceed. It also does not provide any information about whether the mixed-metal ma-

terials would remain stable at elevated temperatures. However, the calculated energy

differential between the reactant and products is substantially above the 0.03 eV due

to ambient thermal energy at room temperature, which provides some encouragement

that the mixed-metal perovskites might be stable from this standpoint.
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Table 5.16: Calculated effective masses for electrons in CBE, m*, and holes in the
VBE, mh, for major crystallographic directions in the Bi-based mixed-metal per-
ovskites.

Material
MA(2Bi:2Cs)1 3
MA(2Bi:2Na)I3
MA(2Bi:2Cu)1 3
MA(2Bi:2Li)I3

Material
MA(2Bi:2Cs)I3
MA(2Bi:2Na)I3
MA(2Bi:2Cu)I3
MA(2Bi:2Li)I3

Avg
-0.02
4.87
1.37
1.90

Avg
~. 00

-0.10
-00
-00

F -+X
3.35
1.50
2.52
1.75

IP -+X
21.46
1.53
2.82
1.36

F -+Y
9.05
1.74
1.79
1.78

r --+Y

-1.07
1.43
8.25
1.60

m*/mo [-I
J -+Z F -+R
-0.85 -7.55
1.49 26.67
1.04 4.17
1.04 2.46

mrs/mo[I-]
F -+Z IF -R
9.64 -1.37

-11.05 1.70
-00 8.46
-00 1.83

Table 5.17: The thermodynamic stability of several Sn-based perovskites is estab-
lished by comparing the total energy of the mixed-metal perovskite system to the
sum of the individual precursors.

Material

MASnI3
MA(3Sn:lSr)I 3
MA(3Sn:lMg)1 3
MA(3Sn:lNi)1 3
MA(2Sn:2Sr)I3
MA(2Sn:2Mg)I3
MA(2Sn:2Ni)I

ZPrecursors T

[RyI

-1537.961
-1459.411
-1514.155
-1732.819
-1380.860
-1490.349
-1927.677

Eperovskite

[Ry]

-1538.004
-1459.436
-1514.185
-1732.851
-1380.882
-1490.403
-1927.728

Eperovskite -

ZPrecursors ET
[Ry]

-0.043
-0.026
-0.030
-0.032
-0.032
-0.054
-0.051

Eperovskite -

Z Precursors ET
[eVJ

-0.59
-0.35
-0.40
-0.43
-0.43
-0.73
-0.70
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F -4S
4.59
1.73
1.64
1.83

F --+S
-1.12
1.34
6.05
1.47

r -+T
-2.53
-4.61
1.57
2.64

F -T
-1.55
2.09
17.78
2.26

F -+U

-6.22
5.59
-3.13
1.79

F -U
~ O0
2.25
4.31
2.05
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Figure 5-39: The thermodynamic stability of several Sn-based perovskites is estab-

lished by comparing the total energy of the mixed-metal perovskite system to the

sum of the individual precursors.

Perhaps a more accurate assessment of thermodynamic stability is to consider

whether MAI, B1 2, and B'1 2 will form a single phase of MA(B:B')1 3 or will only form

the pure metal perovskite MABI 3 and keep the excess MAI and B'1 2 in separate

phases, as is sketched in Figure 5-40a. For instance, the corresponding chemical

reaction for this situation when attempting to form MA(3B:1B')I 3 is:

4 MAI + 3 BI 2 + -B'I2 - 3 MAB13 + B'I2 + MAI (5.8)

Likewise, when MAI, PbI 2, and SnI2 are mixed is it more favorable to form the mixed-

metal perovskite or two separate phases of pure perovskites, as shown in Figure 5-40b?

An example chemical reaction is:

4 MAI + 2 PbI 2 -- 2 SnI2 -+ 2 MAPbI + 2 MASnI 3 (5.9)

Both of these situations can be analyzed in the same manner as the previous anal-

ysis where now the total energy of the mixed-metal perovskite is compared against the
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a)

Pb12

MAI MAPbI_

MASnI3

Figure 5-40: When (a) PbI2 , B'I2, and MAI are mixed together, the active layer
could crystallize into a single homogeneous mixed-metal perovskite phase or the pure
MAPbI3 could form in some grains and exclude the residual B'I2 and MAI into sepa-
rate phases. (b) Similarly, when PbI 2 , SnI2 , and MAI are mixed together, the active
layer could crystallize into a single homogeneous mixed-metal perovskite phase or two
separate phases of pure MAPbI3 and pure MASnI3 could form.

combined total energies of the materials on the right side of Equations 5.8 or 5.9. The

analysis and the findings are shown in Table 5.18. Interestingly, this analysis indicates

that it is thermodynamically favorable for MA(3Pb:lSn)Is and MA(2Pb:lSn)I 3 to

form. However when the Sn content is increased to 75% of the metal atoms, it is more

likely that separate pure Pb and Sn phases will form rather than MA(lPb:35n)I 3.

Similarly, the formation of MA(3Pb:lMg)I3 and MA(3Pb:Sr)I3 are favorable but not

MA(3Pb:lNi)I 3. The Sn-mixtures behave similarly as the Pb:Sn blends where all of

the MA(25n:2B')Ia blends are favored and none of the MA(35n:1B')I3 are expected

to form.

This result is actually quite interesting since previous studies have experimentally

attempted Pb:Sn materials and devices. 1129,140,1501 It is very difficult to experimen-

tally distinguish a film of MA(lPb:35n)Is from a mixture of two separate pure metal

perovskite phases. The DFT calculations indicate that neither the lattice parameters
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(see Table 5.4) nor the band gap (see Table 5.10) are expected to appreciably change

between MA(lPb:3Sn)I3 and MASnI 3. Similarly, the experimental values are nearly

identical. Therefore, the only way to truly identify whether the material phase sep-

arates is to attempt to build a film of MA(lPb:3Sn)I 3, mill out a TEM cross-section

with a focused-ion beam, and perform high-resolution elemental mapping with energy

dispersive x-ray spectroscopy (EDS) or electron energy loss spectroscopy (EELS) to

see if different grains have different compositions or if the Sn and Pb are uniformly

distributed throughout the film.

It must also be mentioned that the energy difference between the mixed-metal

perovskite and phase separated cases for each of the Pb:Sn and 3B:1B' mixtures

is very small. The largest energy difference is only 46 meV which is hardly above

the 25 meV value for thermal energy at room temperature. Hence, although these

predictions are interesting, the question of thermal stability has not been definitively

resolved with these calculations.

Furthermore, often the iodide precursors can be hydrated or adopt different crystal

phases. Therefore, it is difficult to have too much confidence about whether phase

separation would occur when attempted experimentally as the materials are above

absolute zero and the precursor materials might either be different from those analyzed

here or be impure or hydrated. In any of these cases, the total energy for the precursor

and perovskite materials might be different from the ideal cases considered in this

study.

5.8 Workfunction Estimates from Slab Calculations

When designing the device architecture of solar cells, it is common practice to com-

pare the band edge locations (with respect to vacuum) of each material to one another

to ensure electronic asymmetry exists that promotes the migration of electrons and

holes in opposite directions and towards the desired collecting electrode. High per-

forming perovskite solar cells generally place the hole transporter spiro-OMeTAD

between the hybrid perovskite and a gold top electode and an electron transporter
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such as titania in between it and a transparent conductive oxide, such as fluorine-

doped tin oxide (FTO) or indium tin oxide (ITO). Thus, even if a material has a

favorable band gap, it cannot produce working solar cells without having its con-

duction band edge align with a good electron transporter and the valence band edge

align with a good hole transporter. The workfunction of each candidate material was

estimated by performing a slab calculation that was periodic in the z-direction with a

methylammonium-iodide terminated (001) surface at the top interface, a metal-iodide

terminated (001) surface at the bottom interface, and vacuum in between. The (001)

surface was selected because in some MAPbI3 perovskite films it has been identified

as having a preferred orientation normal to the substrate. 11481 By using a dipole cor-

rection to account for the extra charge density at the interface, the electrical potential

profile in the z-direction was found, enabling the workfunction of each interface to be

calculated for the (001) plane. Figure 5-41 overlays the electrostatic potential line-

trace on the the crystal structure of the MA(3Sn:lSr)1 3 perovskite. The workfunction

for each surface termination and the average value are reported for each perovskite

material in Table 5.19. Because the perovskite materials are either solution-processed

or vapor deposited instead of being epitaxially grown, other crystal faces besides the

(001) planes will exist at surfaces, therefore this calculation is intended purely as a

rough estimate and more rigorous analysis that explicitly considers a heterojunction

is required to predict the energetics of the interfaces when multiple materials are in

physical contact.

The absolute band edges with respect to the vacuum level are estimated by using

the average workfunctions to position the Fermi level of each material with respect

to the vacuum level. These predictions provide the edges of the "flat bands" for

an isolated material that is not in physical contact with other layers. As shown in

Figure 5-42, the predicted values for MA(Pb:Sn)1 3 mixtures are in surprisingly good

agreement with the measured flat band CBE and VBE locations reported by Ogomi

et al. 11291 The DFT calculations predict values that are around 0.2 to 0.5 eV closer

to the vacuum level. The fact that the offset is consistent between samples suggests

that the workfunction predictions are somewhat erroneous, which is to be expected
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Figure 5-41: The workfunctions are determined from the electrostatic potential plots
in the [0011 direction for a MA(3Sn:lSr)I 3 slab terminated with either Methlyammo-
nium/lodide (MA-I) ions or B-site/Iodide (B-I) ions at the (001) surfaces.

since the (001) surfaces are not the only facets that will comprise the surfaces of

the grains in the polycrystalline perovskite film. However, the error seems systematic

between the predicted and measured values, therefore the predictions for mixed-metal

Sn and Bi-based perovskites are expected to demonstrate fairly accurate trends when

compared against the MASnI material.

The absolute location of the VBE provides some hints about the susceptibility

of the perovskite material to oxidation. [138]. The closer the VBE is to the vacuum

level, the more difficult it will be to remove electrons from the Pb or Sn atoms and

oxidize from the +2 to +4 state. This notion is supported by the experimental

and measured band edges shown in Figure 5-42, where the VBE edge is deepest for

MAPbI3 and becomes increasingly shallow with increasing Sn content. Comparing

the mixed-metal Sn-based band edges to the MASnI 3 case suggests that Co, Mg, and

Sr will not help prevent oxidation. However, the band edges of MA(3Sn:lNi)I 3 are

dramatically deeper and the VBE edge matches that of MAPbI3 . This encouraging

result suggests that including Ni in the Sn-based perovskite might help stabilize the
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material against oxidation.

-2.5 I

-3-- -

-4 VBE DFT
- ----- --------- CBE DFT

-4.5 " ---- Fermi Level
------ VBE Reporteda

-5- CBE Reported-
- --------- CBE TiO2

-5.5 ------- VBE Spiro

-6-

-6.5

-7

Figure 5-42: The predicted absolute band edges locations with respect to vacuum level
for selected mixed-metal perovskites. aMA(Pb:Sn)1 3 blends are compared against
experimental values reported by Ogomi et al. [129]

Table 5.19: Workfunction of select perovskite materials with the (001) surface termi-
nated by either MA+ and I- ions or with B-site and I- ions as determined by a slab
calculation

Workfunction, <$ [eV]
Material MA-I B-I Average
MAPbI 3  3.33 5.13 4.23
MA(3Pb:lSn)I3 3.31 5.30 4.31
MA(2Pb:2Sn)I3  3.37 5.20 4.28
MA(lPb:3Sn)I3  3.47 4.98 4.22
MASnI 3  3.17 5.06 4.11
MA(3Sn:lCo)I 3  2.33 5.03 3.68
MA(3Sn:lMg)I3  2.34 4.72 3.53
MA(3Sn:lNi)I 3  2.42 5.81 4.12
MA(3Sn:lSr)I 3  3.62 3.36 3.49
MA(2Bi:2Cu)I 3  3.75 5.40 4.57
MA(2Bi:2Cs)I3  3.61 4.96 4.29
MA(2Bi:2Na)I 3  3.72 5.23 4.48
MA(2Bi:2Li)I3 4.24 5.53 4.88
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5.9 Identification of Final Candidates

In the preceding sections we first validated the use of DFT-GGA calculations to

predict the crystal and electronic structure of organic-inorganic hybrid perovskite

materials by accurately reproducing the experimental lattice constants reported for

MAPbI3 , MASnI3 , and mixed MA(Pb:Sn)13 systems and predicting band gaps for

these materials that reproduce the experimental trend reported in literature. These

benchmarking efforts indicate that we can have good faith in the ability of this com-

putational method to make reasonable predictions of similar yet wholly hypothetical

materials that have reduced toxicity or are wholly non-toxic.

Now that the crystallographic and electronic properties have been presented in

detail and discussed for each of the twenty hypothetical mixed-metal perovskite ma-

terials listed in Table 5.2, we are in a position to apply the criteria established in

Table 5.1 and screen through the candidate pool to identify the most theoretically

desirable materials for further experimental investigation. Table 5.20 summarizes the

results of the computational screening study of mixed-metal perovskite materials by

applying the established criteria to the predictions made for each material.

To identify new theoretical solar materials, cutoff values need to be defined for

each quantified solar cell metric, which determined the range of acceptable predicted

values for each criteria:

1. Band Gap: it is desirable that the solar materials have band gaps as close as

possible to 1.4 eV, which according to the Shockley-Queisser limit will maximize

the theoretical performance of an ideal single-junction semiconductor solar cell

illuminated by the AM 1.5 solar spectrum. Calculated band gaps were consid-

ered acceptable if they were within 0.4 eV of 1.4 eV. Hence, any material with

a band gap between 1.0 and 1.8 eV meets this criterion. This is considered

appropriate in this situation because this range encompasses the predictions

for MAPbI 3 , MASnI 3 , and the MA(Pb:Sn)1 3 mixtures, all of which are known

to produce working devices - although the device performance generally drops

off significantly as the Sn content is increased in actual devices. [129, 150] It
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is also well-known that DFT-GGA calculations generally underestimate band

gap predictions as a result of the exchange-correlation not fully capturing the

behavior of electron-electron interactions. Hence, materials with low band gaps

could be even more desirable in reality, whereas predictions with 1.8 eV could

be even wider. Although the upper bound of 1.8 eV was arbitrarily established,

Table 5.20 shows that the final candidate with the largest band gap is actually

the MAPbI3 control material, which encouragingly leaves the possibility open

that some of the other final candidates might produce a value closer to 1.4 eV,

if synthesized. The band gap reported here for solar cells with intermediate

bands is the largest gap, which corresponds to the difference between the band

edge of the valence band and the edge of the uppermost conduction band. As

discussed previously, it is possible that a low energy intermediate band might

effectively become an extension of the VBE in the cases of MA(3B:B') 13 where

B' = {Co, Ni} and act to lower the band gap of the device.

2. Carrier Effective Masses: ensuring that the photogenerated charges in the

perovskite materials can be easily transported through an ideal crystal requires

that the effective masses of an electron in the CBE and a hole in VBE be as

low as possible. Since the charges will have different effective masses as they

migrate through different crystallographic planes, the mean value calculated

over all the considered paths through k-space was used as the actual metric.

The upper bound for acceptance for this criterion was set at the electron rest

mass, mo for holes (i. e. i/mo < 1) and twice this value for electrons (i.e.

Te*_/mo < 2). These bounds were established to ensure that each of the control

materials, MAPbI3 , MASnI3 , and the MA(Pb:Sn)1 3 mixtures, do not fail this

criterion. It must be noted that the predicted effective masses were generally the

highest and most troublesome along the principle directions of the orthorhombic

crystal, <100>, whereas oblique directions such as [1111 generally produce very

favorable values.

3. Band Edge Alignment: although the electron and hole transport layers that
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contact the upper and lower faces of a planar perovskite material must have the

proper electronic structure to efficiently extract or inject charges, the estimates

for material workfunctions are not accurate enough to make any theoretical

assessments. For instance, the calculated average workfunction of MAPbI 3 for

both terminations of (001) planes is 4.23 eV, and the CBE and VBE relative to

the Fermi level are predicted to be 0.65 and -1.02 eV. This puts the estimated

CBE and VBE edge at -3.58 eV and -5.25 eV, whereas most literature places the

CBE around -3.9 eV and the VBE at -5.4 eV for MAPbI 3. 1129,148] In this par-

ticular case, the predicted band edge locations are reasonable. However given

that there is almost a 2 eV difference between the workfunctions of the same

crystallographic plane but with different ions terminating the surface, as shown

by Table 5.19 for MAPbI 3, the error in these rough predictions are considered

too high to be of any realistic use in predicting the band edge locations. Hence,

this physical requirement for creating practical solar cells is not adequately ad-

dressed in this computational study. Rather, the band edge locations should be

measured experimentally using ultraviolet photoelectron spectroscopy or Kelvin

probe in combination with measured optical band gaps.

4. Thermodynamic Stability: this is perhaps the most straightforward criterion

since the total energy of the final perovskite must be less than the combined total

energy of the precursor materials in order for the material to form according

to basic thermodynamic principles. Each of the six evaluated cases indicated

that the mixed-metal perovskites have a lower energy configuration than the

unreacted precursors. However, a separate set of calculations indicate that

it would be slightly more favorable in several compositons for a pure MABI 3

phase to form with the second species remaining as the iodide salt along with

any excess MAI. However, in practice the temperature of these materials will

never be below room temperature and it is unclear whether the materials would

form or destabilize at elevated temperatures or when the perovskites undergo

phase transitions. Although the materials are evaluated here based on the strict
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finding of the computations, only experimental verification can firmly answer

this question.

The final candidates of mixed-metal perovskites that are of the highest priority

for experimental validation are highlighted in bold in Table 5.20, all of the con-

trol devices by design pass the screening test with the exception of MA(lPb:3Sn)I 3 ,

which is slightly more stable when it forms separate pure Sn and pure Pb perovskite

phases. The promising materials of the Pb-based mixtures are MA(3Pb:lMg)1 3 and

MA(3Pb:lMn)1 3 , however the thermodynamic stability of the Mn composition was

not evaluated. Although MA(3Pb:lCo)I 3 has the potential to create an intermediate

band solar cell, it demonstrates relatively high carrier effective masses and has been

screened out from the initial candidate pool for this reason. The thermodynamic

stability analysis indicates that none of the MA(3Sn:1B')I 3 materials examined are

expected to form, rather a pure MASnI3 phase would exclude the secondary metal

species and keep the original iodide precursor and the excess MAI as separate phases.

Otherwise, these hypothetical Sn-based mixtures demonstrate desirable band gaps

and low effective masses. Since the thermodynamic stability test did not specifically

evaluate either the Mn or Zn materials, these are still included as final candidate

solar materials. However, again the difference in energy between the mixed-metal

and phase separated cases is only marginal and the question of stability cannot be

confidently concluded. In contrast, the MA(2Sn:2Mg)I 3 and MA(2Sn:2Ni)I 3 compo-

sitions were thermodynamically stable by a much wider margin of 0.4 eV. Of this

set, only MA(2Sn:2Sr)I 3 demonstrated reasonable electronic properties and was in-

cluded as a final candidate although its stability margin is much lower. The mixed-

materials based on bismuth display prohibitively high effective masses and wide band

gaps, which excluded all of them from becoming final candidates. From this set,

MA(2Bi:2Cu)I3 displays the best electronic properties, however the crystal structure

predictions suggest that the Cu+ atom displaces significantly from the center of the

octahedral cage, which might make the material unstable at operating conditions

when the temperature is elevated to room temperature or above and a voltage bias

is applied across the material.
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5.10 Conclusion

In conclusion, this screening study used the computational technique of density func-

tional theory to investigate the possibility of generating mixed-metal perovskite ma-

terials and has successfully identified several Pb-based and Sn-based candidates as

promising materials that could potentially perturb the pure perovskite materials into

similar or even more favorable solar materials. The thermodynamic stability test sug-

gest that it might be difficult to form mixed-metal Sn-based perovskites when only

a quarter of the Sn2+ ions are replaced by a second metal species, including Pb2 +.

However, it must be emphasized that these predictions are for ideal materials and

generally the electronic predictions from DFT calculations are substantially less accu-

rate than crystallographic predictions. Furthermore, these calculations are largely for

bulk materials and generally perovskite films are multi-crystalline with grain sizes be-

tween 20 and 2,000 nm and the impact of those grain boundaries on the photovoltaic

properties is not captured by the computations. Therefore, experimental validation is

required to investigate the properties of these materials, assuming they even form and

remain stable under testing conditions. However, it is believed that regardless of the

accuracy of the absolute values made for the predictions, the observed trends between

the samples is valuable and provides useful information about the mechanisms that

might be responsible for good solar operation. These values provide a basis against

which experimental measurements can be compared to look for indications that sec-

ondary metal species are actually taken up into the perovskite lattice and replace

Pb2+ ions at the B-site.
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Table 5.20: Screening the pool of mixed-metal perovskite candidates against criteria
established for good photovoltaic behavior.

Material

V

V
VA V

* . ' -e 0

MAPbI3  S T T T T T 1.67 1.90 0.30
MA(3Pb:lSn)1 3  S T T T T T 1.34 0.63 0.27
MA(2Pb:2Sn)1 3  S T T T T T 1.06 0.69 0.20
MA(lPb:3Sn)13  S T T T F F 1.03 0.71 0.20
MASnI3  S T T T T T 1.04 0.82 0.21
MA(3Pb:lCo)I3 N T F F ? F 1.77 3.09 1.88
MA(3Pb:lMg)I 3  S T T T T T 1.66 1.05 0.55
MA(3Pb:lMn)1 3  N T T T ? T? 1.48 -0.92 0.86
MA(3Pb:lNi)I3  N F T T F F 2.04 1.44 0.87
MA(3Pb:lSr)I3  S F T T T F 2.03 1.30 0.56
MA(3Pb:lZn)1 3  S F T T ? F 2.03 1.22 0.62
MA(3Sn:lCo)1 3  N T F T ? F 1.23 2.44 0.40
MA(3Sn:lMg)I 3  S T T T F F 1.38 0.99 0.54
MA(3Sn:1Mn)I 3  N T T T ? T? 1.14 -0.18 0.25
MA(3Sn:lNi)1 3  N T T T F F 1.48 0.88 0.51
MA(3Sn:lSr)I3  S T T T F F 1.36 -1.08 0.30
MA(3Sn:lZn)1 3  S T T T ? T 1.44 0.99 0.90
MA(2Sn:2Mg)I 3  S T F F T F 1.55 oo 00
MA(2Sn:2Ni)I 3  M T T T T F 1.09 1.25 0.35
MA(2Sn:2Sr)I3  S T T T T T? 1.44 1.46 -0.32
MA(2Sn:2Zn)I 3 S T F F ? F 1.47 o 00
MA(2Bi:2Cs)I3
MA(2Bi:2Cu)1 3
MA(2Bi:2Li)I3
MA(2Bi:2Na)I3

S F
S T
S F
S F

T
T
T
F

F
F
F
T

F
F
F
F

2.61
1.49
2.34
2.17

-0.02
1.37
1.90
4.87

00
00
00

-0.10

aLegend for type of materials as determined by the band structure: S = Semiconducting, M
Metallic, N = Intermediate Band

'T = True, F = False, T? = True but thermodynamic stability has not been computed
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Chapter 6

Experimental Screening and

Evaluation of Lead-Based

Mixed-Metal Perovskite Solar Cells

The preceding chapter presented a computational screening effort to identify per-

ovskite materials that maintain desirable photovoltaic characteristics such as band

gaps reasonably close to 1.4 eV and low effective carrier masses while reducing the

Pb content in the crystal. The aim of this chapter is to expand upon this theoreti-

cal foundation by experimentally incorporating a second divalent metal species into

Pb-based perovskite films and evaluating the impact this action has on the mate-

rial properties and photovoltaic performance of actual solar cells. The approach for

this experimental compositional screening effort is similar to that used for the den-

sity functional theory calculations, where lead content is systematically replaced with

nine different secondary metal species in an attempt to identify candidates that can

preserve or improve photovoltaic performance while potentially reducing toxicity.

6.1 Motivation

The rapid rise in performance of lead-based organic-inorganic trihalide perovskite so-

lar cells over the past five years from an initial 3% 128] efficiency to a value recently
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exceeding 20% 1291 places this nascent class of materials on par with other mature

thin-film solar materials such as silicon (Si), cadmium telluride (CdTe), and copper

indium gallium selenide (CIGS). This achievement coupled with initial reports demon-

strating little to no performance degradation over extended outdoor testing [151]

indicates that perovskite devices are quickly approaching a maturity level ripe for

commercialization. The ability of the bandgap of perovskite materials to be tuned

throughout a significant portion of the visible and near-infrared spectrum with mixed

halide systems [32, 132, 152,153] affords the opportunity to develop even higher ef-

ficiency multi-junction solar cells based on stacks of multiple perovskite materials

or the pairing of perovskites with current thin-film technologies such as crystalline

Si or CIGS. [154-156] Despite offering the promise of low-cost and high-efficiency,

lead-based perovskites pose inherent toxicological issues that are compounded by the

solubility of ionic perovskite materials in water. Although encapsulation techniques

could minimize environmental impact, full life-cycle analyses of perovskite solar cells

remain to be performed that comprehensively assess health and safety risks. There-

fore, the identification of less toxic perovskite materials that can retain the excellent

photovoltaic properties of their pure lead counterparts has become an increasingly

attractive pursuit.

The construction of direct alternative analogues to lead-based organic-inorganic

trihalide perovskite materials requires that the B-site cation of the ABX 3 crystal lat-

tice be divalent. Therefore, the search for lead-free perovskites has presently focused

almost exclusively on divalent ions found within the same column of the periodic table

as Pb, mainly Sn2+ and Ge2+. Wholly tin-based perovskite solar cells built on meso-

porous titania scaffolds have recently been reported with MASn1 3 and MASnI3-,Br,

devices reaching power conversion efficiencies (PCE) of 5-6%. [128,132] Likewise the

synthesis of many germanium-based perovskite materials has been reported [130], al-

though a working device remains to be realized. One of the major drawbacks of both

Sn and Ge-based perovskites is that Sn 2+ and Ge2+ are prone to oxidize to Sn 4+ and

Ge4+ upon exposure to air, which causes the perovskite to destabilize into multiple

phases, thereby destroying the device. Thus, Sn and Ge-based solar cells will require
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encapsulation to avoid rapid degradation when installed outdoors. Terahertz spec-

troscopy has revealed that the carrier diffusion lengths in MASnI 3 is only 30 nm 11281,

compared to micrometer lengths measured for lead-based materials, 1126,1271 which

suggests that mesoporous or bulk-heterojunction architectures, rather than planar

heterojunctions, are required for efficient charge collection in these devices. This

poses an additional challenge to device operation as mesoporous TiO 2 scaffolds in

sealed devices can experience substantial photocurrent drops upon ultraviolet light

exposure, which has been attributed to the creation of deep trap sites at the TiO 2

interface. 11571. While it is encouraging that this effect does not appear in unencapsu-

lated lead-based perovskite solar cells employing a double layer of mesoporous TiO 2

and ZrO 2 with a thick hydrophobic carbon top electrode 1151, 1581, this approach is

not expected to be compatible with Sn- and Ge-based materials.

While completely removing lead content from perovskite solar cells remains chal-

lenging, a more practical step forward in mitigating toxicity is to replace only a por-

tion of the Pb2+ ions with a less-toxic divalent species. To date, only Sn 2+ has been

successfully blended with Pb2+ to make mixed-metal perovskite devices, which has

achieved efficiencies up to 9.8% 11501 in an inverted device architecture and 7.4% 11591

in a conventional device architecture, by respectively replacing 15% and 25% of the

Pb content with Sn. Many of the transition metals are substantially less-toxic than

Pb and can achieve a divalent oxidation state. Although some of these ions such as

Cu2 + 11601 and Fe2+ [1611, have been used in two-dimensional (2D) layered perovskite

structures, to our knowledge, this is the first report that replaces a fraction of the

Pb content in three-dimensional (3D) perovskite films with any element other than

Sn and constructs functioning solar cells with the mixed-metal materials. Herein,

we present several embodiments of mixed-metal perovskite devices, where between

1.56% and 25% of the Pb-content has been replaced with a second less-toxic divalent

metal species to form methylammonium mixed-metal triiodide films, denoted here as

MA(Pb:B')1 3 where B' ={Co, Cu, Fe, Mg, Mn, Ni, Sn, Sr, and Zn}. By experi-

mentally screening through this set of transition and alkaline earth metals, we aim

to:
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1. Investigate how tolerant the photovoltaic performance of MAPbI 3 devices is to

the introduction of a second metal species.

2. Identify new perovskite compositions that might significantly reduce the toxicity

of perovskite films without sacrificing efficiency.

3. Characterize the material and electronic properties of the mixed-metal per-

ovskite films to speculate on the mechanisms responsible for performance im-

provements.

By replacing small, but not insignificant, amounts of the lead content with a second

metal species, it was hypothesized that the MAPbI 3 lattice might be tolerant of

the extrinsic species and that the excellent electronic properties of the lead-based

perovskite might be perturbed but not completely disrupted, allowing for efficient or

even improved photovoltaic performance. This concept was theoretically validated by

the computational effort presented in Chapter 5, where DFT calculations predicted

Pb-based mixtures of Mg, Mn, and Sn as promising solar materials. By systematically

replacing a portion of Pb atoms with a wide range of less-toxic metals in an exhaustive

experimental screening study, it has been found that:

1. Device performance can often be improved upon modest levels of replacement,

with a 63Pb:lCo molar ratio yielding a champion PCE of 11.4%. Note that

this is a significant improvement over the average baseline efficiency of 7.3% for

pure MAPbI devices.

2. Devices with power conversion efficiency exceeding 8% can be achieved by re-

placing 25% of the Pb content with either Sn or Cu and 12.5% with Zn.

3. Different wavelength ranges of the EQE spectra of the films can be improved

by incorporating certain elements into the perovskite film.

4. Introducing Co into the MAPbI material shifts the band edge locations to a

more favorable alignment with the transport layers.
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These findings suggest that mixing metals provides a new dimension for tuning the

electronic properties of perovskite materials while simultaneously preserving the ex-

cellent photovoltaic behavior characteristic of the material class and reducing material

toxicity.

a)

b)

Individual Solar Cells
Apertured Area,
A -0.0113 cm

op e a pe tere on

Glass Backside

Figure 6-1: a) Polycrystalline planar mixed-metal perovskite films are formed by
spincoating a solution of acetate and iodide precursors, which are then dried and
annealed. b) Photograph of a typical perovskite device, which contains ten individual
solar cells. Patterned aluminum is deposited on the glass backside to aperture each
individual solar cells.

The perovskite solar cells were fabricated with the inverted device architecture

and used acetate salts as the metal precursors. Although conventional architecture

devices that build the perovskite film on a titanium dioxide electron transport layer

have achieved the highest reported efficiencies, 129,122,1621 this architecture com-

monly suffers from hysteresis, which is generally attributed to either insufficient car-

rier concentration in the TiO 2 layer or poor electrical contact with perovskite at

its interface. 1163] In contrast, hysteresis effects are minimal in perovskite devices

with the inverted architecture, where the active layer is deposited on a p-type hole

transport layer and utilizes an n-type fullerene derivative as the electron transport
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layer. [164,1651 However, devices that utilize this architecture generally exhibit lower

device performance. In order to study the impact of adding a second metal species

to the perovskite film, it was prudent to eliminate the device architecture itself as

a source of hysteresis in the event mixed-metal devices displayed such behavior in

the current-voltage characteristics. Divalent metal acetates, B'(OAc) 2 , were chosen

as the metal precursor material strictly on the basis that most acetate salts with the

exception of calcium and strontium are soluble in DMF. In contrast, out of the more

traditional metal iodide salts, only CaI 2, MgI2, PbI2, SnI2 , SrI 2, and ZnI 2 were found

to be sufficiently soluble, thereby precluding nearly all of the divalent transition metals

from inclusion in the study. As is represented by the schematic in Figure 6-1a, mixed

perovskite films were synthesized in a one-step process by spin-coating a solution of

MAI, Pb(OAc) 2, and B'(OAc) 2 in DMF with a 3:1 molar ratio of MAI to total metal

acetate content. The one exception to this rule was the case of strontium, where a

3:1 molar ratio of MAI:Pb(OAc) 2 was blended with a 1:1 ratio of MAI:SrI 2 due to the

insolubility of Sr(OAc) 2 in DMF. As previously reported, the acetate ions are specta-

tors and their intrinsic volatility allows them to pair with the excess MA + cations and

sublime out of the film during perovskite crystallization. 1166, 1671 To build the in-

verted device architecture, the perovskite solution was spin-coated on a PEDOT:PSS

layer and crystallized by drying and annealing the film. This was followed by spin-

coating and heat-treating a layer of the n-type fullerene-derivative, PCBM, and the

sequential deposition of Ca and Al as the top electrode materials through thermal

evaporation. In order to improve the quality of the perovskite film, the PEDOT:PSS

surface was treated with 1,8-diiodooctane (DIO) prior to spin-coating the perovskite

solution. The illumination area on each of the individual solar cells on the wafer was

controlled by evaporating a 25 nm thick layer of patterned aluminum on the glass

backside of each device to aperture the incident light, as is shown in Figure 6-1b.
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6.2 Experimental Methods

6.2.1 Materials

Lead(II) acetate trihydrate (99.999% , Pb(OAc) 2), iron(II) acetate (>99.99%, Fe(OAc) 2),

hydroiodic acid (57 wt% in water), chlorobenzene (anhydrous 99.8%, CB), and N,N-

dimethylformamide (anhydrous 99.8%, DMF) were sourced from Sigma-Aldrich. Cobalt(II)

acetate tetrahydrate (99.999%, Co(OAc) 2), copper(II) acetate (99.999%, Cu(OAc) 2),

magnesium acetate tetrahydrate (99.997% Puratronic, Mg(OAc) 2), manganese(II)

acetate tetrahydrate (99.999% Puratronic, Mn(OAc)2), nickel(II) acetate tetrahy-

drate (99.999% Puratronic, Ni(OAc) 2), zinc acetate (99.98% anhydrous, Zn(OAc) 2),

strontium iodide (99.99% anhydrous, SrI 2), 1,8-diiodooctane (>97%, DIO), calcium

shot (99.5%), and aluminum shot (99.999% Puratronic) were sourced from Alfa Ae-

sar. Methylamine solution (57 wt% in water) was sourced from TCI. Phenyl-C61-

butyric acid methyl ester (99.5%, PCBM) was sourced from Nano-C, Inc. Poly(3,4-

ethylenedioxythiophene)-poly(styrenesulfonate) (Clevios P VP AI 4083, PEDOT:PSS)

was sourced from Heraeus.

6.2.2 Mixed-Metal Perovskite Solution

Methylammonium iodide (MAI) was synthesized according to a previously reported

procedure. [301 Mixed metal perovskite solutions were freshly prepared before use by

fully dissolving the MAI and divalent metal acetate (B'(OAc) 2) precursors in DMF to

achieve final solutions containing 2.4 M MAI and 0.8 M total metal acetate content.

The metal acetate content in the perovskite solutions was varied from a lPb:1B' ratio

(i.e. 0.4 M Pb(OAc) 2 and 0.4 M B'(OAc)2 final solution) to 63Pb:1B' (i.e. 787.5 mM

Pb(OAc) 2 and 12.5 mM B'(OAc) 2 final solution) where B' ={Co, Cu, Fe, Mg, Mn,

Ni, Sn, Zn}. Due to the low solubility of Sr(OAc) 2 in DMF, the iodide precursor was

used instead and mixed Pb:Sr perovskite solutions were prepared by making separate

stocks of (2.4 M MAI):(0.8 M Pb(OAc) 2) and (0.8 M MAI):(0.8 M SrI 2), respectively,

in DMF. These two stock solutions were mixed immediately before use to achieve the
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desired ratios of Pb:Sr.

6.2.3 Solar Cell Fabrication

Patterned ITO-coated glass substrates (Thin Film Devices Inc.) were cleaned by

scrubbing and sonication in a detergent solution (Alconox) followed by thorough

rinsing with Milli-Q water (Millipore). The substrates were then sequentially soni-

cated for around 10 minutes in Milli-Q water, acetone, and isopropanol solvents, dried

under flowing nitrogen, and exposed to air plasma for 10 minutes to remove any re-

maining organic contaminants and render the surface hydrophilic. The as-received

PEDOT:PSS solution was initially filtered through 0.45 prm syringe filter (Pall Corp

Acrodisc Supor membrane filters) and warmed to room temperature. Several drops of

the PEDOT:PSS solution were dispensed through a second syringe filter directly onto

the plasma-treated substrate and then spun at 3,000 rpm for 50 s. The substrates

were immediately transferred to an oven and annealed in air at 125*C for at least 15

minutes, after which, they were transferred to a nitrogen glove box for the remainder

of the device processing. Onto each substrate was statically dispensed 45 pL of a

solution of DIO (2 vol% in CB), and subsequently spin-coated at 2,250 rpm for 40 s.

Immediately afterwards, 45 pL of a freshly prepared mixed-metal perovskite solution

was statically dispensed onto the substrate and spin-coated at 2,250 rpm for 40 s.

After spinning, the substrate was immediately removed from the spin-coater chuck

and let rest at room temperature for 10 minutes, during which the film color slowly

changed from colorless to a light brown hue. Each device was then annealed on a hot

plate at 100*C for 30 minutes and the perovskite film darkened to achieve its final

color within minutes.

A solution of PCBM (35 mg/mL in CB) was prepared the day before use and kept

at 80"C overnight to ensure full dissolution. The warm solution was filtered through

both a 100 nm and 200 nm PTFE (Whatman) filter an hour before use and kept at

80*C until spinning. The perovskite substrates were warmed at 80"C for 10 minutes

and 45 4L of the warm PCBM solution was statically dispensed and spin-coated

at 1,200 rpm for 35 s (~100 nm film thickness). Each substrate was immediately
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transferred to a hotplate and annealed at 90*C for 45 minutes. Afterwards, top

electrodes consisting of 20 nm Ca and 90 nm of Al were thermally evaporated on top

of the fullerene layer to complete the device. Finally, an aluminum film (25 nm thick)

was patterned directly onto the glass backside of each device to act as an aperture

mask during performance testing. As shown in Figure 6-1b, the final patterned device

substrate (0.5 x 0.5 inches) contained 10 individual solar cells, each with an apertured

active area of 0.0113 cm2

The approximate thicknesses of each solution-processed layer in the solar cell,

as determined by a profilometer (Veeco Dektak 6M), are: PEDOT:PSS (35 nm),

perovskite (290 nm), and PCBM (100 nm), as indicated in Figure 6-1a.

6.2.4 Device Characterization Methods

Current-voltage (JV) characteristics were recorded using a Keithley 2636A source me-

ter under simulated solar light (1-Sun, 100 mW/cm 2) generated by a Newport 96000

solar simulator equipped with an AM1.5G filter. After warming the solar simulator,

the light intensity was calibrated with a Newport 91150V reference cell prior to test-

ing each batch of device. Each device was soaked under the AM 1.5G illumination

for 5 minutes prior to measurement and the delay between data points was 20 ms.

The external quantum efficiency (EQE) measurements were conducted under chopped

monochromatic light from an optical fiber in an underfilled geometry without bias.

Illumination was provided by coupling the white light from a xenon lamp (Thermo

Oriel 66921) through a monochromator (Acton) into the optical fiber and the pho-

tocurrent was recorded using a lock-in amplifier (Stanford Research System SR830).

Devices were continuously kept in a nitrogen atmosphere after electrode evaporation,

including during both JV and EQE measurements. Devices were tested immediately

after the top electrodes were evaporated.
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6.2.5 Materials Characterization Methods

X-ray photoelectron spectroscopy (XPS) was conducted using a Thermo Scientific

K-Alpha XPS with a monochromatic Al X-ray source (excitation energy 1486.6 eV).

Data was collected under a base pressure of 8- 10-8 mbar at a photoelectron take-off

angle of 90*. Energy calibration was performed using the position of the primary C Is

peak at 284.80 eV. Relative atomic ratios were calculated using the ratio of integrated

spectral areas for each element from high resolution scans and the relative sensitivity

factors inherent to the instrument. X-ray diffraction (XRD) patterns were collected

using a Bruker D8 X-ray diffractometer with Cu Ka radiation in order to verify the

phase and orientation of the deposited films. Scanning electron microscopy (SEM,

Zeiss FESEM Ultra Plus) was used to characterize film morphology.

6.2.6 Optical Characterization Methods

Steady-state photoluminescence emission spectra were obtained by exciting perovskite

films with a 532 nm laser and measuring the emission spectra using a visible wave-

length detector with a Horiba Jobin Yvon Fluorimeter with an integration time of

1 s and wavelength step size of 1 nm. Optical absorption measurements were made

using a Beckman-Coulter DU800 UV-vis spectrophotometer with a wavelength step

size of 0.5 nm.

6.3 Materials Characterization of Perovskites

Each of the 45 different compositions (i.e. 9 secondary divalent metal species, 5

different ratios of Pb:B' atoms) of planar mixed-metal perovskite films was evaluated

with several different materials characterization techniques in order to investigate

how replacing Pb 2+ ions with several different less-toxic metal species impacts the

material properties as a function of metal mole fraction. These techniques include

standard diffraction, imaging, and optical techniques for gathering basic information

about crystal structure, film morphology, and absorption.
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6.3.1 X-ray Diffraction

Standard powder x-ray diffraction (XRD) measurements were performed on mixed-

metal perovskite films that were synthesized using the exact same method taken to

build the solar cells, with the exception that a bare glass substrate was used instead

of indium tin oxide (ITO) (i.e. the perovskite film was produced by spin-coating the

precursor solution on a DIO-treated PEDOT:PSS layer, which had previously been

deposited on a glass substrate). The perovskite layers were capped with an amorphous

film of poly(methyl methacrylate) (PMMA) to provide the films with some protection

against air exposure during measurement. The XRD spectra for mixed-metal blends

of Pb:Co, Pb:Cu, Pb:Fe, and Pb:Mg are shown in Figure 6-2(a-d), respectively, and

blends of Pb:Mn, Pb:Sn, Pb:Sr, and Pb:Zn are found in Figure 6-3(a-d), respectively.

A companion pure Pb perovskite, MAPbI 3, film was synthesized along with each

material set in order to be used as a reference for that particular batch.

As is shown by these figures, the diffraction patterns are nearly identical regardless

of the specific material composition. There are three possibilities that would explain

this result:

1. The B' 2+ atoms are substituting the Pb2+ ions at the B-site in the ABX 3 per-

ovskite lattice, however the lattice constants and crystal structure are not suf-

ficiently perturbed enough to noticeably change the XRD patterns.

2. The films are simply pure MAPbI 3 . Even though various fractions of the Pb2+

ions are replaced with a second species, B' 2+, in the perovskite precursor solu-

tion, these ions might be excluded from the crystal lattice and exist in a second

phase that is amorphous and cannot be detected.

3. The B'2+ ions phase separate into a secondary phase that is crystalline, but

exists in quantities below the threshold of detection.

The first possibility is supported by the DFT crystal structure calculations pre-

sented in the preceding chapter, which show that even in the event of ion substitution

at the B-site, the overall crystal structure is still maintained when less than a quarter
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Figure 6-3: X-ray diffraction (XRD) spectra for films of mixed-metal perovskite blends
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of the Pb atoms are replaced with a second metal species. Perovskite materials are

known to have a large degree of disorder, which has been attributed to the asymmetry

of the methylammonium cations and their ability to rotate. Hence, the crystalline

peaks are broad enough that small changes to the lattice parameters might not be

detected. The second and third possibilities are also supported by the thermody-

namic stability calculations with density functional theory. These findings suggested

that in some cases it is slightly more energetically favorable for a pure MAPbI3 phase

to form alongside the excess MAI and B' 2+ precursors. Although these calculations

were performed exclusively for iodide precursors and acetate salts were used in the

experimental study, it is likely that the residual B' atoms would form an iodide phase.

The acetate ions are spectators and evaporate out of the film, leaving the less-volatile

iodide ions behind to form an iodide phase. The measured XRD spectra also provide

some evidence that this is occuring with some of the B' species in the samples with

the highest levels of Pb replacement, MA(3Pb:1B')1 3. As shown in Figure 6-2b, an

extra peak arises for the MA(3Pb:lCu)I 3 and MA(7Pb:lCu)Ia samples near 20 =

25.5*, which corresponds to the (111) planes of Cul. Similarly, extra peaks arises at

both 11.60 and 26.4' for the MA(3Pb:lFe)I 3, MA(3Pb:lMg)I 3, MA(3Pb:lMn)I 3, and

MA(3Pb:lSr)I3 compositions in Figure 6-2c-d and 6-3a,c, respectively. It is unclear

whether these peaks are simply additional perovskite peaks, or if they are indicative

of iodide phases that each display a peak at these locations. Interestingly, the simu-

lated XRD spectra for the orthorhombic mixed-metal materials shown in Fig 5-15 for

MA(3Pb:lMg)1 3 , MA(3Pb:lMn)I 3, and MA(3Pb:lSr)I3 all display a peak between

26.10 and 26.5", which do not arise for either MAPbI or MA(3Pb:lCo)I 3 . It is possi-

ble that these additional peaks result from the secondary metal species substituting

the Pb'2 + ions at the B-site. Conversely, the spectra for Pb:Co, Pb:Sn, and Pb:Zn,

however, do not show any additional peaks for any level of Pb replacement.

The other trend that is common for each set of mixed-metal materials is that

two small peaks for PbI 2 are present at 20 = 12.6* and 38.6* for every MAPbI 3 and

decrease in intensity as the Pb is replaced with more B' content, until the peaks

disappear completely by MA(7Pb:B')I 3 if not before. The presence of excess PbI 2
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is common in many other reported systems [166,168] even when device fabrication

conditions are optimized. What is more interesting is that the quantity of PbI 2

reduces as more Pb2 + is replaced with B'2+. Perhaps the MAI that was intended

to remove the the acetate ions from the B'(OAc) 2 salt is instead reacting with the

excess PbI 2 and the B'(OAc) 2 remains partially intact, however there is no indication

of acetate compounds being present in the material. It is possible that excess MA+

could leave the crystal by pairing with excess I- ions leaving behind MAPbI3 and

crystalline iodide compound with B', however it is clear that this not a possibility for

several secondary metal species, as is evidenced by the lack of additional peaks for

the Co, Sn, and Zn mixtures.

6.3.2 Film Morphology

The film morphology of each of the XRD samples was investigated by imaging the

top surface of the film with scanning electron microscopy (SEM). The images for the

50 kx magnification is shown for the mixed-metal material sets in Figures 6-4 through

6-12.

Figure 6-4: Scanning electron micrographs of MA(Pb:Co)I 3 perovskite films with
different metal replacement fractions.

The morphology of the pure Pb perovskite sample, labeled as the lPb:OCo sam-
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Figure 6-5: Scanning electron micrographs of MA(Pb:Cu)I 3 perovskite films with
different metal replacement fractions.

Figure 6-6: Scanning electron micrographs of MA(Pb:Fe)1 3 perovskite films with
different metal replacement fractions.
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Figure 6-7: Scanning electron micrographs of MA(Pb:Mg)1 3 perovskite films with
different metal replacement fractions.

Figure 6-8: Scanning electron micrographs of MA(Pb:Mn)1 3 perovskite films with
different metal replacement fractions.
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Figure 6-9: Scanning electron micrographs of MA(Pb:Ni)1 3 perovskite films with
different metal replacement fractions.

Figure 6-10: Scanning electron micrographs of MA(Pb:Sn)1 3 perovskite films with
different metal replacement fractions.
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Figure 6-11: Scanning electron micrographs of MA(Pb:Sr)1 3 perovskite films with
different metal replacement fractions.

Figure 6-12: Scanning electron micrographs of MA(Pb:Zn)1 3 perovskite films with

different metal replacement fractions.
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ple in the bottom-right panel of Figure 6-4, reveals that the perovskite films on

PEDOT:PSS consists of randomly oriented plate-like grains that are roughly 100 nm

in size. These features are homogeneous across the film, which is evidenced by how

smooth and reflective the actual devices appear in Figure 6-1b. The acetate precursor

tends to produce perovskite films with smaller grains than those synthesized using

chloride precursors, due in part to the quicker crystallization times of the acetate-

based films. 11661 It is also apparent from the micrograph that films contain pinholes,

which will contribute to some current and voltage loss if the PCBM layer comes into

direct contact with the PEDOT:PSS hole-transport layer.

The general trend across all compositions is that the morphology remains similarly

small-grained with increasing B' content until a molar ratio of 7Pb:1B'. At this point

the films transition to often dramatically different morphologies as more Pb atoms

are further replaced. The cases of 3Pb:lCo, 3Pb:lCu, 3Pb:Sn, and 7Pb:lZn (Figures

6-4, 6-5, 6-10), and 6-12 are instances where the grains are substantially larger than

samples with lower B' content. The films for both lPb:lCu and 3Pb:lMg (Figures

6-5 and 6-7) clearly show two different material phases, one consisting of large grains

with a finer material filling in the space between them.

The second noticeable trend is that grain sizes in each material set almost always

seem slightly smaller and often more porous at low levels of Pb replacement, which is

particular evident in blends with Co (Figure 6-4), Fe (Figure 6-6), Mg (Figure 6-8),

Mn (Figure 6-8), and Sr (Figure 6-11). The exceptions to this trend are copper and

zinc. The series of Pb:Cu and Pb:Zn blends presented in Figures 6-5 and 6-12 show

that the grain size of the pure Pb film is preserved at low replacement levels and that

the film seems to be have less pinholes with the grains packed tightly in the film.

Furthermore, the frequency of platelet-like grains seems to reduce with increasing Cu

content until the 7Pb:lCu and 7Pb:lZn films, where they disappear altogether. In

the case of Pb:Zn, at 7Pb:lZn a second population of dark grains arise that more

frequently appear in the 3Pb:lZn samples (Figure 6-12).
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6.3.3 Absorption and Photoluminescence Emission Spectra

In order to investigate the optical properties of each mixed-metal perovskite material,

films were built directly on plasma-treated glass substrates without PEDOT:PSS in

order to avoid photoluminescence quenching from occurring at the interface between

the perovskite and PEDOT:PSS. In order to protect the films from ambient conditions

during measurement, they were coated with a layer of poly(methyl methacrylate)

(PMMA), which is hydrophobic and locks out moisture from accessing the perovskite.

The optical band gap of each material was determined from the position of the

photoluminescence emission peak measured with a fluorimeter. The trends in PL

peak shifts can be confirmed by corresponding shifts in the absorption edge of the

material. Hence, the normalized absorption and PL emission spectra for each mixed-

metal composition are presented together in Figures 6-13 and 6-14. In each case, the

PL emission peak was locally fit to a parabola in order to compensate for any noise in

the spectrum and identify the position of the emission peak. The PL emission peak

positions and the shift from the pure Pb MAPbI 3 control films synthesized for each

material set are tabulated in Table 6.1. The PL spectra and absorption spectra are

not reported for Pb:Sn blends because the films were not emissive enough to generate

reasonable PL peaks.

As expected, any observed shift in the PL emission spectrum is always confirmed

by a corresponding shift in the absorption edge. Blends of Pb:Cu, Pb:Sr, and Pb:Zn

blends do not exhibit any appreciable shifts in the PL spectra. Whereas, blends of

Pb:Co, Pb:Fe, Pb:Mg, Pb:Mn, and Pb:Ni generally blue-shift with increasing B' con-

tent. This shift could either result from electronic changes to the crystal lattice upon

B-site substitution (as DFT calculations predict widened band gaps upon replacing

a quarter of the Pb2+ ions) or be a result of grain size change. It has been observed

in previous reports [1661 that PL peak position blue-shifts with decreasing grain size.

As discussed in Section 6.3.2, all of these films appear to decrease in size with low

levels of Pb replacement. Therefore, the blue-shifts could be attributed to either of

the potential scenarios. It is intriguing however, that the peak continues to blue-shift
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Figure 6-13: The normalized absorption (solid lines) and photoluminescence emission
(dotted lines) spectra for the compositions in each mixed-metal material set (a) Pb:Co,
(b) Pb:Cu, (c) Pb:Fe, and (d) Pb:Mg.

278

a)
(U5

C.

- eMAPb13 Abs
PbC MAPbI3 PL

S 61kv - MA(3Pb:rCo)13 Abs
S-.... MA(3Pb:lCo)13 PL

MA(7P1Co)3 Abs
--. MA(7Pb:1Co)D PL

MA(15Pb:dCo)13 Abs
. MA(l5Pb:lCo)13 PL

MA(31Pb:ICo)J3 Abs
MA(31Pb:LCo)13 P-

-- MA(63Pb:lCo)13 Abs
MA(63Pb:Co)13 PL

b)

C)

d)

0.

6M0

600



600

b ax-755nPb:Mn

F /

650 700

I 1.2V~ 2*1

E= I-n ,E IS.67eV
E'L 13O.V

750 800
Wavelength, x [nm]

*-lUqp 11 642

850

i.E -I155.VaE AAMO00

T -106. V

-N

900 950

i00 650 700 750 800 850 900 95
Wavelength, x [nm]

47.9#V - MAPb3 Abs
b:rMAb13 Pt.

E -1.609eV- MA(3P1b:1Sr)[3 Abs
F I..613eV ...-- MA(3Pb:lSr)13 PL

MA(7PbISr)[3 Abs
-.--... MA(7Pb:lSr)13 PL

MA(I5Ft:lSr)13 Abs
MA(l5Pb:lSr)13 PL

-- MA(31Pb:1Sr)13 Abs
.--..... MA(3lPfrASr)13 PL

- MA(63Pb:1Sr)13 Abs
- MA(63Pb:lSr)13 PL

650 700 750 800
Wavelength, X [runm]

850 900

E -1.012e
pV. ~ ~ -160t% APb13 Abs

7b:Zn 1. -- MAPb.3 PL

s767 -616ev MA(3Pb:IZn)13 Abs
k 

1 
.617eV MA(3Pb1 Zn)13 P1_

MA(7PbIZn)3 Abs
---------- MA(7Pb:lZn)13 PL

MA(15Pb:1Zn)B3 Abs

I .. MA(l5Ptb:Zn)13 PL
MA(31Pb:IZn)13 Abs

-.. \.. - -- A^3' 1 Zn)3 P'- MA(63Fb:.Zn)13 Abs
MA(63Pb:lZn)3 PL

0

950

A
U
600 650 700 750 800

Wavelength, % [nm]
850 900 950
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Table 6.1: Optical band gap as determined from location of photoluminescence emis-
sion peak of mixed-metal perovskite films and the shift from peak position of pure
MAPbI 3 control sample.

Material
PL Peak Position

APL [nm] EPL [eV]
Peak Shift from MAPbI3
AAPL [nm] AEPL feV]

MAPbI3  774 1.602 - -

MA(63Pb:lCo)I 3  773 1.604 1 -0.002
MA(3lPb:lCo)I 3  771 1.608 3 -0.006
MA(15Pb:lCo)I 3  770 1.610 4 -0.008
MA(7Pb:lCo)I 3  758 1.636 16 -0.034
MA(3Pb:lCo)I 3  765 1.620 9 -0.018
MAPbI 3  770 1.610 - -
MA(63Pb:lCu)I 3  765 1.621 5 -0.011
MA(3lPb:lCu)I 3  765 1.620 5 -0.01
MA(15Pb:lCu)I3 771 1.608 -1 0.002
MA(7Pb:lCu)1 3  766 1.618 4 -0.008
MA(3Pb:lCu)I 3  769 1.612 1 -0.002
MAPbI3  769 1.612 - -
MA(63Pb:lFe)I 3  770 1.610 -1 0.002
MA(3lPb:lFe)I 3  761 1.629 8 -0.017
MA(15Pb:lFe)1 3  750 1.654 19 -0.042
MA(7Pb:lFe)I3  753 1.646 16 -0.034
MA(3Pb:lFe)I 3  740 1.675 29 -0.063
MAPbI3  764 1.622 - -
MA(63Pb:lMg)I 3  771 1.609 -7 0.013
MA(3lPb:lMg)I 3  767 1.617 -3 0.005
MA(15Pb:lMg)1 3  760 1.630 4 -0.008
MA(7Pb:lMg)I 3  739 1.678 25 -0.056
MA(3Pb:lMg)I 3  731 1.696 33 -0.074
MAPbI 3  764 1.622 - -
MA(63Pb:lMn)I 3  771 1.609 -7 0.013
MA(3lPb:lMn)I3  771 1.607 -7 0.015
MA(15Pb:lMn)1 3  765 1.621 -1 0.001
MA(7Pb:lMn)I 3  761 1.629 3 -0.007
MA(3Pb:lMn)I3  755 1.642 9 -0.02
MAPbI 3  772 1.605 - -
MA(63Pb:lNi)I 3  772 1.606 0 -0.001
MA(3lPb:lNi)I 3  770 1.611 2 -0.006
MA(15Pb:lNi)1 3  765 1.620 7 -0.015
MA(7Pb:lNi)I 3  744 1.666 28 -0.061
MA(3Pb:lNi)I 3  746 1.662 26 -0.057
MAPbI 3  766 1.619 - -
MA(63Pb:lSr)I 3  768 1.613 -2 0.006
MA(3lPb:lSr)I 3  771 1.609 -5 0.01
MA(15Pb:lSr)1 3  763 1.625 3 -0.006
MA(7Pb:lSr)I 3  759 1.633 7 -0.014
MA(3Pb:lSr)I 3 763 1.625 3 -0.006
MAPbI 3
MA(63Pb:lZn)I3
MA(3lPb:lZn)I3
MA(15Pb:lZn)1 3
MA(7Pb:lZn)I3
MA(3Pb:lZn)I3

769
767
767
773
769
773

1.612
1.617
1.616
1.603
1.613
1.604

2
2
-4
0
-4

-0.005
-0.004
0.009
-0.001
0.008
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even when the grains are larger in the 3Pb:1B' films.

6.3.4 Photoluminescence Lifetimes

Time-resolved photoluminescence (TRPL) is a material characterization method where

a material is excited with a short laser pulse, creating photogenerated carriers which

then move within the film and eventually recombine. Higher quality materials allow

the light to persist longer as charge carriers recombine radiatively, produce a new pho-

ton which is then absorbed elsewhere and produces new charge carriers, which repeat

the process. This cycle continues until the carriers either recombine non-radiatively

and the light is lost as heat, or the emitted photon escapes from the film and is mon-

itored by the detector. By monitoring how the pulse emitted by the material decays,

information can be extracted about the kinetics and some light can be shed on the

recombination processes that could be limiting performance.

Since the films must be emissive, the Pb:Fe and Pb:Sn composition sets were

excluded from study since sufficient signal could not be detected. The normalized

decay profiles for each composition are plotted in Figure 6-15 and the lifetime ex-

tracted from each profile is reported in Table 6.2. In this situation, the decay profiles

largely do not follow the typical profiles observed in other perovskite films, which are

generally either mono-exponential or bimolecular decays. This suggests that there

are additional non-radiative decay pathways present that are not accounted for in

traditional recombination kinetics models. In the absence of sufficient physical mod-

els to describe this trap-assisted recombination regime, it is difficult to accurately

extract additional information from the decay profiles, hence the lifetimes defined

here are simply taken to be the exponential decay time. The additional non-radiative

pathways are likely due in part to the small grain size of the perovskite films, which

produce an abundance of trap states in the grain boundaries.

The general trend here is that the PL lifetimes increase with increasing B' content.

This could be in part due to increases in the grain sizes observed for several samples

in the images of the film morphologies shown in Figures 6-4 through Figure 6-12.

For instance, the 3Pb:lCo, lPb:Mg, 7Pb:lSr, and 7Pb:lZn compositions have both
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Table 6.2: Photoluminescence decay times for emissive perovskite films for each
mixed-metal composition.

PL Lifetime, rPL [ns]
Material 3Pb:1B' 7Pb:1B' 15Pb:1B' 3lPb:1B' 63Pb:1B' lPb:0B'

Pb:Co 33.10 18.20 3.97 1.523 5.98 13.60
Pb:Cu 0.67 1.19 36.37 16.80 23.20 26.22
Pb:Mg 334.67 19.89 3.90 1.15 0.93 1.37
Pb:Mn 4.63 12.11 1.35 0.87 1.40 1.50
Pb:Ni 17.20 48.10 0.78 1.37 10.37 4.50
Pb:Sr 137.60 331.70 2.79 17.03 30.84 32.30
Pb:Zn 3.40 13.89 8.78 7.44 5.02 3.67

the largest well-defined grains in their respective material sets as well as the longest

lifetimes. Conversely, Figure 6-5 clearly reveals that lPb:lCu and 3Pb:lCu demon-

strate the largest grains, however these samples have significantly shorter lifetimes

than the films with lower Cu content, which have smaller grains. An explanation for

this observation is that a phase of CuI is present that quenches emission by removing

holes from the perovskite grains. The presence of CuI has been confirmed for both

the 3Pb:lCu and 7Pb:lCu films by an additional peak in the XRD spectrum. It is

interesting, however that the lifetime of 7Pb:lCu is the longest of its set even low

it also has CuI, albeit a lower amount. The SEM image reveals that the grains in

this sample are very compact, therefore it is possible that the CuI is either existing

elsewhere in the crystal and is removed from most of the perovskite grains, or that the

CuI exists at the grain boundaries and allows the holes to be transported to another

grain where it can radiatively recombine.

6.4 Impact of Secondary Metal Substitution on Solar

Cell Performance

This section aims to evaluate how replacing various quantities of Pb atoms with alter-

native non-toxic metal species impacts the photovoltaic performance of the perovskite

solar cells. This empirical screening process allows trends to be identified and reveals

how tolerant the perovskite material is to additional elements.
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6.4.1 Trends in Performance Metrics

Figure 6-16 and Table 6.3 summarize the average photovoltaic performance metrics for

each mixed-metal solar cell embodiment, where five different mole fractions of Pb2 +

were replaced systematically with nine different non-toxic divalent metal species. For

each condition, at least 36 individual solar cells were tested from two different device

batches in order to ensure that observed trends in photovoltaic performance were

repeatable and not simply serendipitous. By comparing the performance metrics

of the mixed-metal devices to the baselines obtained from pure Pb devices, several

interesting observations can be made about the tolerance of perovskite solar cells to

other metal species:

1. Performance improvements are generally seen upon replacing a small fraction

of the Pb atoms with a second metal species.

2. Further reductions in the Pb content is generally accompanied by decreases in

the photocurrent, which correspondingly decrease the PCE.

3. Iron is the only metal species whose inclusion in the perovskite is always detri-

mental to performance, regardless of Fe content.

4. Blends of Pb:Sn demonstrate the opposite behavior to most other mixed-metal

materials. The performance is highest at 3Pb:lSn but decreases with decreasing

amounts of Sn. However, the performance generally improves substantially with

longer light-soaking times.

The most notable efficiency enhancements arise when only 1/ 6 4 th of the Pb atoms,

denoted as 63Pb:1B', are replaced with Co, Cu, Sr, or Zn, which improves both the

short-circuit current, J,,, and open circuit voltage, Vc. Modest PCE improvements

are also observed for 63Pb:1B' samples of Mg, Mn, and Ni, which clearly demonstrate

that the MAPbI perovskite material is not only quite tolerant of several metal species

at relatively low concentrations, but that these atoms are generally beneficial to device

performance.
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Figure 6-16: The compiled average performance metrics of planar mixed-metal per-
ovskites for each of the embodiments considered in this study demonstrate that re-
placing small amounts of lead content with a second metal species can improve either
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Table 6.3: The compiled average performance metrics of planar mixed-metals for each
composition. Error corresponds to the standard deviation.

Material
Mean Short-Circuit Current Density, J,, [mA/cm 2

1
63Pb:1B' 3lPb:1B' 15Pb: 1B' 7Pb:lB' 3Pb:lB'

Pb Only 16.02 1.62
Pb:Co 18.15 0.71 16.89 0.86 15.54 1.12 12.25 0.96 5.00 1.20
Pb:Cu 16.18 0.96 13.91 1.46 12.81 0.99 12.28 1.84 13.07 i 2.72
Pb:Fe 3.79 i 0.64 2.95 1.61 3.88 i 0.19 0.02 0.01 0.28 0.34
Pb:Mg 14.94 t 0.67 13.36 1.73 11.64 2.22 1.78 1.47 0.60 0.84
Pb:Mn 14.68 1.07 14.78 1.20 13.33 + 0.81 2.11 1.87 0.75 0.48
Pb:Ni 14.82 t 1.90 12.90 t 0.99 9.63 i 1.90 0.14 t 0.10 0.06 0.04
Pb:Sn 8.33 2.22 11.59 t 2.29 8.80 2.47 13.16 2.20 15.92 2.49
Pb:Sr 17.16 t 1.12 15.03 2.06 10.60 i 2.13 1.62 0.14 0.25 t 0.08
Pb:Zn 17.66 t 1.06 16.60 + 0.80 15.94 0.44 15.86 t 0.69 5.35 3.44

Mean Open-Circuit Voltage, V0, [V
Material 63Pb:1B' 3lPb:1B' 15Pb:1B' 7Pb:1B' 3Pb:1B'

Pb Only 0.67 0.07
Pb:Co 0.78 0.04 0.82 0.03 0.87 0.01 0.92 0.02 0.72 0.06
Pb:Cu 0.91 0.01 0.92 0.01 0.76 0.13 0.58 0.15 0.62 0.13
Pb:Fe 0.67 0.01 0.68 0.03 0.82 0.01 0.47 0.08 0.65 0.19
Pb:Mg 0.84 0.04 0.76 0.08 0.65 0.05 0.91 t 0.15 0.67 0.21
Pb:Mn 0.79 0.07 0.79 0.05 0.70 0.02 0.91 0.07 0.91 0.09
Pb:Ni 0.84 0.04 0.84 +0.00 0.80 0.03 0.32 0.04 0.32 0.12
Pb:Sn 0.38 0.04 0.43 i 0.15 0.33 0.06 0.49 0.06 0.69 0.02
Pb:Sr 0.78 0.06 0.75 0.05 0.65 0.07 0.95 0.04 1.03 0.04
Pb:Zn 0.78 0.07 0.75 0.07 0.63 0.02 0.78 0.04 0.66 0.02

Mean Fill Factor, FF [%]
Material 63Pb:1B' 3lPb:1B' 15Pb:1B' 7Pb:1B' 3Pb:1B'

Pb Only 67.53 t 2.54
Pb:Co 63.33 i 11.91 71.43 2.04 66.99 2.91 64.19 5.42 47.61 9.65
Pb:Cu 62.49 + 2.61 53.72 3.17 52.03 + 5.95 55.51 E 4.55 47.70 3.99
Pb:Fe 60.25 t 3.43 53.47 4.94 62.44 2.70 21.39 1.75 23.06 6.10
Pb:Mg 66.41 5.78 69.20 2.14 67.12 1.43 52.63 10.61 40.80 5.11
Pb:Mn 67.24 2.45 64.35 1.56 67.04 1.59 63.32 8.40 47.58 9.12
Pb:Ni 67.83 6.01 64.52 t 6.03 55.04 3.33 49.46 4.97 46.45 6.01
Pb:Sn 53.39 4.89 50.29 t 5.06 44.63 3.81 44.81 5.29 57.87 12.05
Pb:Sr 69.60 2.99 69.97 0.83 68.12 4.27 60.05 4.48 53.38 10.95
Pb:Zn 70.73 i 1.62 71.49 0.82 69.32 2.56 70.94 1.93 67.95 5.75

Mean Power Conversion Efficiency, PCE 1%]
Material 63Pb:1B' 3lPb:1B' 15Pb:1B' 7Pb:1B' 3Pb:1B'

Pb Only J 7.27 1.18
Pb:Co
Pb:Cu
Pb:Fe
Pb:Mg
Pb:Mn
Pb:Ni
Pb:Sn
Pb:Sr
Pb:Zn

9.03
9.18
1.51
8.35
7.87
8.40
1.63
9.26
9.69

i
i+

i+

t

1.91
0.60
0.17
0.56
1.19
0.78
0.32
0.74
0.51

9.88
6.89
1.08
7.09
7.57
6.98
2.61
7.91
8.92

t

t

t

t

0.69
0.93
0.60
1.45
1.18
0.84
1.34
1.00
0.79

9.06
5.12
1.98
5.15
6.26
4.28
1.38
4.66
7.02
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i
i
i
i

i

0.61
1.28
0.17
1.25
0.49
0.97
0.58
0.82
0.50

7.23
3.87
0.00
0.77
1.33
0.02
2.99
0.92
8.83

i
+

i

t

0.82
0.82
0.00
0.54
1.28
0.02
0.91
0.10
0.94

1.73
4.00
0.06
0.24
0.37
0.01
6.51
0.13
2.43

0.61
1.81

i 0.08
* 0.34
i 0.25

0.01
2.10
0.04
1.65



Table 6.4: The best measured performance metric for each mixed-metal composition.
Jc, Vc, and FF do not necessarily correspond to the device with the champion PCE.

Material

Pb Only

Best Short-Circuit Current Density, J,, [rmA/cm 2J
63Pb:1B' 3lPb:1B' 15Pb:1B' 7Pb:1B' 3Pb:1B'

18.97
Pb:Co 19.82 19.06 17.00 14.35 9.57
Pb:Cu 18.19 16.26 14.57 15.24 19.10
Pb:Fe 4.94 4.97 4.29 0.04 0.91
Pb:Mg 15.76 16.39 14.91 4.06 1.86
Pb:Mn 17.25 17.31 15.01 6.18 1.39
Pb:Ni 18.40 15.31 13.24 0.33 0.13
Pb:Sn 11.62 14.14 12.22 15.69 20.40
Pb:Sr 19.17 17.71 12.89 1.96 0.38
Pb:Zn 19.71 18.18 16.61 16.99 13.19

Best Open-Circuit Voltage, V0, [V]
Material 63Pb:1B' 3lPb:1B' 15Pb:1B' 7Pb:1B' 3Pb:1B'

Pb Only 0.82
Pb:Co 0.85 0.87 0.89 0.94 0.84
Pb:Cu 0.93 0.94 0.87 0.80 0.86
Pb:Fe 0.68 0.73 0.84 0.57 0.77
Pb:Mg 0.92 0.91 0.73 0.96 0.94
Pb:Mn 0.91 0.88 0.74 0.96 1.01
Pb:Ni 0.91 0.85 0.85 0.40 0.52
Pb:Sn 0.46 0.71 0.50 0.68 0.73
Pb:Sr 0.88 0.84 0.84 1.02 1.11
Pb:Zn 0.89 0.88 0.65 0.82 0.70

Best Fill Factor FF [%]
Material 63Pb:1B' 3lPb:1B' 15Pb:1B' 7Pb:1B' 3Pb:1B'

Pb Only 72.14
Pb:Co 74.10 76.11 71.04 68.82 54.34
Pb:Cu 66.55 61.29 61.01 62.88 66.16
Pb:Fe 64.67 63.03 66.59 26.21 36.90
Pb:Mg 75.10 72.61 70.36 68.95 48.63
Pb:Mn 70.65 67.50 70.19 73.58 59.52
Pb:Ni 76.62 71.94 59.38 56.51 54.77
Pb:Sn 63.25 57.44 51.14 60.36 70.94
Pb:Sr 75.37 71.69 70.90 66.82 65.90
Pb:Zn 73.19 73.02 72.98 73.78 73.03

Best Power Conversion Efficiency, PCE [%]
Material 63Pb:1B' 3lPb:1B' 15Pb:1B' 7Pb:1B' 3Pb:1B'

Pb Only 10.27
Pb:Co
Pb:Cu
Pb:Fe
Pb:Mg
Pb:Mn
Pb:Ni
Pb:Sn
Pb:Sr
Pb:Zn

11.37
10.14
1.78
9.37
10.38
9.95
2.32
10.81
10.62

11.11
8.37
1.75
9.71
10.02
8.53
5.30
9.29
10.41

10.21
6.57
2.29
7.11
7.17
6.01
2.38
5.58
7.69

8.66
5.46
0.01
1.74
4.30
0.06
4.89
1.16
9.88

4.14
8.29
0.22
0.76
0.68
0.04
9.25
0.21
6.04
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However, as more Pb is replaced, the photocurrent begins to decrease and the cur-

rent drop becomes quite appreciable between the 15Pb:1B' and 7Pb:1B' molar ratios

for Mg, Mn, Ni, and Sr. The perovskite active layer is even more tolerant of Co, Cu,

and Zn whose 3Pb:1B' devices achieve efficiencies near or exceeding 2%, whereas the

other metals have efficiencies at mere fractions of a percent. Although each secondary

metal species has its own tolerance limit, as a general rule the perovskite active layer

suffers significant decreases in photovoltaic performance for Pb replacement levels ex-

ceeding 7Pb:1B'. The transition metal that appears to be the most highly tolerated

by the perovskite material is Zn, whose MA(7Pb:lZn)1 3 composition achieves an av-

erage PCE of 8.8%, which is considerably greater than the average 7.3% achieved by

pure Pb devices.

The odd behavior of the Pb:Fe can be partially explained by its photoluminescence

emission. As is shown in Figure 6-17, the photoluminescence emission from every film

in the Pb:Fe series is two orders of magnitude lower than the pure Pb control sample.

In fact, the PL intensity exhibits a 260-fold decrease when only 1/ 64 th of the Pb2+

content is replaced with Fe2+. This suggests that the material has an abundance

of traps that promote non-radiative recombination, thereby depleting the amount of

photocurrent available for extraction from the devices. It is well-documented that the

introduction of Fe into silicon solar cells is very detrimental to performance, as iron

atoms have a large capture cross-section, whereby they preferentially trap electrons

when the Fe atoms exist as interstitial or substitutional defects in the Si lattice. 11461

It is likely that iron behaves similarly in perovskite systems.

The contrary behavior of Pb:Sn mixtures can be largely explained by the film mor-

phology presented in Figure 6-10. The SEM images reveal that the 3Pb:lSn film has

substantially larger grains than samples with lower amounts of Sn. The morphologies

between 7Pb:lSn and 63Pb:lSn display some of the smallest grains observed from the

whole set of mixed-metal materials. It has been demonstrated that perovskite films

with larger grains generally exhibit improved photovoltaic performance since there

is less chance of non-radiative recombination occurring at trap sites in grain bound-

aries. Hence, the smaller grain films are more likely to experience lower photocurrents
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Figure 6-17: The photoluminescence emission spectra for MA(Pb:Fe)1 3 perovskite
films show substantial emission quenching as illustrated by (a) linear and (b) loga-

rithmic plots of emission intensity.

and lower photovoltages, which is the trend observed for this set of devices. At only

95% purity, Sn(OAc) 2 is the least pure acetate precursor salt used in the study. One

explanation for the small grain-size might be that one of the impurities in the pre-

cursor is capable of disrupting perovskite crystallization in small amounts, but the

perovskite lattice is able to exclude it at higher loadings and cause it to separate into

a different phase that is more electronically benign. Perhaps the bright white spots

seen in the SEM images for the 3Pb:lSn and lPb:lSn samples (Figure 6-10) corre-

spond to a domain of this impurity, which appear to be charging compared to the

large perovskite grains. This explanation is further supported by the observation that

the open-circuit voltages and fill-factors were improved in the Pb:Sn samples upon

additional light-soaking, which indicates that the films contain high densities of sub-

gap trap states that must be first filled with photogenerated carriers before optimum

performance can be achieved. In order to be consistent with the other mixed-metal

systems, the data reported in Figure 6-16 and Tables 6.3 and 6.4 correspond only to

the measurements made after the standard five minutes of light-soaking performed

before measuring the JV curves for each device throughout the entire study.
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6.4.2 Trends in Current-Voltage Characteristics

The current-voltage characteristic for both the forward and reverse sweeps of the

champion solar cell for each mixed-metal embodiment is shown in Figure 6-18. As

is expected for perovskite solar cells with the inverted architecture, the forward and

reverse scans of the pure Pb device are indeed identical. However, hysteresis does

arise in many mixed-metal systems and generally becomes more pronounced as more

Pb atoms are substituted with a second metal species. For many secondary metal

species, the scan from short circuit to forward bias appears normal, but the scan from

forward bias to short circuit often noticeably overshoot the current near the maximum

power point for 7Pb:1B' and 15Pb:1B' samples. These findings suggest that while the

photovoltaic behavior of the perovskite lattice is generally quite tolerant to the second

metal species, if too many Pb atoms are replaced the additional ions have difficulty

securing stable positions within the film and are more likely to become mobile during

device operation. The mobile ions can induce the observed hysteresis by adopting a

configuration during the forward sweep that is more favorable, such that the reverse

scan shows initially excellent performance but then adjusts as these charges relax to

their original sites. [169]

The hysteresis is the most dramatic for blends of Ni, Fe, and Co whereas it is

minimal in Cu, Mg, Sr, and Zn mixtures.

6.4.3 Trends in External Quantum Efficiency

External quantum efficiency (EQE) measurements were performed on multiple solar

cells of each mixed-metal composition. The EQE spectra reported for each mixed-

metal set in Figure 6-19 were selected from the same device batch to ensure that

changes between devices in a given series is a result of changing the metal the Pb:B'

ratio rather than batch to batch variation. Hence, the measurements for the MAPbI 3

control devices will vary slightly between each set of blends. Measuring external quan-

tum efficiency yields how efficiently incident photons of a given energy are converted

to charges that are collected by the solar cell. As is shown by each of the panels
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Figure 6-18: Forward and reverse current-voltage (JV) characteristic scans measured
from the best performing solar cell for each composition in each mixed-metal material
set: (a) Pb:Co, (b) Pb:Cu, (c) Pb:Fe, (d) Pb:Mg, (e) Pb:Mn, (f) Pb:Ni, (g) Pb:Sn,
(h) Pb:Sr, and (i) Pb:Zn.

in Figure 6-19, the overall shape of the MAPbI3 device remains consistent between

device batches. Current starts to be produced near a wavelength of 800 nm and the

efficiency quickly rises near the absorption edge and a local maximum occurs around

750 nm. As the photon energies continue to increase there is a small dip in efficiency

which is later recovered and the maximum EQE is achieved around 525 nm, which is

followed by a stepped drop off in efficiency further into the UV as the solar spectrum
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irradiance drops with increasing photon energy.

As expected, the peak efficiency of each composition generally correlates with the

trends in the J,, of the solar cells. It does not always correlate with the overall PCE

trends because the EQE measurements only consider current and do not capture

photovoltage or fill factor. For this reason, some devices that have low photovoltages,

such as some of the Pb:Sn have better than expected EQE intensities.

For many mixed-metal material sets, such as Pb:Ni (Figure 6-19f) and Pb:Mg

(Figure 6-19d), the shape of the EQE spectra retains the overall character of the pure

MAPbI 3 plot and the intensity reduces uniformly with increasing B' content until

7Pb:1B', at which point the shape changes and the device is relatively more efficient

at converting long wavelengths rather than short ones into current. This behavior

is clearly demonstrated by the Pb:Mn blends in Figure 6-19e. The 15Pb:lMn curve

is very similar to MAPb13 and the shape near the absorption edge is maintained

in the MA(7Pb:lMg)I 3 spectra, but the efficiency is relatively reduced at shorter

wavelengths. The curve becomes even flatter for MA(3Pb:lMg)1 3 where the efficiency

at longer wavelengths is also reduced.

Several of the secondary metal species seem to change the shape of the EQE curves

in certain wavelength bands. For instance, in Pb:Sr blends (Figure 6-19h), introduc-

ing a simall amount of Sr preserves the EQE at short wavelengths, as evidenced by

the identical spectra of MA(63Pb:lSr)1 3 and MA(3lPb:lSr)I 3 between 350 and 450

nm, but causes the local maximum near the absorption edge to flatten. Similarly,

substituting only 1 / 6 4 th of the Pb2+ with Co2 + causes the EQE to improve in the UV

as evidenced by a boost in efficiency between 350 and 400 nm as well as from 600 to

700 nm in Figure 6-19a.

Perhaps the most dramatic improvement in the EQE occurs for the Pb:Zn devices.

As shown by Figure 6-19i, the incorporation of Zn causes the EQE spectrum to rise

substantially across all wavelengths. Interestingly, as the Zn content increases, only

the efficiency between 450 and 800 nm decreases while the efficiency between 300 and

400 nm is maintained with only slight reductions until the Zn content reaches 25%.
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Figure 6-19: Typical external quantum efficiency measurements for each composition
in the mixed-metal perovskite sets: (a) Pb:Co, (b) Pb:Cu, (c) Pb:Fe, (d) Pb:Mg, (e)
Pb:Mn, (f) Pb:Ni, (g) Pb:Sn, (h) Pb:Sr, and (i) Pb:Zn. Note that the MAPbI 3 curve
in each plot corresponds to the control device that was fabricated in the same device
set as the presented mixed-metal devices.
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Figure 6-20: The optical band gap, Eg, is estimated by fitting a line to the edge of the

EQE and extracting the intercept at the x-axis for each set of mixed-metal devices:

(a) Pb:Co, (b) Pb:Cu, (c) Pb:Fe, (d) Pb:Mg, (e) Pb:Mn, (f) Pb:Ni, (g) Pb:Sn, (h)

Pb:Sr, and (i) Pb:Zn. Note that the MAPbI 3 curve in each plot corresponds to the

control device that was fabricated in the same device set as the presented mixed-metal
devices.
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Table 6.5: The optical band gap, Eg, is estimated by fitting a line to the edge of the

EQE and extracting the intercept at the x-axis for each set of mixed-metal devices.

Note that the MAPbI 3 curve in each plot corresponds to the control device that was

fabricated in the same device set as the presented mixed-metal devices. The measured

value is compared against DFT calculations performed in Chapter 5, if available for

the particular composition.

Optical Band
Gap, Eg [eVj
EQE DFT Material

Optical Band
Gap, Eg [eV]
EQE DFT

MAPbI 3  1.559 1.67 MAPbI 3  1.559 1.67
MA(63Pb:lCo)I 3  1.559 - MA(63Pb:lNi)I 3  1.564 -
MA(3lPb:lCo)I 3  1.559 - MA(3lPb:lNi)I 3  1.564 -
MA(15Pb:lCo)I 3  1.559 - MA(15Pb:lNi)I 3  1.564 -
MA(7Pb:lCo)I 3  1.564 - MA(7Pb:lNi)I 3  1.596 -
MA(3Pb:lCo)I 3  1.559 1.77 MA(3Pb:lNi)I 3  1.591 2.04
MAPbI 3  1.559 1.67 MAPbI 3  1.563 1.67
MA(63Pb:lCu)I 3  1.559 - MA(63Pb:lSn)I 3  1.560 -
MA(3lPb:lCu)I 3  1.559 - MA(3lPb:lSn)I 3  1.563 -
MA(15Pb:lCu)I 3  1.559 - MA(15Pb:lSn)I3  1.560 -
MA(7Pb:lCu)I 3  1.559 - MA(7Pb:lSn)I 3  1.406 -
MA(3Pb:lCu)I 3  1.559 - MA(3Pb:lSn)I3  1.312 1.34
MA(lPb:lCu)1 3  1.559 - MA(lPb:lSn)1 3  1.242 1.06
MAPbI 3  1.565 1.67 MAPbI3  1.564 1.67
MA(63Pb:lFe)I 3  1.565 - MA(63Pb:lSr)I 3  1.563 -
MA(3lPb:lFe)I 3  1.562 - MA(3lPb:lSr)I 3  1.563 -
MA(15Pb:lFe)1 3  1.565 - MA(15Pb:lSr)I 3  1.563 -
MA(7Pb:lFe)I 3  1.578 - MA(7Pb:lSr)I 3  1.572 -
MA(3Pb:lFe)I 3  1.569 - MA(3Pb:lSr)I 3  1.653 2.03
MAPbI 3  1.564 1.67 MAPbI 3  1.564 1.67
MA(63Pb:lMg)I 3  1.564 - MA(63Pb:lZn)I 3  1.564 -
MA(3lPb:lMg)I 3  1.564 - MA(3lPb:lZn)I 3  1.564 -
MA(15Pb:lMg)I 3  1.564 - MA(15Pb:lZn)I 3  1.564 -
MA(7Pb:lMg)I 3  1.569 - MA(7Pb:lZn)I 3  1.559 -

MA(3Pb:lMg)I 3 1.574 1.66 MA(3Pb:lZn)I 3 1.564 2.03
MAPbI3
MA(63Pb:lMn)I3
MA(3lPb:lMn)I3
MA(15Pb:lMn)I3
MA(7Pb:lMn)I3
MA(3Pb:lMn)1 3

1.565
1.562
1.562
1.562
1.562
1.556

1.67

1.48

MAPbI 3
MA(63Pb:1MAI)I3
MA(3lPb:1MAI)I3
MA(15Pb:1MAI)I3
MA(7Pb:1MAI)1 3
MA(3Pb:1MAI)I3

1.562
1.562
1.562
1.567
1.571
1.835

1.67
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The EQE spectra also provide information about changes in the optical band gap

of the materials. The band gap can be determined by generating Tauc plots where

the EQE is plotted against photon energy and a line is fitted to the absorption edge.

The optical band gap, E., is taken as the x-intercept of the linear fit. As shown

in the Tauc plots of Figure 6-20 and Table 6.5, the majority of the mixed-metal

compositions do not show a shift in band gap from MAPbI 3 . The DFT predictions

are also listed in Table 6.5 for convenient reference. As discussed in Chapter 5, the

DFT calculations predict that the band gaps of most MA(3Pb:1B')I materials will

be wider than that of MAPbI 3. Mixed-lattices of 3Pb:lNi, 3Pb:lSr, and 3Pb:lZn

are expected to increase by 0.37 eV. However, the EQE measurements show that

3Pb:lZn is identical to MAPbI3 and 3Pb:lNi only shifts by 0.032 eV. The EQE edge

for MA(3Pb:lSr)I3 produced the largest observed blue-shift with 0.09 eV, which is

still substantially less than than predicted.

On the other hand, the DFT calculations predicted that Eg for MA(3Pb:lMg)I3

would decrease by 0.01 eV, whereas an increase of 0.01 eV was measured. Likewise,

only a relatively small increase of 0.1 eV was predicted for MA(3Pb:lCo)I 3 whereas

no shift was observed.

The two remaining cases of MA(3Pb:lMn)1 3 and MA(3Pb:lSn)I 3 also follow the

trend indicated by DFT by demonstrating narrower band gaps. Although the Eg for

3Pb:1Mn was expected to narrow by 0.19 eV, only a 0.009 eV shift was observed.

The Pb:Sn devices follow the predicted trends the most closely by demonstrating

dramatically narrowed band-gaps for the 3Pb:lSn and lPb:lSn films.

If a wide-band gap mixed-metal perovskite material such as MA(3Pb:lZn)I 3 (ac-

cording to DFT predictions) is synthesized and put in contact with the pure MAPb13

material, any photogenerated charge carriers produced in MA(3Pb:lZn)1 3 would even-

tually relax down to the lower energy band edges of the MAPb13 material. Hence,

the EQE curve would still show a band gap at 1.57 eV even though both materials

are present. However, the presence of the high band gap phase would likely boost

the EQE near the absorption edge. Therefore, it is possible that one explanation

for the better performance of Pb:Co and Pb:Zn blends at higher wavelengths is that
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two phases of perovskites are forming, one of pure MAPbI 3 and one that is a true

mixed-metal with Co 2+ or Zn2+ occupying some of the B-sites. In this scenario as

the content of B' is decreased, it might be more likely to replace Pb2+ at the B-site

rather than form a whole new phase, however if only 1/ 64 th or I/ 3 2nd of the atoms

are replaced the regions around the substitution defect might behave like a pocket of

MA(3Pb:1B')I material surrounded by pure MAPbI 3.

This scenario also explains why the band gap shifts are obvious for Pb:Sn since

the band gap narrows with increasing Sn content. Hence, the photogenerated carriers

in a pure MAPbI would relax down to the band edges of the MA(3Pb:lSn)I 3 lattice

and hence the EQE edge would shift accordingly. Thus, the shifting of a mixed-metal

material to narrower band gaps would be obvious by a red-shift of the EQE edge,

whereas the shifting of a the material to a wider band gap might be obscured.

It is also a possibility that the second metal species never replace the B-site for

some of these materials and the EQE edge remains at the expected value for pure

MAPbI 3 because the only semiconducting crystalline phase in the film is actually

MAPbI3 and the second species forms some insulating, benign region that does not

contribute to photocurrent generation itself. Yet it could have a role in passivating

defects in the crystal, which would allow charges to be more effectively collected

throughout the film. One would expect EQE spectra to rise across the whole spectra,

but the increase might be larger at short and long wavelengths close to the band

edge. The reason is that high energy photons are absorbed closest to the illuminated

surface. Hence in our device the photogenerated holes are quickly collected, but the

corresponding electrons must traverse through the entire film before being collected

at the other side. Likewise, long wavelengths are more likely to penetrate deeper into

the perovskite and be absorbed closer to the electron transport layer. In this case, the

photogenerated electrons are quickly collected, but the holes must traverse the full

film thickness to reach its electrode. This also might explain why Co blends improves

efficiencies at either end of the spectrum.

Conversely, if the additional phase is not benign but produces traps, it would cause

the whole EQE spectra to drop uniformly, which would explain the behavior observed
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at high Pb replacement levels. It is also possible EQE and photocurrent drops are

a result of the grains becoming electrically isolated from either one another or the

electrodes by insulating material phases or physical gaps, such as those observed form

MA(3Pb:lCo)1 3 in Figure 6-4.

6.4.4 Control Devices

Two sets of control devices were fabricated to investigate how sensitive the device

performance is to two other variables in the fabrication conditions: the concentration

of the perovskite solution and the molar ratio of MAI:Pb(OAc)2. These conditions are

labeled as Pb:DMF and Pb:MAI mixtures in the same manner used for the mixed-

metal compositions. These controls are intended to evaluate whether two possible

events happen during the fabrication process of the mixed-metal perovskite compo-

sitions:

1. Pb:DMF is intended to evaluate how a device would perform if the B'(OAc) 2

and its corresponding MAI molecules do not become incorporated in the film.

Although it is unlikely, one could imagine that the B'(OAc) 2 and any excess MAI

might evaporate out of the film, should that compound be sufficiently volatile.

Hence, the remaining film would be pure MAPbI but would be thinned since a

lower amount of Pb salt was included in the original perovskite solution. This

situation is simulated by diluting the initial 0.8 M Pb(OAc) 2 and 2.4 M MAI

solution with the appropriate amount of DMF.

2. Pb:MAI is intended to evaluate how a device would perform in the event that

MAI is unsuccessful at detaching the acetate ions from the B' 2 + ions. In this

situation, the molar ratio between MAI and Pb(OAc) 2 would become higher

than 3:1. By intentionally changing this ratio, the impact of a stoichiometric

mismatch between MAPbI 3 precursors on device performance was evaluated.

For each of these conditions several devices were fabricated and tested in the same

manner as the devices with mixed-metal compositions. However, instead of using a

298



solution of 2.4 M MAI and 0.8M B'(OAc) 2 in DMF to replace part of the lead content,

neat DMF was used for the Pb:DMF cases and 2.4 M MAI in DMF was used for the

Pb:MAI cases. The photovoltaic performance statistics, champion JV curves, and

the EQE spectra for both of these control sets are shown in Figure 6-21. Likewise, the

average and champion performance metrics for both of these controls are tabulated

in Table 6.6 and 6.7, respectively.
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Figure 6-21: The photovoltaic performance of control devices where the MAPb13 ma-
terial is diluted with DMF (Pb:DMF) or has an stoichiometric mismatch between the
MAI and Pb(OAc) 2 precursor materials (Pb:MAI). (a) The compiled average perfor-
mance metrics of planar mixed-metals for each composition. Error corresponds to
the standard deviation. (b-c) Forward and reverse current-voltage (JV) character-
istic scans measured from the best performing solar cell for each control set. (d-e)
Typical external quantum efficiency measurements for each each solar cell control.

For each set of controls, the usual MAPb13 device performed better on average

than any of the control conditions. This demonstrates that both the 3:1 MAI:Pb(OAc) 2

molar ratio and the concentration of the perovskite solution have been properly opti-

mized to maximize photovoltaic power conversion efficiency for the pure Pb baseline

devices. As expected, the Pb:DMF devices supply lower currents as the perovskite

solution becomes increasingly dilute since thinner perovskite films are formed on the
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Table 6.6: The compiled average performance metrics for each solar cell
corresponds to the standard deviation.

control. Error

Mean Short-Circuit Current Density, J,, [mA/cm 2

Material

Pb Only

63Pb:1B' 3lPb:1B' 15Pb:1B'
16.02 1.62

7Pb:1B' 3Pb:1B'

Pb:DMF 15.31 1.64 15.50 1.04 15.10 0.98 13.37 1.38 11.95 1.87
Pb:MAI 14.06 t 2.69 13.72 2.31 14.92 1.56 10.53 3.80 3.24 1.11

Mean Open-Circuit Voltage, Vc [V]
Material 63Pb:1B' 3lPb:1B' 15Pb:1B' 7Pb:1B' 3Pb:1B'

Pb Only 0.67 0.07
Pb:DMF 0.63 0.08 0.65 0.04 0.62 0.04 0.62 0.05 0.54 0.03
Pb:MAI 0.62 0.08 0.65 0.04 0.71 0.10 0.84 t 0.15 0.55 0.26

Mean Fill Factor, FF [%]
Material 63Pb:1B' 3lPb:1B' 15Pb:1B' 7Pb:1B' 3Pb:1B'

Pb Only 67.53 2.54
Pb:DMF 63.17 7.32 67.02 2.99 69.11 1.42 69.31 1.48 68.76 1.41
Pb:MAI 67.72 1.62 67.51 3.68 70.68 2.79 70.35 2.17 51.87 7.90

Mean Power Conversion Efficiency, PCE [%]
Material 63Pb:1B' 3lPb:1B' 15Pb:1B' 7Pb:1B' 3Pb:1B'

Pb Only 7.27 1.18
Pb:DMF 6.33 1.90 6.82 0.81 6.45 t 0.84 5.74 1.01 4.46 0.67
Pb:MAI 5.93 1.35 6.14 1.43 7.63 2.07 5.87 1.27 1.05 0.80

substrate. Thinner films also produce slightly higher fill factors since charge carriers

generated in the bulk of the film have a shorter distance to travel to the electrodes

and have less grain boundaries to pass through, which results in lower series resis-

tances. The Pb:MAI cases are more interesting because they display similar trends

to those observed in the mixed-metal compositions - the voltage generally increases

with higher levels of replacement until the 3Pb:1MAI condition, while the current

sees a precipitous drop after 7Pb:1MAI. The main difference between this set and the

mixed-metal compositions is that the average performance does not improve above

the baseline efficiency. However, the 15Pb:1MAI case did once produce an 11% ef-

ficient solar cell, which outperforms the champion baseline MAPbI 3 device. This

finding does suggest that the performance of the solar cell is very sensitive to the

stoichiometric ratio of the MAI to acetate precursor materials, which is often difficult

to precisely control since both the acetate salts and MAI materials are hygroscopic

and the actual water content in the salts when massed is not known. Subsequent
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Table 6.7: The best measured performance metric for each solar cell control. J, Vc,
and FF do not necessarily correspond to the device with the champion PCE.

Best Short-Circuit
63Pb:1B' 3lPb:1B'

Current Density, J,, [rnA/cm 2]
15Pb:1B' 7Pb:1B' 3Pb:1B'

18.97
DMF 18.24 17.45 17.21 16.03 14.49

MAI 18.58 16.77 17.53 17.17 4.93

Best Open-Circuit Voltage, V0c [V]

Material 63Pb:1B' 3lPb:1B' 15Pb:1B' 7Pb:1B' 3Pb:1B'

Pb Only 0.82
DMF 0.72 0.72 0.69 0.67 0.59

MAI 0.81 0.70 0.85 0.96 0.97

Best Fill Factor FF [%]
Material 63Pb:1B' 3lPb:1B' 15Pb:1B' 7Pb:1B' 3Pb:1B'

Pb Only 72.14

DMF 71.45 72.41 71.85 71.59 70.94

MAI 70.30 71.58 75.17 73.47 62.75

Best Power Conversion Efficiency, PCE [%]

Material 63Pb:1B' 3lPb:1B' 15Pb:1B' 7Pb:1B' 3Pb:1B'

Pb Only 10.27
8.62
7.76

8.12
7.98

8.20
11.00

7.62
8.23

5.61
2.90

attempts failed to reproduce this 11% performance in four different device batches.

Figure 6-22: The color of the pure Pb
excess of MAI is added to the precursor
of the solar cell.

perovskite film changes when a significant

solution used to synthesize the active layers
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The other interesting feature of the Pb:MAI control batches is that the color of

the film changed from the usual dark brown color to red for 3Pb:1MAI and yellow

for 1Pb:1MAI samples as is seen in Figure 6-22. This result is consistent with the

EQE trends shown in Figure 6-21e where the MA(lPb:1MAI)1 3 and MA(3Pb:1MAI)I3

compositions produce substantially less current with low energy photons. Although

absorption is not efficient between 650 and 800 nm, there is a long absorption tail

in this region, which suggests that it might still be the MAPbJ3 material but have a

number of trap states in the band gap that are detrimental to performance. Alter-

natively, the excess of MAI might also induce an increased amount of disorder that

prevents the material from fully crystallizing. In contrast, Figure 6-21d shows that

the Pb:DMF control series maintained the same EQE edge near 800 nm but the effi-

ciency at low photon energies was reduced for thinner samples. This can be explained

simply by the fact that thinner films are not able to fully capture these photons and

some red and infrared light passes through the films without being absorbed.

6.5 High-Performing Mixed-Metal Perovskite Com-

positions with Reduced Toxicity

The champion current-voltage characteristics presented in Figure 6-18 demonstrate

that there are several high-performing devices made from mixed-metal compositions

with a high level of lead replacement. The performance parameters for the champion

solar cells from each metal fraction is summarized in Table 6.8.

There are two non-toxic metal species that are capable of replacing 25% of the Pb

content and achieve high power conversion efficiencies. Specifically, a PCE of 9.3% and

8.3% was measured for champion MA(3Pb:lSn)I 3 and MA(3Pb:lCu)1 3 devices, re-

spectively. Several previous studies have demonstrated that Sn2+ can homogeneously

replace Pb2+ at the B-site of the perovskite lattice, as is evidenced by gradual changes

in the lattice parameters and band gap of the mixed material with increasing Sn con-

tent. [129, 132, 150] However to our knowledge, the 9.3% MA(3Pb:lSn)1 33 device is
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Table 6.8: Summary of champion solar cells for various levels of Pb replacement by
a second metal species

B' Pb B' Device Jsc VOC FF PCE
[%] [%] Designation [mA/cm 2] IV] [%] 1%]

50.00 50.00 Cu MA(lPb:lCu)1 3  11.3 0.70 47.5 3.4
50.00 50.00 Sn MA(lPb:lSn)1 3  8.9 0.62 39.3 2.2
25.00 75.00 Sn MA(3Pb:lSn)I 3  18.3 0.73 69.5 9.3
12.50 87.50 Zn MA(7Pb:lZn)I3  16.6 0.82 73.1 9.9
6.25 93.75 Co MA(15Pb:lCo)I 3  16.9 0.86 70.3 10.2
3.13 96.87 Co MA(3lPb:lCo)I 3  19.1 0.83 70.0 11.1
1.56 98.44 Co MA(63Pb:lCo)I3  19.0 0.84 71.5 11.4

0 100.00 - MAPbI3  19.0 0.78 69.2 10.3

the highest reported mixed-metal device where 25% of the metal content is composed

of tin. In order to further assess the ability of Sn and Cu to replace Pb content,

MA(lPb:B')1 3 devices with 50% Pb replacement were synthesized. The results for

the best devices from each set are shown in Table 6.8, although neither of these have

surpassed a 4.2% record MA(lPb:lSn)1 3 device produced by Ogomi et al. 11291

6.5.1 MA(Pb:Sn)1 3 Mixtures

The only mixed-metal system that has been previously characterized in detail uses

Sn as the secondary metal species. Therefore, it is prudent to compare the results of

our mixed Pb:Sn system with previous findings, especially as this is the first report

of using acetate precursors to generate mixed-metal perovskites. The most notable

feature of this system is that the band gap of the perovskite material narrows with

increasing Sn content. As shown by the Tauc plots for our Pb:Sn devices in Figure

6-20g, the EQE edge is nearly identical to that of pure Pb for samples with low

levels of Sn. However, the edge noticeably red-shifts from 1.56 eV to 1.41 eV once

the Sn content reaches 1/ 8 th Pb replacement in the MA(7Pb:lSn)I 3 device. As the

Sn content increases to 3Pb:lSn and lPb:lSn molar ratios, the EQE edge continues

to red-shift to 1.31 eV and 1.24 eV, respectively. As presented in Table 6.9, these

values are nearly identical to the band gaps previously reported for mixed Pb:Sn

films. [129] This suggest that the Sn2+ ions are indeed replacing Pb2+ at the B-site
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of the perovskite lattice even when the acetate precursors are utilized.

Table 6.9: Comparison of measured and published band gaps for mixed-metal
MA(Pb:Sn)1 3 perovskites

Band Gap, Eg leVi

Material DFT EQE Ref j Experimental
Edge % Difference

MAPbI3  1.67 1.56 1.57 0.6%
MA(3Pb:lSn)I 3  1.34 1.31 1.31 0.0%
MA(lPb:lSn)1 3  1.06 1.24 1.28 3.1%

aExperimental band gaps referenced here are the values reported by Ogomi et al in reference [1291.

The fact that the band gap gradually transitions with increasing content and

that the observed trend matches the DFT predictions, strongly suggests that B-site

substitution is occuring for the 7Pb:lSn and 3Pb:lSn blends, rather than perovskite

phase separation where both pure MAPbI3 and MASnI 3 exists side-by-side in the

film. In such a situation, one would expect the EQE edge to jump straight to 1.2 eV,

the observed value for pure MASn13. It must be noted however, that it is unclear

whether the MA(lPb:lSn)1 3 is mixed or phase separated since the band gap predicted

by DFT in Section 5.5.1 for this case is nearly indistinguishable from the value for

MASnI.

6.5.2 MA(Pb:Cu)I3 Mixtures

The identification of Cu as a possible replacement for Pb is a new finding and merits

some attention. Although a champion value of 8.3% was obtained for MA(3Pb:lCu)I 3

devices, only one batch of devices was able to attain this level of performance and these

devices only achieved high performance during the first current-voltage characteristic

measurement. When a second measurement was performed after another five minutes

of light soaking, the JV curve was unstable as the measured photocurrent was often

discontinuous during the reverse voltage sweep from the forward bias towards short-

circuit conditions. To explore the possible origins of this strange behavior a set of JV

sweeps was performed after the solar cell was held at forward bias in the open-circuit

configuration for various periods of time. Doing so allows mobile ions and charges to
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migrate to a new configuration that might either promote performance or damage it.

These tests revealed several interesting observations:

1. The 8.3% solar cell was able to recover from its erratic encore performance after

several hours of resting and operate with well-behaved JV curves. However the

performance was reduced from 8.3% to 4.3%.

2. As the devices are held at forward bias for longer periods of time, the hysteresis

between the forward and reverse sweeps grows until the reverse sweep becomes

erratic.

It is unclear exactly why substituting Cu 2 + produces this behavior, however we spec-

ulate it is related to the fact that copper is the only ion out of those investigated that

is more stable in a monovalent form. It is possible that sometimes the initial mixed-

metal perovskite contains Cu 2+ ions at the B-site, however during device operation,

photogenerated electrons or mobile iodide ions might reduce the Cu 2+ species to Cu+,

which would locally disrupt the perovskite crystal and create a set of newly formed

mobile ions that would account for the erratic JV behavior. The Cu+ ions would

then be unable to replace the B-site cation in the perovskite lattice and would form

a second phase of CuI in the perovskite film, allowing the device to operate again.

It has been reported that CuI is an efficient hole transport material for perovskite

devices, 1170] and it is possible that it might initially benefit device performance by

providing a pathway for hole-transport from the bulk of the lattice. However, CuI

can also act as a shunt if it directly contacts the fullerene layer, which would ex-

plain why the shunt resistance is noticeably lower for the JV curves of the Pb:Cu

blends in Figure 6-18b. A second material phase is clearly observable in the lPb:lCu

SEM image presented in Figure 6-5. Furthermore, the XRD spectra for 3Pb:lCu

and 7Pb:lCu films (Figure 6-2b) display an additional peak at 29 = 25.2*, which is

consistent with the (111) planes of CuL. The JV curves for the Pb:Cu devices are

also the only ones to demonstrate deviation from diode behavior near reverse bias

conditions. This suggests that these films have some intrinsic ferroelectric behavior.
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Figure 6-23: The effect of holding each composition of mixed-metal MA(Pb:Cu)1 3
solar cells at forward bias (1.4 V) between 0 and 60 s prior to JV curve measurement.
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Figure 6-23 presents the results of a study where the MA(Pb:Cu)1 3 devices, includ-

ing the exact device that achieved the 8.3% performance, were first held at forward

bias (Vbias = 1.4 V) for 0 to 60 seconds prior to measuring the JV curves. For short

hold times, the MA(3Pb:lCu)1 3 had minimal hysteresis. However, as the hold times

lengthen, the hysteresis between forward and reverse scans increases until eventu-

ally the reverse scan completely destabilizes and the JV curve becomes erratic. The

devices with lower Cu content demonstrate an increase in hysteresis with increasing

hold times, but this instability is not observed. Rather, the MA(7Pb:lCu)1 3 sweeps in

Figure 6-23 show substantial deviation from diode behavior near reverse bias, which

suggest that the material is somewhat ferroelectric and is able to switch its polariza-

tion with applied bias. The only reason the device is not completely poling is that the

device structure is asymmetric and charges are unable to be efficiently collected from

the device when the applied bias switches polarity. This behavior is also witnessed

to a lesser degree in MA(15Pb:lCu)I 3. For devices with even lower Cu content, the

JV curves become well-behaved and very little hysteresis or anomalous behavior is

observed regardless of bias time.

When the behavior of a device changes substantially with initial biased hold times,

some charged particles are responding to the applied electric field through the device

and are migrating into a new configuration. Since this behavior is exacerbated with

increasing Cu content, it is reasonable to conclude that the Cu content is indeed

reponsible for the behavior. It is likely that films with higher Cu content contain

more mobile ions or charge carriers that are able to slosh around in response to the

electric field and create substantial hysteresis that generate unfavorable conditions

for device performance.

6.6 Mechanisms for Performance Improvement

By performing both computational and experimental screening studies that evaluate

both the theoretical and empirical properties of mixed-metal perovskite films, it is

evident that this set of materials is incredibly rich and is displaying many interesting
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behaviors that are of both scientific and practical interest. The device performance

results clearly reveal that the MAPbI3 is remarkably tolerant to the introduction of

many metal species and in several cases the addition of the second metal species has

statistically improved device performance over the pure Pb control devices for this

particular architecture of perovskite solar cells. The task at hand now is to further

investigate the mixed-metal perovskite films in an effort to understand how these

secondary species improve performance.

6.6.1 Approach

The central challenge is that each of the 45 mixed-metal embodiments studied could

be displaying different behavior and analyzing each individually would require sub-

stantial time and resources. Since this study is intended to screen through the 45

conditions to identify the situation that maximizes device performance, the embodi-

ment that exhibited the best average performance was chosen for detailed investiga-

tion: MA(3lPb:lCo)I 3. Although there is no guarantee that the mechanism by which

Co 2+ improves performance at this metal fraction is the same as that of other metals,

it might be representative of other transition metals and at the very least provide

some clues that could allow mixed-metal devices to display even higher performance

metrics.

Tonic Substitution of Pb Bulk Phase Separation Into Segregation of V Species to Stratified Phase Separation into
with B" MAPb 3 and B'-rich Grains Grain Boundaries of MAPbI3  MAPbI, and B-dch Layers

Figure 6-24: There are several possible physical places that the secondary metal
species could exist within each mixed-metal perovskite embodiment. a) The B '2+ ions
could be replacing the Pb2+ ions at the B-site of the crystal lattice. b) The B' species
could be forming a separate crystalline or amorphous phase that is homogeneously
distributed throughout the film. c) The B' could be excluded from pure Pb perovskite
grains and sit at the grain boundaries. d) The B' species could be stratifying and
preferentially forming a secondary phase at an interface with either the hole or electron
transport layer.
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The approach taken here is to perform specialized measurements on the mixed-

metal MA(31Pb:lCo)1 3 material in order to provide additional information that could

shed light on the underlying reason why this composition produces the best solar cells

with the established fabrication procedure. The main pieces of information that are

missing from the previous analyses are:

1. The location of the Co atoms in the perovskite film.

2. How replacing Pb with Co influences the energy of the band edges and Fermi

level in the perovskite materials.

As illustrated by Figure 6-24, there are a number of possible options for where the Co

atoms could be within the film and establishing their location is paramount to crafting

an explanation that correctly interprets the previous device performance and materi-

als characterization data. Likewise, understanding how Co changes the energetics of

the perovskite material with respect to the other materials in the inverted architec-

tures could provide important clues about the photovoltaic performance trends.

6.6.2 Elemental Identification

Two methods were used to identify the elements present in some of the mixed-metal

perovskite films: x-ray photoelectron spectroscopy (XPS) and energy-dispersive x-ray

spectroscopy (EDX). XPS measurements were performed on films of MA(3lPb:lCo)I 3

and MA(3lPb:lMg)I 3 and in each case Co or Mg was identified in significant quanti-

ties in the film. This result confirms that the secondary metal species remains in the

perovskite film and do not evaporate out of the film.

Now that the presence of Co has been established, the next step is to determine

where the Co atoms are located within the mixed-metal MA(3lPb:lCo)1 3 film. To

do so, a TEM cross-section was milled from the film with a focused ion beam to

allow high-resolution imaging and elemental mapping to be performed over the film

cross-section. High-resolution transmission electron microscopy of the cross-section

in Figure 6-25a shows both the PEDOT:PSS layer and the perovskite film. Figure 6-

25b presents a high-magnification image of the perovskite materials which shows that
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allows the material is indeed crystalline, there are local regions where the crystallinity

is disrupted and the region is amorphous.

Figure 6-25: a) Low magnification of the film cross-section and b) high-resolution
image of the perovskite material for MA(3lPb:lCo)I3 .

Elemental mapping was performed on the cross-section shown in Figure 6-26a

using energy-dispersive x-ray spectroscopy (EDX) to generate the maps of I, Co,

and Pb shown in parts b-d. It is clear from these images that Pb and I are evenly

distributed throughout the perovskite layer, although some local variation does exist

that suggest that the Pb and I content can vary slightly from grain to grain. In

contrast, the Co atoms are dispersed throughout the film but their distribution is not

homogeneous. Rather the Co atoms appear to outline regions that are populated by

Pb and I, which suggests that the Co atoms are mostly exluded from the perovskite

crystal lattice and are relegated to the grain boundaries. The composite image shown

in Figure 6-26e helps to identify the different strata of the device cross-section. The

EDX energy spectra in Figure 6-26f confirms that Co is indeed present in sufficient

quantity to generate a peak above the background noise. By integrating the number

of counts of each element over the entire map, an estimate of the relative amounts of

each element in the sample can be compared against one another. It is encouraging

that Co comprises 3.6% of the total metal content (i.e. (Co at.%)/((Co at.%)+(Pb
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at.%)) = 0.036), which is very close to the expected value of 3.1% based on the

stoichiometry of the original acetate-based precursor solution.

6.6.3 Band Alignment

Ultraviolet photoelectron spectroscopy (UPS) measurements were performed on PE-

DOT:PSS, PCBM, and the set of MA(Pb:Co)1 3 perovskite compositions in order to

establish how the Fermi level and band edge locations shift as a function of Pb:Co

mole ratio. These measurements provide the flat band energy levels with respect to

vacuum. The CBE is determined by using the measured optical band gap values,

which was determined from the Tauc plots of the EQE spectra (Figure 6-20) to be

1.57 eV for all of the perovskite materials in this series. The band gap of PEDOT:PSS

and PCBM are taken to be 1.6 eV [171] and 2.35 eV [172], respectively, based on pre-

viously reported values. The flat band energies relative to the Fermi level and vacuum

level are plotted in Figure 6-27 and tabulated in Table 6.10.

Table 6.10: Experimentally determined flat band energy levels for the solar materials
in inverted photovoltaic devices with MA(Pb:Co)I 3 active layer compositions.

Material Workfunctiona [eVj VBEb [eVj CBE [eV] Band Gape [eVj

PEDOT:PSS 4.76 3.54 5.14 1.60
PCBM 3.67 3.48 5.83 2.35
MAPbI3  5.18 4.63 6.20 1.57
MA(63Pb:lCo)I3  4.95 4.46 6.03 1.57
MA(3lPb:lCo)1 3  4.63 4.32 5.89 1.57
MA(15Pb:lCo)I3  4.55 4.17 5.74 1.57
MA(7Pb:lCo)1 3  4.75 4.24 5.81 1.57
MA(3Pb:lCo)I 3  4.35 4.60 6.17 1.57

aAs measured with UPS
bAs measured with UPS
CAs measured from the EQE edges in the Tauc plots shown in Figure 6-20. Except for PE-

DOT:PSS and PCBM which are values reported in Reference [1711 and [1721

These measurements indicate that replacing some of the Pb content with Co does

influence the energy level locations even though the band gap of the perovskite film

is the same regardless of Co content. As the Co content is increased from 63Pb:lCo

to 15Pb:lCo, all of the energy levels monotonically shift upwards. At 7Pb:lCo, the
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Figure 6-27: The flat band diagrams are constructed for the relevant solar materials in
the inverted solar cells fabricated for this experimental screening study: PEDOT:PSS
(hole transporter), PCBM (electron transporter), and the MA(Pb:Co)I mixed-metal
perovskite compositions. The experimentally determined band edges with respect to
the (a) Fermi level and (b) vacuum level.
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trends is reversed and the VBE position for 3Pb:lCo is identical to MAPbI 3 , however

both the CBE and Fermi level have remained at higher energies. For the 3Pb:1Co

composition, if the band gap is still 1.57 eV, then the Fermi level has crossed into the

conduction band and the material is supposed to be theoretically metallic. This is in

conflict with the observation that solar cells do operate for this perovskite composition

and is not fully resolved.

a) b) c) H%.

e) f)d)

L K_

Figure 6-28: The expected band bending behavior for each mixed-metal MA(Pb:Co)I 3
perovskite solar cell is drawn schematically. a) The pure MAPbI 3 case experiences
a barrier at both the PEDOT and PCBM interfaces that must be overcome by
thermionic emission or tunneling. b-d) As the Co content increases, the band align-
ment becomes more favorable and these barriers become smaller and thinner, which
is expected to increase both the current and the voltage in the system. e-f) Films
with higher Co content begin to experience shifts back towards less favorable band
alignments.
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To better understand how these shifts in band edges might influence actual device

behavior, a band diagram was constructed for each Pb:Co perovskite composition

in thermal equilibrium with PEDOT:PSS and PCBM. The MAPbI 3 case, shown in

Figure 6-28 forms a barrier at both heterojunctions that must either be tunneled

though or overcome by thermionic emission. As the content of Co increases, the

band alignment is increasingly favorable and the barrier height at both interfaces is

reduced. This will allow the holes and electrons to more easily transport across the

interfaces into their respective selective contacts, which is expected to produce an

increase in the photocurrent. Once the cobalt content reaches a 3lPb:lCo mole ratio,

the Fermi level of the perovskite rises above that of PEDOT:PSS, thereby causing

the barrier for holes to disappear completely. The band alignment becomes the most

favorable at 15Pb:lCo, after which the VBE begins to return to the value for pure

Pb.

Although this finding is encouraging, further investigation is required to more

rigorously capture the influence of surface dipoles on band bending at the material

interfaces through performing additional UPS measurements on thin layers of material

stacks or Kelvin Probe-AFM measurements along film cross-sections.

6.6.4 Proposed Explanations

In order to explain the observed enhancement of MA(Pb:Co)I films, a few potential

mechanisms are proposed that attempt to piece together the collected information in

ways that explains most of the observed trends. Before doing so, here is a summary

of what we know about the Pb:Co mixtures:

1. DFT calculations presented in Section 5.5 predicted that the band gap would

widen from 1.67 eV for MAPbI3 to 1.77eV for MA(3Pb:lCo)I 3. However, no

band gap shifts were observed from either the photoluminescence emission spec-

tra or the EQE edge measurements.

2. The only change in the XRD spectra is that PbI 2 peak is present for MA(3lPb:lCo)I3

and samples with lower Co content. Otherwise, each MA(Pb:Co)I3 spectrum
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matches that of pure MAPbI3 . DFT simulations from Section 5.4.5 suggest that

little difference would be observed even in the event of B-site substition of Pb2+

with Co 2+.

3. SEM images reveal film morphology does not substantially change from MAPbI 3

with increasing Co content until the MA(3Pb:lCo)I 3 .

4. There is an inverse correlation between PL lifetime and performance. The

highest performing devices have the shortest PL lifetimes.

5. The Jc increases initially from MAPbI3 to MA(63Pb:lCo)1 3, which is followed

thereafter by subsequent reductions with increasing Co content.

6. The V,, steadily increases from MAPbI 3 to MA(7Pb:lCo)1 3 with increasing Co

content.

7. UPS measurements demonstrate that the band edges and Fermi levels shift

closer to the vacuum level with increasing Co from MAPb13 to MA(15Pb:lCo)1 3 .

The following proposed improvement mechanisms attempt to fit together these

clues in order to speculate what is happening inside these Pb:Co mixed composition

films.

Mechanism 1: Competing Effects of Cobalt-Induced Band Shifts and Trap

Density Increases

The previous section demonstrates that the band edges of the mixed-metal perovskite

film become more favorably aligned with both the electron and hole transport layers

with increasing Co content until a composition of MA(15Pb:lCo)I 3 is reached. In this

situation, the photocurrent is expected to increase continuously as more Co content is

included in the device until the 15Pb:lCo composition is achieved. The experimental

trends shown in Figure 6-16 reveal that the short circuit-current density sees an initial

increase with the 63Pb:lCo composition, but gradually and monotonically drops with

increasing Co content. Therefore, although the UPS results can explain why we see
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some improvement, it is insufficient to fully explain this observed behavior. This

suggests that there is at least one other mechanism that is competing against the band

alignment improvements to decrease photocurrent. One possible explanation is simply

that the the Co ions act as recombination centers that are able to capture charge

carriers, which will siphon away current by promoting non-radiative recombination.

The EDX elemental mapping (Figure 6-26) reveals that the Co atoms -are located

fairly evenly throughout the perovskite film and are not localized near a particular

material interface. Hence, it is possible that the introduction of Co will promote

better band alignment that initially increases current and photovoltage, however the

same Co atoms also act as trap sites, which diminish this current increase. In other

words, adding Co will decrease the current loss that occurs at the interface between

the perovskite and PEDOT:PSS and PCBM, however it will increase the amount of

current that is lost in the bulk. This concept is illustrated in Figure 6-29. Initially the

collection efficiency increase across the interface outweighs the decrease in transport

efficiency in the bulk and the collected current is higher than the baseline MAPbI 3

sample. However as more Co is added, the interface becomes more efficient, but the

bulk becomes less so. The net result is to slowly diminish the initial photocurrent

improvement until eventually enough Co atoms are present to overcome any benefit

produced by favorable band edge alignment and the measured current density becomes

lower than that generated by MAPbI 3-

This could also explain why the measured PL lifetime initially reduces upon in-

troducing Co into the film (Figure 6-15); although more photocurrent is extracted

from the perovskite film, there are more trap sites available in the bulk to promote

non-radiative recombination before the charges even reach the interface. Since the PL

samples were deposited on glass without either PCBM or PEDOT:PSS, any benefits

at the interface are not observed and the lifetimes- become shorter as more traps are

introduced to promote non-radiative recombination in the bulk. Once the Co con-

tent is increased to the 3Pb:1Co composition, the addition of Co has slowed down

the crystallization of the perovskite film enough to produce larger grains, which are

no longer densely packed. As a result, the PL lifetimes rise substantially because
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the pure MAPbI domains are larger and all of the Co atoms are pushed to the grain

boundaries that are now located further away from the center of each grain. However,

performance is decreased because the gaps between the grains allows the PCBM layer

to directly contact the PEDOT:PSS and create a shunting pathway that reduces the

voltage and current.

Normally, introducing defects into the bulk material is expected to reduce the Vc

by producing trap states for non-radiative recombination in the band gap. 1173] This

is in conflict with the measured trends in Vc, where we see a steady increase with

increasing Co content from MAPbI 3 to MA(7Pb:lCo)I 3. An explanation that resolves

this issue is that the Voc improvement happens at the interface between the perovskite

and PEDOT:PSS or PCBM. For instance, imagine that the PEDOT:PSS interface

with MAPbI 3 naturally has many defects, possibly introduced by the presence of

residual acetate or iodide ions. A detrimental PEDOT:PSS interface would explain

why the baseline Vc is low and why we have observed that treatment with DIO prior

to perovskite addition appears to help improve the voltage somewhat. When Co

migrates to this interface, it might act to passivate those traps by coordinating with

those residual ions to reduce the density of the shallow trap states. Doing so would

reduce the surface recombination speed of the carriers at the interfaces and thereby

improve the Vc. As more Co is added, more of the atoms are likely to arrive at

the problematic interface and passivate these existing traps, which might explain the

steady Vc rise with increasing Co content.

In this picture, it is not quite clear why the Co atoms are changing the absolute

band edge locations of the perovskite film. One possible explanation is that some

of the Co ions are migrating to the interfaces with the electron and hole transport

layers, which modifies the dipoles at the perovskite surface. It has been previously

shown in the DFT calculations of Chapter 5 (see Section 5.8) that the workfunction

of an interface depends strongly on the atoms that are terminating the surface and

we demonstrated that the absolute band edge locations are expected to change in Pb-

based and Sn-based systems upon replacing some of the atoms with other elements

at the surface.
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Cco
Figure 6-29: The UPS measurements for the MA(Pb:Co)1 3 suggest that a barrier
exists at both the PCBM and PEDOT:PSS heterojunctions that carriers must over-

come through tunneling or thermionic emission. As a result, the MAPbI 3 material

experiences a substantial current lost at the interfaces and a modest loss due to de-
fects in the bulk material. Introducing cobalt atoms into the material will align the

band edges more favorably with PCBM and PEDOT:PSS, causing the interfacial loss

to be reduced. However, the presence of Co atoms act as trap sites to promote non-
radiative recombination, which increase the loss in the bulk. The net effect, however
is to improve the collected current. As the Co content is increased, the interfacial
loss continues to decrease while the bulk increases until the net current is reduced
compared to the MAPbI baseline device.

Mechanism 2: Cobalt Passivation and Iodide Scavenging

The EDX maps suggest that the cobalt atoms appear to be migrating at least in

part to the grain boundaries of the mixed perovskite film. In this scenario, the Co 2+

atoms are excluded from the perovskite lattice and exist as amorphous material at

the grain boundaries. The reason why neither the XRD nor the PL spectra exhibit

any changes with increasing Co content is because the only semiconducting material

in the film is the pure Pb perovskite, MAPbI 3 . The reason why both current and
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voltage initially increase upon substituting a small amount of cobalt is that the Co 2+

ions scavenge the excess I- ions out of the MAPbI3 grains and form electronically

benign deposits at the grain boundaries. Any excess MA+ ions would react with the

excess PbI2 in the film, thereby causing this peak in the XRD spectrum to reduce and

disappear. Hence the role of the cobalt ions here is to act as a buffer that makes the

film more tolerant of mismatches in precursor stoichiometries. This might explain

in part why the error bars of the device performance metrics are often tighter for

mixed-metal series. As more Pb content is replaced with Co, there is an increasing

amount of excess iodide that must be scavenged out and less Pb is available to form

the perovskite. We observe that the films generate more pinholes with increasing

Co content and that the grains become substantially separated at the 3Pb:lCo film

morphology. Perhaps as more cobalt material is deposited at the grain boundaries it

is more difficult for grains to grow compactly next to one another and physical gaps

begin to form between grains, which increasingly isolate them electrically from one

another. The PL lifetimes initially decrease because the cobalt material acts as a hole

transport that whisks away holes before recombination can occur. This explains the

subsequent current rises, as charges are more efficiently carried to the electrodes in the

manner of a bulk-heterojunction architecture. As the grains become less connected,

the PL lifetimes increase because the carriers persist longer inside their original grains,

however the current decreases as it becomes increasingly difficult for charges to find

continuous pathways to the electrodes. The device voltages would initially increase

with increasing Co content because the Co is cleaning up more of the grains and

passivating defects at the grain boundaries, thereby reducing the number of sub-gap

traps available to provides states for charges beyond the band edges. However, the

voltage drops for the 3Pb:lCo case because the dramatic distance between the grains

allows the PCBM electron transport layer to directly contact the PEDOT:PSS hole

transport layer and locally circumvent the active material.

If the cobalt phase does indeed help transport charges more efficiently to the

electrodes, then charges absorbed deeper in the film would be more likely to become

collected at the electrodes. Since lower energy photons are absorbed deepest in the
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film, the photogenerated holes need to travel through almost the entire film before

being collected at the PEDOT:PSS layer. Hence, the addition of cobalt would help

these holes transport out of the device more efficiently. This could explain why there

is an increase in the EQE between 600 and 700 nm in Figure 6-19a.

Mechanism 3: B-site Lattice Replacement

Another explanation for the behavior is that at very low levels of Pb replacement, the

perovskite lattice will allow Co2+ to fill the vacancy in the B-sites of the perovskite

lattice. If only 1 out of every 64 B-sites is occupied by Co2+, then the perovskite

locally looks like pure MAPbI 3 in most places and like MA(3Pb:lCo)I 3 around the

lattice where C02+ substitution occurs. The situation could behave like two separate

semiconductors placed in electrical contact as illustrated in Figure 6-30 by a flat band

diagram.

In this situation, there are now two effective materials that are able to produce

photocurrent and if they each exhibit different band gaps, then the quantum efficien-

cies will be different at different parts of the solar spectrum. It is expected that the

EQE spectra would be increased especially near the band edge of the second mate-

rial. For instance, the DFT calculations predict that MA(3Pb:lCo)I 3 would generate

a band gap at 1.77 eV, which corresponds exactly to the 700 nm wavelength where

the MA(63Pb:lCo)1 3 becomes more efficient than pure MAPbI 3. Additional pho-

tocurrent is generated because the EQE is improved at these particular wavelengths.

Likewise the photovoltage improves because the photons absorbed near the Co-sites

with energies near the MA(3Pb:lCo)1 3 band edge would initially relax to the local

band edge before relaxing down to the MAPbI 3 band edges. This might generate a

slightly improved voltage, but would cause the PL emission peak to remain at the

value for pure MAPbI 3. As the Co content is increased, the perovskite lattice might

no longer be able to accommodate additional B-site replacement and the excess Co

atoms are forced to the grain boundaries. At the grain boundaries, the cobalt mate-

rial could be generating trap sites that act to promote non-radiative recombination

and hence start to siphon away photocurrent. It is also possible that at this point
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Figure 6-30: If the B-site of a Pb-based perovskite is only sparingly replaced with

C02 + ions, the system act locally as if a pure MAPbI 3 is placed in electrical contact

with a MAPbI3 lattice. According to the DFT calculations, the 3Pb:1Co material
will have a wider band gap and any photogenerated charges near the Co 2+ impurity

would relax down to the band edges of the pure MAPb13 perovskite.

the cobalt phase acts exactly like the proposed manner in the second scenario, which

would explain the subsequent increases in PL but decrease in performance. As a

result, of it becoming more difficult to remove charges from the interior of the film,

the EQE shape of the 63Pb:1Co is largely preserved but the overall efficiencies are

reduced everywhere.

Although future investigation is required to fully explain why replacing small

amounts of Pb with Co improves the photovoltaic performance of devices fabricated

using acetate precursor materials and an inverted device architecture, this work firmly

establishes that the device improvement is statistically significant. However, it re-

mains to be seen whether Co substitution would improve the performance of Pb-based

perovskite devices that already achieve efficiencies near 20%. It is also uncertain
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whether incorporation of Co would occur using other fabrication methods since the

most efficient devices are currently fabricated using a two step process where PbI 2

films are deposited first and then converted into perovskite with subsequent deposi-

tion of the organic cation material. It is likely that with this method a solution of

multiple iodide salts would form separate phases, especially since iodide salts adopt

a wide array of different crystal lattices, which would make it even more challenging

for a mixed-metal perovskite lattice to form afterwards by interdiffusion with a layer

of MAI or FAI.

6.7 Conclusion

This study fulfills its original goals by successfully fabricating 45 different composi-

tions of mixed-metal solar cells, evaluating how tolerant photovoltaic performance is

to the molar ratio of Pb:B' atoms, and identifying Sn, Cu, and Zn as elements that

are capable of generating devices when a substantial portion of the Pb content is re-

placed. Furthermore, by characterizing the mixed-metal perovskite films with many

methods including XRD, XPS, EDS, SEM, TEM, steady-state photoluminescence,

TRPL, and UPS a few mechanisms have been speculated that might contribute to

the observed performance trends. The specific findings of this exhaustive study are

summarized as follows:

1. The performance of MAPbI3 solar cells can be consistently improved by re-

placing only 1/ 64 th of the Pb2+ ions in the perovskite precursor solution with

C02+, Cu2+, Mg2+, Mn2+, Ni2+, Sr2+, and Zn2+, with the MA(63Pb:lCo)I3

embodiment producing a champion efficiency of 11.4%.

2. Introducing iron into the perovskite film quenches the photoluminescence emis-

sion and substantially damages photovoltaic performance, even with a metal

ratio of 63Pb:lFe.

3. Generally, the mixed-metal compositions demonstrate performance above or

near MAPbI when 1/1 6th or less of the Pb2+ ions have been replaced. Com-
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positions with higher replacement levels usually exhibit a precipitous drop in

photocurrent.

4. Champion power conversion efficiencies of 9.3% and 8.3% were achieved for com-

positions where 25% of the Pb content was replaced with Sn or Cu, respectively.

While this performance for the MA(3Pb:lCu)1 3 composition is not sustainable

and is difficult to reproduce, high-performing devices can be synthesized more

reliably with the MA(3Pb:lSn)I3 composition, despite the Sn(OAc) 2 precursor

being only 95% pure.

5. The MAPbI3 films are most tolerant to Zn, which is able to achieve on average

an 8.83 0.94% power conversion efficiency when 12.5% of the Pb content is

replaced. This composition also exhibits a desirable film morphology consisting

of grains that are both larger and more densely packed together than all other

investigated mixed-metal systems.

6. The only mixed-metal perovskite materials to exhibit appreciable changes in

band gap was the mixed Pb:Sn series, where the band gap narrowed with in-

creasing Sn content.

7. The presence of Mg and Co in 3lPb:1B' films was confirmed using x-ray pho-

toelectron spectroscopy (XPS).

8. Elemental mapping with energy dispersive x-ray spectroscopy (EDS) of a TEM

cross-section of the MA(3lPb:lCo)I 3 reveals that Co atoms are present through-

out the film and do not stratify preferentially at a heterojunction. Rather, the

maps suggest that some of the Co atoms migrate to the grain boundaries, as

evidenced by data points often outlining small domains.

9. Ultraviolet photoelectron spectroscopy measurements reveal that the band edges

of the mixed MA(Pb:Co)I 3 system will favorably shift with increasing Co con-

tent until a composition of 15Pb:1Co is reached, after which the valence band

edge shifts closer to the position of MAPbI 3 . This favorable alignment is ex-
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pected to reduce interfacial barriers that arise between the perovskite film and

the electron (PCBM) and hole (PEDOT:PSS) transport layers.

It is clear that this study has produced a very rich set of data that has yielded some

surprising results. Although only the highest performing composition of MA(3lPb:lCo)1 3

was investigated in detail, it is likely that many of the other elements considered in

the study behave similarly. However, truly understanding the mechanisms that im-

prove or deteriorate photovoltaic performance will require further study of individual

cases to confirm this claim..

We have demonstrated that experimental screening is a promising strategy to not

only evaluate how compositional changes influence the performance of existing solar

materials, but to also discover new ones. This study takes the first step towards

producing new non-toxic perovskite materials by attempting to only perturb the

Pb-based material through substituting at most 50% of the Pb atoms with a second

species. However, future progress in addressing health and safety concerns will require

identifying solar materials with even reduced toxicity. Automated screening platforms

will likely be a key technology in identifying such materials given that screening stud-

ies are quite laborious when rigorously performed manually. Aside from generating

new materials, screening approaches will be required to further investigate the under-

lying mechanisms that limit the performance of current ones by thoroughly exploring

the processing parameter space that influence film composition and formation. Such

a strategy is also likely to exhaustively determine whether compositional changes can

improve the other weakness of perovskite solar materials, long-term stability. As such,

we believe that this effort is interesting from both practical and scientific perspectives

and it is expected that further investigation into the data set collected here will likely

illuminate additional details about the underlying mechanisms that are responsible

for the efficient generation of electrical power with perovskite solar materials.
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Chapter 7

Final Remarks

The overarching goal of this work is to identify new active layer compositions that are

capable of improving the performance of solution-processable solar cells by screening

through candidate embodiments both theoretically and experimentally. This ap-

proach is based on three central concepts:

1. The composition of the active layer of solution-processed solar cells can be easily

engineered by simply blending different ingredients into the precursor solutions.

2. The more trials that are attempted either computationally or experimentally to

generate new active layer compositions, the more likely that interesting situa-

tions will arise that generate favorable results.

3. Computationally assessing the properties of active layer compositions prior to

experimentation provides information that not only informs the design of subse-

quent experimental efforts, but also provides predictions against which empirical

data can be compared.

These tenants form the foundation of two different projects aimed at overcoming the

classical trade-off between light-harvesting and carrier collection that arises from the

inherent degree of disorder exhibited by solution-processed solar materials. The first

project explores how various metal nanoparticles could enhance the photocurrent in

bulk-heterojunction quantum dot solar cells by evaluating the ability of the solar cell
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to absorb light with the finite-difference time-domain (FDTD) method. The second

project explores how replacing a fraction of the lead content in MAPbI 3 perovskite

solar cells with a less-toxic divalent metal species would impact the theoretical elec-

tronic properties using density functional theory (DFT). In both instances, the cor-

responding experimental efforts were able to identify embodiments that significantly

improved the photovoltaic performance of actual solar cells.

7.1 Summary of Findings

Before discussing the future outlook for the research presented in this dissertation, it

is first worthwhile to glance back at the content presented in the preceding chapters

and summarize the major findings and key points of interest.

7.1.1 Chapter 1

Chapter 1 laid the groundwork for the entire dissertation by explaining the funda-

mental operating principles of solar cells as well as motivating the need for new pho-

tovoltaic technologies capable of reaching price points competitive with conventional

energy sources. The central challenge to the widespread adoption of photovoltaic

energy technology is primarily cost. At the moment, building a new photovoltaic

power plant is roughly two times more expensive than building a new conventional

combined-cycle natural gas plant and 1.4 times the cost of a conventional coal plant

even with the federal CO 2 penalty included in the assessment. Hence, the organic

growth of a solar-driven society requires that the cost of solar cell modules be fur-

ther reduced. Silicon solar cells currently dominate the market, however there is

skepticism that the estimated $0.40/W, mark required for grid-parity will ever be

attainable with silicon since the current low values are artificially deflated by recent

overproduction and heavy subsidies from the Chinese Government. This has pre-

cipitated a search in academic institutions to develop new solution-processable solar

materials that can be manufactured using fundamentally less-expensive methods such

as roll-to-roll processing, inkjet printing, slot casting, and spray deposition.
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There are five families of solution-processable solar materials of wide-spread re-

search interest: small molecule organic dyes, polymers, chalcogenide inks, quantum

dots, and perovskites. Although each of these technologies has surpassed the 10%

efficiency mark in the laboratory, these materials must continue to become more ef-

ficient in order to first compete with mature photovoltaic technologies such as Si

and CdTe before challenging conventional fossil-fuel sources. Unlike current solar

technologies, solution-processable solar cells are generally flexible, lightweight, eas-

ily processed at low temperatures, and display a wide array of colors and degrees

of transparency. These unique attributes open new opportunities to creatively inte-

grate solar cells into previously inaccessible markets, such as electric vehicles, mobile

electronics, and multifunctional architecture. However, perhaps the most promising

pathway to commercialization is for high-performing solution-processable materials,

such as chalcogenides and perovskites, to partner with conventional solar cell manu-

facturers to produce tandem configurations that can achieve higher performance by

simply coating existing panels with a thin film of these materials. Once these solution-

processable technologies have reached a sufficient level of maturity, they can split-off

from the tandem devices and exist as stand-alone single junction solar modules.

7.1.2 Chapter 2

Chapter 2 presented the theoretical background necessary to understand the phe-

nomenon of localized surface plasmon resonance, which arises in noble metal nanopar-

ticles that are embedded in dielectric media. This was accomplished by first presenting

the unique optical properties of metals and rigorously analyzing how light scatters

from a sub-wavelength metal sphere when illuminated by a plane wave. The analysis

reveals that there exists a particular wavelength of light, ALSPR, at which the free

electrons in the metal nanoparticle collectively resonate to produce an intense sec-

ondary electric field in the space directly surrounding the particle. This phenomenon

produces two attractive features that can be leveraged in various applications:

1. The resonance wavelength of light is very sensitive to the optical properties of
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both the metal nanoparticle and the dielectric function of the media surrounding

it. Hence, changes in the local refractive index can be determined by simply

monitoring the peak position of the nanoparticle's extinction spectrum.

2. At resonance, the nanoparticle acts to concentrate light in the near-field. This

provides a mechanism to overcome the classical diffraction limit and squeeze

light into nanoscale features.

Physical pictures were presented to accompany the mathematical framework in

order to gain some physical intuition, which is valuable in situations with more com-

plicated nanoparticle geometries where analytical closed-form solutions are no longer

available.

The ability of biomolecules such as the M13 bacteriophage to assemble plasmonic

complexes was presented and the role of the nanoparticle capping agent in facilitating

the assembly process was discussed. It has been found that only metal nanoparticles

with weakly adsorbed polar capping agents are able to directly interact with the virus,

as the capsid proteins must be able to displace the capping agent to reach the metal

surface. Hence, gold nanoparticles capped with citrate and 4-MAP are capable of

forming elegant nanoparticle complexes with gold-binding virus variants, while any

thiolated capping agent is too hydrophobic and too strongly attached to the metal

surface to be removed by the capsid proteins.

Finally, the optics of nanoscale systems was explored using effective medium the-

ory and a model was built to describe the extinction spectra of gold nanoparticles

embedded in nanoporous virus and titania films. By matching the measured ex-

tinction peak position to the models, the porosity of these systems was determined

through simple extinction measurements with a spectrophotometer. Although this

discussion focused on the opportunity of plasmonic particles to be utilized as probes

for sensing local environments, the theoretical framework forms the foundation for

modeling the bulk-heterojunction solar cells presented in Chapter 4.
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7.1.3 Chapter 3

Chapter 3 presents a new strategy to use the inherent functionality of free-base amino

acids to mediate the growth of zincous shells on gold nanoparticles in aqueous solution.

By using a visual screening test of colloidal stability, four amino acids were identified

out of an initial pool of thirteen candidates as being capable of growing zincous

shells on AuNPs and stabilizing the particle surface through electrostatic repulsion.

Amorphous zinc oxide shells (a-ZnO) are produced by histidine, tryptophan, and

tyrosine, whereas polycrystalline zinc sulfide shells (c-ZnS) are grown using the exact

same process but with cysteine. The shell materials were identified and characterized

using standard XRD, XPS, EDS, and HRTEM methods. Histidine demonstrates

stronger affinity for the a-ZnO material than TRP and TYR, which allows it to enable

the controllable growth of uniform and continuous shells with thicknesses between 2

and 25 nm on cores comprised of single AuNPs. Above a ZnCl 2 reaction concentration

of 2.0 mM, histidine is unable to sufficiently stabilize all of the particles during shell

growth and populations emerge with cores comprised of multiple AuNPs.

An anomalous trend was observed in the extinction spectra of the HIS-mediated

Au4a-ZnO core-shells where the extinction peak position blue-shifts with increasing

shell thickness for samples with coatings greater than 15 nm. By performing general-

ized Mie theory calculations and comparing the results with the measured extinction

spectra of core-shell samples with known shell thickness, it was found that these blue-

shifts can arise if the shell material is not purely dielectric, but rather has a small

but significant extinction coefficient. From this analysis, it has been inferred that the

complex refractive index of the shell material is 1.47 + i0.09 at wavelengths near 530

nm. This value is lower than previous reports for amorphous zinc oxide films, which

suggests that the process of HIS-mediation produces shells with lower density than

other methods. Lastly, by virtue of using amino acids to grow and stabilize the core-

shells in aqueous solution, it has been shown that biomolecules that express peptides

rich in the identified amino acids are able to displace the free molecules capping the

particle surface and bind directly to the shell material.
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It is anticipated that the thin-shelled Auda-ZnO particles will be useful in en-

hancing the light-harvesting ability of solution-processed solar cells by concentrating

light through localized surface plasmon resonance. Plasmon-enhanced solar cells re-

quire that the metal nanoparticles be coated with thin dielectric shells, which prevent

charge trapping and exciton quenching from occurring at the bare metal surface. It

is necessary that the shell be as thin as possible, yet continuous, to maximize field-

enhancement in the near-field and prevent photocurrent loss. Although these par-

ticles are not incorporated into solution-processed solar cells in this dissertation, it

is expected that the unprecedented level of control over the shell thickness demon-

strated by the HIS-mediated growth process will produce core-shells that successfully

enhanced photocurrent production in solution-processable solar cells.

7.1.4 Chapter 4

Chapter 4 builds upon the concepts presented in the previous two chapters to the-

oretically and experimentally evaluate the ability of different metal nanoparticles

(AuNPs, AgNPs, and AgNPLs) to enhance the photocurrent of quantum dot bulk-

heterojunction solar cells. The optics of the nanostructured solar cells was evaluated

by developing material models for the various layers of the solar cells using effective

medium theory and numerically solving Maxwell's equations throughout a discretized

model of the solar cell with the finite-difference time-domain (FDTD) method. These

calculations provided estimates of both the external quantum efficiency (EQE) spec-

tra as well as the expected photocurrent enhancement upon introducing each metal

nanoparticle type into the solar cell active layer. Experimental measurements of ac-

tual solar cells validated the optical models by reproducing the trends in both the

EQE spectra and photocurrent enhancements. It was found that the introduction of

AgNPLs yielded the highest theoretical and experimental improvement, which pro-

duced a champion device of 3.96% over the 2.93% champion control device. By fitting

the experimental JV curves to the standard diode equation with parasitic resistances,

it was determined that the 50 mV increase in the observed Vc was a natural result

of the increase in photocurrent produced by the plasmonic devices. Furthermore, it
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was determined that the near-field penetrated deeper into the blend layer, comprised

of both titania and PbS QDs, than a random-packed PbS QD layer. This is useful

from a practical standpoint because the larger the extent of the near-field, the greater

the chance a PbS QD can experience a higher photon-flux and exist in a defect-free

region that can efficiently generate and transport charge carriers.

7.1.5 Chapter 5

Chapter 5 presents the theoretical effort to computationally identify new organic-

inorganic hybrid perovskite materials with reduced toxicity by systematically replac-

ing a portion of the metal content in the lattice with a second non-toxic metal species.

The concept is that replacing only a small fraction of the metal with a different species

will only perturb the crystal and electronic structure of the material, thereby preserv-

ing the excellent photovoltaic properties of metal triiodide perovskite materials. The

crystal and electronic structure of mixed-metal perovskite materials based on Pb,

Sn, and Bi were computed using density functional theory (DFT) with the general-

ized gradient approximation (GGA). These calculations were validated by accurately

reproducing the experimental lattice constants reported for MAPb1 3 , MASnI 3 , and

mixed MA(Pb:Sn)1 3 systems and predicting band gaps for these materials that re-

produce the experimental trend reported in literature. These benchmarking efforts

indicate that we can have good faith in the ability of this computational method to

make reasonable predictions of similar yet wholly hypothetical materials that have

reduced toxicity or are wholly non-toxic.

The computational screening process revealed that mixed-metal systems provide

an opportunity to tune the band gap and band edge locations of the perovskite ma-

terials while retaining the overall crystal structure of the pure metal perovskites.

The Bi-based candidates generally produced prohibitively large band gaps and ef-

fective masses to be of any use as solar materials. However, several Pb-based and

Sn-based candidates were identified as promising materials that could potentially

perturb the pure perovskite materials into similar or even more favorable solar mate-

rials. Thermodynamic stability calculations suggest that it might be difficult to form
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mixed-metal Sn-based perovskites when only a quarter of the Sn2+ ions are replaced

by a second metal species, including Pb2 +. Likewise, the energy difference between

mixed-metal perovskites and phase separated systems is predicted to be less than the

ambient thermal energy at room temperature. Therefore, it is difficult to predict with

confidence whether the mixed-metal systems are expected to form if attempted ex-

perimentally or if the pure MAPb13 or MASnI 3 perovskite material would exclude the

second metal species from the lattice and force it to form a separate phase in the film.

Therefore, experimental validation is required to investigate the properties of these

materials should they form and remain stable under testing conditions. The simulated

x-ray diffraction (XRD) spectra are very similar between the perovskite compositions,

which indicates that it might be challenging to use XRD measurements to determine

if substitution of the second metal species is occurring at the B-site of the perovskite

lattice. It is believed that regardless of the accuracy of the absolute values made for

the predictions, the observed trends between the samples is valuable and provides

useful information about the mechanisms that might be responsible for good solar

operation. These values provide a basis against which experimental measurements

and trends can be compared to look for indications that secondary metal species are

actually taken up into the perovskite lattice and replace Pb2 + ions at the B-site.

7.1.6 Chapter 6

Chapter 6 presents the corresponding experimental effort to Chapter 5, which sys-

tematically evaluates how replacing various amounts of lead with nine different metal

species influence material properties and photovoltaic performance. Specifically, we

present several embodiments of mixed-metal perovskite devices, where between 1.56%

and 25% of the Pb-content has been replaced with a second less-toxic divalent metal

species to form methylammonium mixed-metal triiodide compositions, denoted here

as MA(Pb:B')13 where B' = {Co, Cu, Fe, Mg, Mn, Ni, Sn, Sr, and Zn}. This study

fulfills its original goals by successfully fabricating 45 different compositions of mixed-

metal solar cells, evaluating how tolerant photovoltaic performance is to the molar

ratio of Pb:B' atoms, and identifying Sn, Cu, and Zn as elements that are capa-
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ble of generating devices when a substantial portion of the Pb content is replaced.

Furthermore, by characterizing the mixed-metal perovskite films with many methods

including XRD, XPS, EDS, SEM, TEM, steady-state photoluminescence, TRPL, and

UPS, a few mechanisms have been speculated that might contribute to the observed

performance trends. The specific findings of this exhaustive study are summarized as

follows:

1. The performance of MAPbI 3 solar cells can be consistently improved by re-

placing only 1/ 6 4th of the Pb2+ ions in the perovskite precursor solution with

C02+, Cu2+, Mg2+, Mn2+, Ni2+, Sr2+, and Zn2+, with the MA(63Pb:lCo)I3

embodiment producing a champion efficiency of 11.4%.

2. Introducing iron into the perovskite film quenches the photoluminescence emis-

sion and substantially damages photovoltaic performance, even with a metal

ratio of 63Pb:lFe.

3. Generally, the mixed-metal compositions demonstrate performance above or

near MAPb 3 when 1 / 1 6th or less of the Pb2+ ions have been replaced. Com-

positions with higher replacement levels usually exhibit a precipitous drop in

photocurrent.

4. Champion power conversion efficiencies of 9.3% and 8.3% were achieved for com-

positions where 25% of the Pb content was replaced with Sn or Cu, respectively.

While this performance for the MA(3Pb:lCu)1 3 composition is not sustainable

and is difficult to reproduce, high-performing devices can be synthesized more

reliably with the MA(3Pb:lSn)1 3 composition, despite the Sn(OAc) 2 precursor

being only 95% pure.

5. The MAPbI 3 films are most tolerant to Zn, which is able to achieve on average

an 8.83 0.94% power conversion efficiency when 12.5% of the Pb content is

replaced. This composition also exhibits a desirable film morphology consisting

of grains that are both larger and more densely packed together than all other

investigated mixed-metal systems.
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6. The only mixed-metal perovskite materials to exhibit appreciable changes in

band gap was the mixed Pb:Sn series, where the band gap narrowed with in-

creasing Sn content.

7. The presence of Mg and Co in 3lPb:1B' films was confirmed using x-ray pho-

toelectron spectroscopy (XPS).

8. Elemental mapping with energy dispersive x-ray spectroscopy (EDS) of a TEM

cross-section of the MA(3lPb:lCo)I 3 reveals that Co atoms are present through-

out the film and do not stratify preferentially at a heterojunction. Rather, the

maps suggest that some of the Co atoms migrate to the grain boundaries, as

evidenced by data points often outlining small domains.

9. Ultraviolet photoelectron spectroscopy measurements reveal that the band edges

of the mixed MA(Pb:Co)1 3 system will favorably shift with increasing Co con-

tent until a composition of 15Pb:lCo is reached, after which the valence band

edge shifts closer to the position of MAPbI 3 . This favorable alignment is ex-

pected to reduce interfacial barriers that arise between the perovskite film and

the electron (PCBM) and hole (PEDOT:PSS) transport layers.

Although only the highest performing composition of MA(3lPb:lCo)I 3 was investi-

gated in detail, it is likely that many of the other elements considered in the study

behave similarly. The findings suggest that the addition of Co into the active layer

improves the charge transfer efficiency at the interface with PEDOT:PSS and PCBM

and passivates trap states, resulting in higher photovoltages and initial increases in

photocurrent. While Co improves the interface, it appears to produce trap states in

the material bulk that promote non-radiative recombination. Hence, improvement

generally occurs for small levels of Pb replacement where the improvement at the

interface overcomes any detrimental effects in the bulk. However, the performance

reduces with increasing Co content as an increasing trap density in the bulk reduces

the number of charges that successfully reach the interfaces for collection.
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7.2 Looking Forward

It is encouraging that the compositional engineering of both plasmonic and mixed-

metal perovskite systems resulted in embodiments with improved photovoltaic per-

formance. This lends credence to the concept that improvements can be easily pro-

duced by adjusting the precusor solution of the solution-processable materials. It is

expected, however, that introducing plasmonic nanoparticles into the active layer is

not a practical way to improve commercial solar cells as the addition of gold and silver

into the materials will only increase manufacturing costs. Plasmon-enhancement can

help compensate for imperfect light absorption by balancing spectral light-harvesting,

however a better approach is to find new materials or processing methods that pro-

duce thicker films with less defects. Hence, the second approach of engineering the

chemical composition of perovskite materials is expected to be a more fruitful and

impactful strategy for improving solar cell performance.

The mixed-metal perovskite study reveals that efficient solar cells can be produced

by replacing 25% and 12.5% of the Pb-content with Sn and Zn, respectively, which

reveals that the toxicity of the solar cells can be somewhat reduced and still generate

relatively high power conversion efficiencies. While this demonstrates that the toxic-

ity of the perovskite can be at least partially addressed, it remains to be seen whether

mixed-metal compositions will influence the material's other major weakness: long-

term stability. The next steps in evaluating the presented mixed-metal perovskite

materials will focus on evaluating the thermal stability of each composition by an-

nealing samples at higher temperatures and noting when the film transitions from

the characteristic brown hue to yellow, which indicates phase separation of the PbI 2

and MAI materials. It is quite possible that while replacing only 1/ 6 4 th of the Pb

content with Co does not appreciably lower the toxicity of the film, it might have a

substantial impact on the long-term stability of the perovskite film.

I believe that the approach of computational and experimental screening has the

power to optimize the processing conditions of existing solar materials as well as

discover new ones. This dissertation demonstrates that this concept has yielded an
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incredibly rich data set even when simply trying to perturb existing materials with

manual synthesis and measurement methods. The next natural step is to continue

spiraling away from MAPbI 3 and MASnI3 in search of good photovoltaic materials

from increasingly unrelated crystal structures. Exhaustively mapping out new mate-

rial compositions that span a wide range of organic cations, metal cations, and halide

anions will require developing automated processing equipment that is capable of

scanning over a large parameter space and evaluating potential solar materials with

simple diagnostics, such as photoluminescence and optical microscopy. This pursuit

will require the use of traditional mechanical engineering skills such as control theory,

mechanical design, and manufacturing in order to identify new solution-processable

solar materials that are efficient, stable, and non-toxic. If my vision holds true, per-

haps the future realm of solar research might have a place for mechanical engineers

after all.
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