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Abstract

Lead halide perovskite solar cells are an emerging technology that can be solution
processed to yield low-cost, light weight and flexible photovoltaics. Much of the early
work has been focused on developing device structures and processing techniques
to improve light absorption and eliminate detrimental traps within the bulk of the
perovskite active layer. As a result, the device efficiency of perovskite solar cells has
improved from ~3% up to ~20% in less than a decade. However, the device efficiency
of perovskite solar cells still need to be much improved in order to compete with
traditional photovoltaic technologies, such as Silicon and GaAs, and to ultimately
realize the theoretically determined Shockley-Queisser (SQ) efficiency limit.

In this thesis, I focus on the development of a novel interface passivation strategy
called selective precursor dissolution (SPD) strategy, that utilizes low dimensional
2D perovskites as the interface passivating layer. The post treatment of the bulk
perovskite thin film with 2D perovskites via SPD strategy prevented formation of a
detrimental non-perovskite phase at the interface and resulted in much improved thin
film quality with reduced detrimental interface recombination. As a result, a certified
power conversion efficiency (PCE) of 22.6% is achieved from a quasi steady-state
measurement along with an electroluminescence (EL) efficiency up to ~9%. Both
device metrics were the highest values reported at the time of publication.

In addition to developing an interface passivation strategy to improve device per-
formance, a high quality electron transport layer (ETL) was developed and a new
perovskite composition was adopted to further improve the device performance. A
chemical bath deposition (CBD) was used for the synthesis of a tin dioxide (SnOy)
ETL. The pH of the reaction solution is identified as the key parameter for the CBD
of SnOy that controls the quality of the SnOy ETL. pH 1.5 is determined to be the
optimum acidity that results in a SnOy ETL with compact and conformal coverage
without producing a detrimental secondary crystal phase.

To improve the optoelectronic properties of the perovskite active layer, MAPbBr;
is significantly reduced to minimize the band gap penalty, which also resulted in
improved effective carrier mobility. MAPbBr3 is commonly added to the perovskite
composition to stabilize the a-phase FAPbI; but results in an increase in the band



gap. Addition of 0.8 mol% of MAPbBr3 to the FAPbI; perovskite resulted in much
improved carrier lifetime and effective mobility, compared to conventionally added 10
mol%.

Together with the new SnO, and the perovskite active layer, a record setting and
certified PCE of 25.2% is achieved, which translates to 80.5% of the SQ limit for
its band gap. In addition, due to low open-circuit voltage (Vo) loss, the newly
developed devices exhibit an EL efficiency up to 17.2% and an EL wall-plug efficiency
up to 21.6%. Both PCE and the EL efficiency is the highest reported so far from a
single perovskite solar cell structure.

Thesis Supervisor: Moungi G. Bawendi
Title: Lester Wolfe Professor of Chemistry
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Chapter 1

Introduction

1.1 Lead Halide Perovskite

1.1.1 Why Study Lead Halide Perovskites?

Perovskites are a class of material that follow the crystal structure of CaTiO3 with the
chemical formula ABXj3. Specifically, organic/inorganic lead halide perovskite, such
as methylammonium lead iodide (MAPbBr3) and cesium lead bromide (CsPbBrj),
is a category of perovskite semiconductor that is of particular interest for optoelec-
tronic applications. The general crystal structure of a lead halide perovskite with the
chemical formula ABXj is shown in Figure 1-1. The A site cation is surrounded by
an octahedral cage of [PbXg|*~. If all three unit cell lengths are the same (a=b=c),
then it forms a cubic phase, a tetragonal phase if two of the unit cell lengths are the
same(a#b=c), and an orthorhombic phase if all three are different (ab#c).

Over the last decade or so, an immense interest in understanding the fundamental
material properties and photophysics of these perovskite materials have lead to the
development of highly efficient perovskite-based optoelectronics. For example, per-
ovskite solar cells are now the most efficient photovoltaics technology within thin film
categories, which includes Cadmium Telluride (CdTe) and Copper Indium Gallium
Selenide (CIGS) that has >50 years of research background, and is within striking

distance of the efficiency of Silicon and GaAs solar cells. Figure 1-2 shows the record
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0 A: MA, FA", Cs* ° B: Pb?, Sn2* () X: CI, Br, I

Figure 1-1: Tllustration of the perovskite crystal structure with the chemical formula
ABXs;.

research solar cell performance published by National Renewable Energy Laboratory
(NREL). Perovskite solar cells efficiency has improved at a rate that has not been
observed before. So, why is perovskite such an attractive class of material for opto-
electronic devices and why are we so interested in these perovskites?

There are several key traits that distinguish perovskites from other classes of
semiconductors. I have summarized these key traits into four categories: solution pro-
cessability, band gap tunability, intrinsic optoelectronic properties, and high specific-

power (Figure 1-3)
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Figure 1-2: Plot of progress in efficiency for Silicon, GaAs, and perovskite solar cell.
Perovskite solar cell was first included in the NREL chart in 2013 and is demonstrating
impressive improvements in efficiency.
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with permission from ref|1]. Copyright (2015) Springer Nature.
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Solution Processing

Perovskites are "easy" to make. This is a huge trait for scientific research as it allows
various researchers to explore perovskite based on their own area of expertise, ranging
from synchrotron-based measurements to single molecule spectroscopy. Typically, to
prepare a perovskite thin film, a "perovskite ink" that is composed of lead halide
(such as Pbl,) and an A site cation (such as MAT) dissolved in polar solvents, such as
DMF and DMSO, is deposited onto a substrate, spin coated to obtain a uniform film,
and annealed on a hot-plate at a moderate temperature (<150 °C) to evaporate the
solvent and induce crystallization. As a result, perovskite solar cells can be fabricated
on various substrates, from rigid glass to flexible plastic, with a wide range of form-
factors. In addition, the use of solution ink allows fabrication of perovskite thin
films with various deposition methods that is suitable for scale-up fabrication. For
example, perovskite ink can be deposited using, but not limited to, ink-jet printing
or blade-coating methods that is already widely used in the semiconductor industry

(Figure 1-4).

) S
a J -
'\LJV

Chemical Bath Spin-coating Dip-coating

\i .
a
— VAV
Slot-casting Spray-coating Screen Printing Inkjet Printing Aerosol Jet

Figure 1-4: Cartoon describing various solution processing methods. Reproduced
from Ref [2] with permission from The Royal Society of Chemistry.

Such perovskite thin film processing is very mild compared to fabrication of Silicon
solar cell. For fabrication of Silicon solar cells, temperatures exceeding ~1500 °C is

used to grow a Silicon ingot. The Silicon ingot, or the crystal, is cut into a more
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manageable size known as a wafer (Figure 1-5).

Silicon Ingot Silicon Wafer Silicon Solar Cell

Figure 1-5: Cartoon describing how Silicon solar cells are made from Silicon ingots.

Another advantage of perovskite thin films is the reduced number of processing
steps. Semiconductor nanocrystals, or quantum dots, requires several steps of pu-
rification to obtain the quantum dot ink and additional post-treatments, such as
solid-state ligand exchange, for device fabrication. On the other hand, a single per-
ovskite ink can be prepared for fabrication of high quality perovskite thin films. Not
only does this simplify the fabrication steps, it becomes more important when con-
sidering the synthesis cost for commercialization purposes. The perovskite thin films
offer lower materials cost compared to quantum dot based solar cells, providing a

pathway for low levelized cost of energy (LCOE).[10]
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Band Gap Tunability

The ability to tune the band gap of a semiconductor material offers wide range of
applications, ranging from light emitting diodes (LEDs), tandem solar cells, and color
multiplexing. For perovskites, the band gap of the material can easily be changed
by tuning the 1) elemental composition, 2) stoichiometry, 3) crystal structure, and
4) the dimensionality of the perovskite crystal (Figure 1-6). This results in a wide
parameter space for tunability and the band gap of the perovskite can span across
the entire visible wavelength range.|3|

Tandem solar cells have benefited from band gap engineering of perovskite solar
cells more than other aforementioned applications. Tandem solar cell is composed
of two sub cells with different band gap in order to minimize the loss in energy, or
photo-voltage due to carrier thermalization. A two-junction tandem solar cell can be
fabricated by utilizing a perovskite as the wide band gap top cell and a Silicon or CIGS
solar cell as the narrow band gap bottom cell. This structure allowed fabrication of
a tandem solar cell that exhibits device efficiency up to 29.1%, which exceeds that of
the single-junction Silicon solar cells. [11] In addition, perovskite-perovskite tandem
solar cells can be developed exclusively using solution processing techniques, which

allows fabrication of flexible and light-weight tandem solar cells.

-__Evac
1
C
2t 2
L
3__
3.83
4 =+
5 ——
6 ——
T 6.85 6.92 5.94 638
gl 733
¥ E(eV)

Figure 1-6: Energy level diagram of various perovskite materials showing band gap
tunability of perovskites with composition tuning. [3|
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Photophysics

Solar cells convert sun light into useful electricity. In order to achieve this, the photo-
active layer of the solar cell, perovskite in our case, needs to 1) efficiently absorb the
sun light, 2) create and separate the electron (e™)-hole (h™) pair, and 3) have carriers

(e~ and h™) that are long lived.

First, perovskites have high absorption coefficient. This allows perovskite thin
films to efficiently absorb the sun light with relatively thin thicknesses. In the visible
wavelength range, perovskites have an absorption coefficient that is ~10 times greater
than that of Silicon. As a result, a typical perovskite solar cell has an active layer
thickness of 500-700 nm, where as the thickness of a Silicon solar cell exceeds several

hundred micrometer. [12]

Second, perovskites exhibit low exciton binding energy. Exciton binding energy
is how much energy it takes to separate the exciton (e~ and h* that are bound
together) into free carriers. This is an important metric for solar cells as the free
carriers need to be efficiently separated upon light absorption and be collected at
charge selective contacts. Perovskites have an exciton binding energy of 15-40 meV,

which is comparable to room temperature (kgT=25.7 meV).[13]

Lastly, perovskites can have an extremely long carrier lifetime and is known to be
"defect tolerant". Having a long carrier lifetime means that there are low density of
parasitic defects that can trap the carriers that prevents efficient charge extraction.
The carriers that are trapped in these parasitic defects are lost through non-radiative
recombination pathways, usually as heat. Defect tolerance is an unusual property for
a material that are solution processed at low temperature, which generally leads to
formation of detrimental defects. For traditional solar cells, the semiconductor needs
to be processed at high temperature to provide enough thermal energy for the system
to reach its desired thermodynamic state to grow a single crystal with acceptable
concentration of defects, or in a highly controlled environment for epitaxial growth.[14]
The total trap density of solution processed perovskite is comparable to traditional

semiconductors. Then why is perovskite considered as defect tolerant material?
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Figure 1-7: Energy level diagram of traditional semiconductor materials, GaAs and
CdTe, and the location of deep traps versus "defect tolerant" perovskite (ABX3). [4]

The nature of the traps and the relative energy position of these trap state to the
conduction and valence band of the semiconductor determine its effect on the carrier
dynamics (Figure 1-7). Semiconductor systems that are defect intolerant have trap
states positioned deep within its band gap. The energy difference between these deep
trap and the band edge is greater than thermal energy (kgT), preventing them from
thermally being excited back to the transport band. In contrast, defect tolerance
perovskites have shallow traps that is positioned either within the band or very close
to the band edge. This allows shallow trapped carriers to be thermally excited back

into the transport bands without undergoing non-radiative recombinations.

Due to these defect tolerant behaviour, perovskite thin films exhibit extremely
long carrier lifetime that is carried over to high photovoltaic efficiencies. This is
because the carrier lifetime affect the carrier diffusion length, where the diffusion

length can be determined though the Einstein relation,

Eoln) = ng(n)

where D is the diffusion constant, D=pkgT /e, n is the charge carrier density, u
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is the effective carrier mobility, kg is the Boltzmann constant, e is the elementary
charge, and T is the temperature. The carrier diffusion length needs to be longer
than, if not comparable, to that of the physical thickness of the solar cell active layer
to result in an efficient solar cell with efficient carrier extraction.
The total recombination rate Ryoq (1) is,
_ Ldn(?)

Rtotal(”) = N dt = _kl — kgn — ]{?37"L2

where k; is a trap assisted monomolecular recombination rate, ks is a bimolecular
recombination rate, and ks is an Auger recombination rate. For solar cell applica-
tions, having a low k; and a high ks is important as the photoluminescence quantum

efficiency (PLQE) is defined as

k’g’n

PLQE =
Q k’l + an + k:3n2

PLQE is an important metric for solar cell application as the open-circuit voltage

(Voc) scales with the logarithm of the PLQE,

ot kgT
VOC _ Voracdzatwe 4 B; ln(PLQE)

(I will discuss in more detail the relationship between the PLQE and the Ve of
the device in relationship with the electroluminescence efficiency of the solar cell in
Chapter 2.4.2)

In general, the Auger recombination rate (ks) is several orders of magnitude lower
than that of trap assisted (k;) and bimolecular recombination (ky) rate, and if often

insignificant for carrier density at a solar irradiation of 100 mW /cm? (105-10'6 cm™3).
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Specific Power and Form-Factor

Specific power, or power-per-weight, is a metric that indicates the amount of power
a solar cell can generate per mass of the device (unit of Watts/gram). High specific
power is critical for applications where there is a strict restriction on the weight of the
payload, such as space missions, drones, or mobile solar power generators.|15] Due to
solution processing at low temperatures and high absorption coefficient, perovskite so-
lar cells can be fabricated on various supporting substrates, such as polyethylenimine
(PEI) plastics, or even flexible substrates (Figure 1-8). Not only does this allows
fabrication of perovskite solar cells with extremely high specific power, it opens up
new applications where flexible solar cells need to be installed conformally to the base

structure and generate power from the Sun.
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Figure 1-8: Plot of specific power, or power-per-weight, of various solar cell technolo-
gies. Adapted with permission from ref[1]. Copyright (2015) Springer Nature.
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1.1.2 3D Perovskite vs Low Dimensional 2D Perovskite

_ 3D Perovskite
2D Perovskite
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Figure 1-9: Structural comparison between 2D (yellow) and 3D (green) perovskites.
The optoelectronic properties of the 2D perovskite, such as the bandgap, can be tuned
by changing its n value and its bulky organic cation.

With its report as a successful photo-absorber for solar cell applications, lead
halide perovskite has gained much interest due to unprecedented improvements in
optoelectronic device performance. Much of the early work on perovskite optoelec-
tronic devices has been done on bulk perovskite, or a 3D perovskite, which is depicted
in Figure 1-9. 3D perovskite has an extended network of perovskite crystal structure
and offers high absorption cross-section, long carrier lifetime, and long carrier dif-
fusion length. Another family is a layered perovskite, or a 2D perovskite, which is
a crystal structure with bulky organic ligands intercalating between layers of per-
ovskite crystal structures (Figure 1-9). This occurs when the A site cation is too big
or too small to stabilize the perovskite crystal structure and falls out of the optimum

Goldschmidt’s tolerance factor (t),

B rA+Tr

V2(rpy +1r)
where 14, rpp, and 17, are the effective radii for A site cation, Pb?*, and I~. The
Goldschmidt’s tolerance factor is an empirical result and A site cations that results

in t values between 0.8 < t < 1 results in stable perovskite structures (mostly cubic
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or orthohombic structures), and such cations include methylammonium CHg(NH3)™,
formamidinium CH(NHy); , and Cesium (Cs). On the other hand, A site cations with
t values outside of 0.8-1 range results in a distorted [Pblg]*~ octahedra that results

in non-perovskite phases. Some of the examples are shown in Figure 1-10.

1 ~o~NHS 3
2~ N~ NH NH,*

Figure 1-10: (1) n-butylammonium, (2) n-hexylammonium, (3) benzylammonium,
(4) 1,4-benzene diammonium, (5) diphenylammonium

The thickness of the 2D perovskite (the n value) is determine by the number of
[PbIg]*~ octahedra cage within the bulky organic layer. This results in 2D perovskites
with a chemical formula of (A’),,(A),_1Pb,X3,11, where A’ is the bulky organic
cation, m is either 1 for Dion-Jacobson phase (organic cations with two binding
groups) or 2 for Ruddlesden-Popper phase (organic cations with a single binding
group), n is the number of [Pblg|*~ layer, and X is the halide. In the case of 3D
perovskite, the thickness is n=c0.

Just like the 3D perovskite, the band gap and the optoelectronic properties of the
2D perovskite can be tuned by changing the composition, such as the A site cation,
the halides, and the its stoichiometries. In addition to changing the composition, large
difference in the dielectric constants between the perovskite structure and the bulky
organic layer results in a strong quantum confinement of carriers within the perovskite
crystal, similar to how semiconductor quantum dots exhibits quantum confinement.
As aresult, 2D perovskites with different n values (perovskite thickness) show different
optoelectronic properties. In general, 2D perovskite with lower n value have larger
band gap, higher exciton binding energy, and lower carrier mobility.

Layered 2D perovskite structures offer various advantages compared to the 3D
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perovskite counterpart. The hydrophobicity of the bulky organic cations in the 2D
perovskite thin films results in more resistance to degradation from water and these 2D
perovskite based optoelectronic devices have shown to be more tolerant to operation
in humid environments. [16] In addition, the layered structures with bulky organic
cations limit the ion migrations (both the A cations and the halides) within the
perovskite structure and these ion migrations is shown to be linked to decrease in
device performance during long-term stability tests.[17] However, these layers 2D
perovskite suffer from low carrier mobility and diffusion length through the direction
of the A’ organic cation.|[18] Thus, perovskite solar cells fabricated with layered 2D
perovskites suffer from low FF and current density. Currently, much effort is put into
maneuvering the orientation of the layered 2D perovskite structure so that the layers

are vertical with respect to the charge transport layers.[19]
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1.1.3 Important Milestones in Perovskite Solar Cells

It is worth discussing some of the important milestones in the field of lead halide
perovskite solar cells that has contributed in boosting the efficiency from mere ~3%

to ~20% in less than a decade (Figure 1-11).
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Figure 1-11: Plot of JV curves from seminal works that has contributed significantly
in improving the device performance of perovskite solar cells. The JV curves were
extracted using WebPlotDigitizer [(Copyright 2010-2019 Ankit Rohatgi <ankitro-
hatgihotmail.com™>, https://automeris.io/ WebPlotDigitizer)| from the following ref-
erences: (a) Ref [5] ,(b) Ref [6] ,(c) Ref [7] ,(d) Ref 8]

Kojima et al. reported the first case of using lead halide perovskite material as
a photo-absorber back in 2009 (Figure 1-12). [5] They report an efficiency up to
~3% when using MAPbDI; in a dye sensitized solar cell using TiO, as the templating
scaffold.
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Figure 1-12: First report of using perovskite as a photo-absorbser for a photoelectro-
chemical cells, or a dye-sensitized solar cell. Adapted with permission from ref[5] .
Copyright (2009) American Chemical Society.

Moving beyond a dye sensitized solar cell, Lee et al. reported using lead halide
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perovskite as a photoactive layer in a solid-state solar cell (Figure 1-13). [6] They
incorporated a compact and a mesoporous metal oxide layer as the electron transport

layer, which resulted in efficiency close to ~10%.

Perovskite
Mesoporous Oxide

2| Compact TiO.

Figure 1-13: Using perovskite in a solid-state solar cell utilizing mesoporous scaffolds
to improve carrier extraction. Adapted with permission from ref[6]. Copyright (2012)
The American Association for the Advancement of Science.

To fabricate a high quality perovskite thin films, a fabrication technique called
"solvent-engineering" was reported in 2014 by Jeon et al (Figure 1-14). [7] A solvent
that does not dissolve the perovskite precursors (usually referred to as a non-solvent),
is deposited onto the perovskite thin film during spin coating but prior to thermal
annealing. The non-solvent treatment induces formation of an intermediate phase
and an in-situ crystallization of the perovskite active layer. This allowed fabrication
of polycrystalline perovskite thin films that is highly compact and with improved film
coverage. A similar technique was developed for fabricating highly efficient perovskite
light emitting diodes (LEDs), demonstrating the wide application of the solvent-
engineering technique.|20]

Most recently, much of the effort have been focused on investigating the effect of
the perovskite composition on the device performances (Figure 1-15a). For example,
Jeon et al. showed successful stabilization of an a-phase FAPbI3 perovskite, which is
unstable but is ideal for solar cell application, by adding MAPbBr; as a stabilizaing
agent. [8] This eliminated formation of detrimental §-phase FAPbI3 perovskite during
device fabrication and resulted in efficiency exceeding 18%. In addition, Saliba et al.
reported the benefit of introducing a small amount (~5 mol%) cesium (Cs) to the

perovskite composition. The addition of Cs resulted in much improved device stability
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spreading dripping phase film perovskite film

Figure 1-14: Schematic illustration of solvent-engineering. A non-solvent is intro-
duced during spin coating process to induce formation of a perovskite intermedi-
ate phase, which is converted to a perovskite active layer upon thermal annealing.
Adapted with permission from ref[7|. Copyright (2014) Springer Nature.

and was able to achieve efficiency up to ~21%. [9]

—0O—Cs,M

? —5—Cs,M

full illumination
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Figure 1-15: (a) Photograph of various lead halide perovskite powders. The right
most sample, (FAPbI3)g.s5(MAPbBr3)o.15, demonstrates the phase stabilizing effect
of MAPDbBr3 for a-phase FAPbI3 perovskite. Adapted with permission from ref[8] .
Copyright (2015) Springer Nature. (b) Plot of PCE versus time for perovskite solar
cell with and without Cs in its composition. The device with Cs exhibits higher effi-
ciency and improved stability. Ref|9] - Published by The Royal Society of Chemistry.
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1.2 What is the Ultimate Efficiency Limit in a Solar
Cell?

1.2.1 Shockley-Queisser Efficiency Limit

A solar cell cannot convert 100% of the sun light into useful electricity. Rather, the
theoretical maximum efficiency of a single junction solar cell is capped at ~33%. This
theoretical limit of often referred to as the Shockley-Queisser (SQ) efficiency limit,
based on their seminal work published in 1961.[21| In this chapter, I will go over the
derivation of the SQ efficiency limit and the physical meanings behind it. For more
detailed analysis and derivations, I recommend looking into the original work (Ref

[21]) and Ref [22][23][24] as well.

The Ultimate Efficiency

Before SQ efficiency limit was derived, an empirical approach was used to calculate the
theoretical maximum efficiency of a single junction solar cell by using values derived
from experiments. SQ’s approach was different in that they based the calculation on
the thermodynamic principles and phenomenons, hence the "detailed balance limit".
Detailed balanced means that the system is considered to be in an equilibrium system
such as,

A2Ep

=
kpa

Nakap = Npkpa

where A,B are the states, k is the rate between A and B, and N is the number of
states.

To start simple, we set ourselves to find the maximum efficiency in the most ideal
situation. The following assumptions describe the most ideal situation: 1) The sun
has a temperature of 6000K and the solar cell has the temperature of 0K, 2) there is no

flow of current through the device and there is only radiative recombination of carriers,
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3) the solar cell looks like a donut that absorbs sun light from all direction, 4) the
absorption profile is a step function where there is 100% absorption for photon with
energy greater than the band gap (hv > E,), and one photon creates one electron-hole

pair. Figure 1-16 shows how SQ depicted the ideal solar cell.

T, =6000 K

S

Figure 1-16: An ideal solar cell that is surrounded by a black body source (the sun)
with the temperature of 6000K and the solar cell with the temperature of OK.

We call the theoretical efficiency with the aforementioned assumptions as the
"ultimate efficiency (u(E,))" and it is,
__output power

FE
u(Ey) input power

First we determine the output power of the ideal solar cell. Due to the assump-
tions, the ideal solar cell will absorb the black body radiation of the sun and emit

photons corresponding to its band gap (E,), Thus, the output power is,

output power = E, x number of photons emitted(Qsus)

Since the temperature of the cell is OK and does not emit any black body radiation,
the number of photons emitted is equal to the number of photons absorbed. The
number of photons absorbed can be calculated by dividing the energy of the black
body radiation of the sun as a function of the energy of the photon for photons with

energy greater than the band gap,
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Planck’s Law

qun = Q(V7 Tsun) = hy
2wh [9© v3 d
2 [y
2 Juyg ekB}%ﬁfl

hv
where v is the frequency of the light (Eg:%), h is the Planck’s constant, ¢ is the
speed of light in vacuum, kg is the Boltzmann constant, Ty, is the temperature of

the sun. The black body radiation of the sun is shown in Figure 1-17.

<10 Blackbody Radiation
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Figure 1-17: Plot of spectral irradiance versus wavelength for a black body radiation
source with T=6000K.

Next, we determine the input power of the idea solar cell. The input power is

simply the incident solar power (Py,,) and is the total energy of the black body

radiation,

2h [~ 3
Psun = L\/' —hVV dv
Vg €

2
C kpTsun — ]|

thus the ultimate efficiency u(E,) is,

EQQQ f dv
E ¢ Jvg 7kBTsun 1
’LL( g)  27h v3 d
c2 vg hv v
ekBTsun —1

The plot of u(E,) versus the band gap (E,) is shown as the red trace in Figure
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1-18. Here, the maximum efficiency of ~44% is achieved at the band gap of ~1.1 eV.

Ultimate SQ Efficiency Limit

| —— BlackBody 6000K |

w B
o o
' .

Efficiency [%]

0 0.'5 1 1.'5 2 2j5 3
Energy [eV]

Figure 1-18: Plot of ultimate efficiency as a function of the band gap for an ideal
solar cell.
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The Nominal Efficiency

While the ultimate efficiency provides a good platform to understand how we should
approach determining the maximum efficiency of a solar cell, some of the assumptions
made to calculate the ultimate efficiency does not apply to real world applications.
First, while the temperature of the actual Sun is ~6000K, the observed solar
spectrum from the Earth does not follow the black body radiation but rather a unique
solar spectrum that is a combination of absorption from the atmosphere, scattering,
and diffusion. Currently, the global standard for solar spectrum is Air Mass 1.5

Global, or AM 1.5G (Figure 1-19a). Air Mass is determined by the relative position

(a) ZENITH (b)
AM ~ P/Po = 6z
6z - ZENITH ANGLE %:C\);% w
ﬁt’r

60.1° H ATMOSPHERIC

AM.15 DlreCt SCATTERING
J ‘/48 2 -*"*H

) ABSORBED
Global

REFLECTED

e
Oy GROUND-
- REFLECTED

Source: Newport

G2v

Source: G2V website

Figure 1-19: (a) Illustration of various A.M. position. (b) Illustration describing the
difference between Direct and Global.

between the Sun and the surface of the Earth. For example, A.M. 0 is defined as
the solar spectrum outside of the Earth’s atmosphere, whereas A.M. 1 is on the
Earth’s surface vertical from the Sun. In addition, depending on the relative angle,
A M. ﬁ is determined. For example, A.M. 1.5 is for 48.2° relative from the axis.
In addition to the relative angle, Direct and Global is distinguished (Figure 1-19b).
Direct is considered as the straight ray, whereas Global considers diffused, scattered,
and reflected light as well. Figure 1-20 shows three different solar spectrums: A.M.
0, A.M. 1.5 Direct, and A.M. 1.5 Global.

By using the A.M. 1.5 G as the solar specturm, we can calculate the updated

ultimate efficiency, u'(E,)
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Solar Spectrums
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Figure 1-20: Plot of three different solar spectrum versus wavelength. A.M. 1.5

Global is considered as the standard reference spectrum for simulating the Sun’s
solar spectrum.

E 00 @f.M.l.SGd
W(E,) = output power  FgJ,, 7w v

I Input power fyoo PAML5G
g9

where ®/-M15¢ is the A.M. 1.5 Global solar spectrum. Figure 1-21a shows the
spectrum used for the initial ultimate efficiency and the updated ultimate efficiency

using A.M. 1.5 Global as the solar spectrum. Figure 1-21b shows the calculated

maximum efficiency for each band gap.
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Figure 1-21: (a) Plot of solar spectrum from a black body source with T=6000K and
an AM 1.5 Global spectrum. The concentration factor of 6.85e~ is used for the black

body radiation. (b) Plot of ultimate efficiency versus band gap using either black
body source or the A.M. 1.5 Global solar spectrum.

Second, the initial ultimate efficiency assumes radiative recombination process is
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the only loss mechanism and that the cell’s temperature is 0K. However, in an actual
solar cell, carriers are extracted as a current through an external circuit and the
cell’s temperature is not 0K but can be considered as 300K. To consider the flow of
current, we set a continuity equation where the generation of carriers is equal to the

elimination of carriers at a given time.

0 = Generation of carriers — elimination of carriers

O:Grs+Gre_(Rr+I/q>

where G, is the generation rate due to sun solar spectrum, G,. is the generation
rate due to the Earth’s black body radiation, R, is the radiative recombination rate,

and I/q is the flow of current. The mathematical expression for each rates are,

Grs = / EQE(E)®4MI5¢ R

Sun
Eq

Gre = / EQE(E)(I)gfrtth

Eq

qV

R.(V) = Gee+T

In dark condition, G, is zero, thus we can find the expression for I as,

I q
- = Gre - Rr = Gre(l - ek%)

s}
3%

[dark = qGre(l - 6%) = IO<1 — ek

)

To find the current (I),

I =TI+ Lygrk = Lse + Ip(1 — e%),fsc = ¢G,s = / EQE(E)(I)AMl.SGdE

Sun
Ey

The plot of maximum short circuit current (Jg¢) versus band gap is shown in
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Figure 1-22 .
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Figure 1-22: Plot of maximum short-circuit current density (Js¢) versus band gap.

To find the open-circuit voltage(Voc), we set the current to zero,

[ =1, +Io(1 —eir)

Voc

O = Isc —+ ]0(1 — €T>

kKT I,
Voo = —In(—
o¢ q ([0

+1)

The plot of maximum open-circuit voltage (Vo) versus band gap is shown in

Figure 1-23 .

Voc versus Band Gap
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Figure 1-23: Plot of maximum open-circuit voltage (Voc) and Eg/q versus band gap.

Lastly, we find the expression for the fill-factor (FF). FF is the ratio between
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JscVoe and JmaxVmax, which generates the most power (Figure 1-24a),

Jmaxvmax
FF — Jmaxmaz
JocVoc
d(JV)
Frp=22") _
a
dJV)  d(Jee+ (1= bt )V oo qV +kT v,
av qv = Jole o ¢r=0

We find the solution to the equation above and set it to Vmax. Alternativley, a

widely used empirical expression for the FF is,

Yoo _ In(LToc +0.72)

FF =
Voc +1
kT
a b
@ g (b)
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Figure 1-24: (a) A representative JV curve showing the expression for FF. The ratio
between the large square (red) and the small square (blue) is the FF. (b) Plot of
maximum fill-factor (FF) versus band gap.

Finally, we find the expression for power conversion efficiency (PCE), or the nom-

inal efficiency;,

JscVocF'F

o0 FAM1.5G
fO (I)Sun dv

PCE =

Figure 1-25 shows the plot of PCE versus band gap and the maximum PCE

possible for Silicon, GaAs, and a perovskite solar cell.
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Maximum PCE versus Band Gap

| Silicon ~32% @1.1eV
GaAs ~33% @ 1.4 eV
5 Perovskite ~30% @ 1.6 eV
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Band Gap [eV]

Figure 1-25: Plot of maximum PCE versus band gap. The band gap and maximum
PCE possible for Silicon, GaAs, and perovskite (band gap 1.6 €V) is also shown.
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Chapter 2

Perovskite Optoelectronics

2.1 Improved Perovskite Solar Cell Device Perfor-

mance via Interface Passivation

The content of this chapter is published in Ref[25] and is adapted with permission
from Ref [25]. Published by The Royal Society of Chemistry.

2.1.1 Why is Interface Passivation Important?

Perovskite solar cells (PSCs) have been intensively studied in the last few years due
to their excellent photovoltaic performance and low fabrication costs.|[26]|27][28] Re-
cent progress on stabilization of the crystal phase and defect management of inor-
ganic/organic lead halide perovskites has resulted in devices with attractive power
conversion efficiencies (PCEs). [8][29][9]|30][31][32][33] Further improvements should
be gained through interlayer/surface engineering to passivate interface defects, using
metal oxides, polymers, small molecules, or organic halides.|[34][35][36][37][38|
Interface passivation is highly common in semiconductor systems, where a specific
treatment is applied to eliminate surface trap states that lead to non-radiative recom-
bination of carriers and negatively affect the device performance and stability (Figure
2-1). For example, in the quantum dot community, it is often observed that core only

nanocrystals exhibit poor photoluminescence quantum yield (PLQY), where PLQY
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is a metric that is used to determine how efficient the the emitter is at emitting a
photon upon excitation. This is mostly due to exposed surface states that are prone
to non-radiative recombination. By over-coating the core nanocrystal with an appro-
priate shell material, or with the addition of a suitable binding ligand, the PLQY and
the photostability can be significantly improved.[39][29] In addition, in a solid-state
semiconductor system, such as crystalline Silicon, an exposed Silicon surface exhibits

many dangling bonds that can be passivated to improved device performances.|40]

Nanocrystal
{
> Sl ﬁjf?
WI.I IHT'aP % o WIE IHWW“ Or 2 e %
f&"’;:{z‘fb fjﬁ;:;ﬁ‘g fffr’r'r § H"::L"
Improved PL Property!!!

Crystalline Solar Cell

YO0

Figure 2-1: Schematic illustration of how surface or interface passivation can improve
the optoelectronic properties of colloidal systems, such as nanocrystals, and solid-state
systems, such as crystalline Si.
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However, conventional surface treatment strategies geared at passivating inter-
face defects have not demonstrated a performance exceeding that of PSCs fabricated
simply from 3-dimensional (3D) perovskites. We show that this efficiency gap is
due to the hidden role of the solvent that is used in conventional surface treatment
method. [30]|38][41] The use of an inappropriate solvent during surface treatment can
negatively affect the underlying perovskite layer, preventing passivating agents from
fulfilling their potential. The key challenge in the fabrication of interface passivated
PSCs with high PCE and operational stability is to ensure that the underlying 3D
perovskite layer remains pristine during surface treatment without negatively affect-

ing its structure and properties.
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In this chapter of the thesis, I report a selective precursor dissolution (SPD)
strategy using a unique precursor/solvent combination (linear alkyl ammonium bro-
mides/chloroform) for the effective synthesis of a 2D perovskite layer onto an under-
lying 3D perovskite thin film. Although the in-situ preparation of a 2D perovskite
passivation layer on a 3D perovskite layer (thereby forming a 3D/2D heterostruc-
ture) has gained attention for its potential to effectively passivate interfaces and grain
boundary defects, increase moisture resistance, and outperform state-of-the-art single
layer 3D devices, [42] 3D/2D heterostructure devices have not yet delivered on their
potential. Compared to previous (conventional) methods, the approach we have de-
veloped lead to the most effective synthesis of various 2D perovskite passivating layers
onto 3D perovskite layers without disrupting the underlying 3D perovskite layer; a
key for maximizing device performance and stability. The SPD strategy prolongs car-
rier lifetime through defect passivation and improves the open circuit voltage (Voc).
Through this strategy, we obtain a champion device with a PCE of 23.4% from a
reverse current-voltage (J-V) sweep with a certified stabilized PCE (measured under
stabilized conditions for ~31min.) of 22.6% — the highest stabilized and certified
PCE reported for PSCs at the time — with a V¢ loss of only ~340 mV, which was
the lowest V¢ loss reported at the time, and with enhanced operational stability.
In addition, our PSC shows an electroluminescence (EL) external quantum efficiency

(EQE) of up to 8.9%, which was the highest value reported from a PSC at the time.
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2.1.2 Novel Interface Passivation: Selective Precursor Disso-

lution (SPD) Strategy

Isopropyl alcohol (IPA) is the most popular solvent used in conventional methods
for post-processing of perovskite thin films for surface passivation. To understand
the effect of this solvent on the underlying perovskite thin film during surface treat-
ment, we compared the solubility of perovskite precursors in IPA relative to a solvent
commonly used as a non-solvent; chloroform (CF). IPA effectively dissolves formami-
dinium iodide (FAI) due to its highly polar nature and its ability to form hydrogen
bonds (Figure 2-2). In contrast, CF, a solvent frequently used as the anti-solvent,
shows very limited solubility towards FAI (<1 mg/mL). The effect of solvent on the
perovskite is further explored in grazing incident X-ray diffraction (GIXRD), where
the 3D perovskite thin film, with the composition (FAPbI3)g.92(MAPbBr3)g.0s 3D per-
ovskite where MA is methylammonium, is treated with either neat IPA or neat CF

(control is without any solvent treatment) (Figure 2-2).

(a ) ( b) a: 3D perovskite, #: Pbl,
>1000 mg/mL —Control ) ) ) ’
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Figure 2-2: a, Solubility of FAI and CgBr in CF and IPA illustrating the appropriate-
ness of using CF for the 2D perovskite treatment. b, Grazing indicent XRD (GIXRD)

of 3D perovskite treated without any solvent (control) ,with neat IPA, or with neat
CF.

Compared to the control, the neat IPA treated perovskite film shows a Pbl, rich
surface, likely due to the dissolution and/or decomposition of the ammonium halide
salt (Figure 2-2b). In contrast, no visible change is observed for neat CF treated

sample. The solubility of n-hexylammonium bromide (Cg¢Br), a passivating agent
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used for in-situ synthesis of 2D perovskite passivating layer, shows the opposite trend
where CgBr shows higher solubility in CF than in IPA (Figure 2-2a). Interestingly,
other commonly used anti-solvents (chlorobenzene, 1,2-dichlorobenzene, and toluene)
did not dissolve the passivating agent and cannot be used during surface passivation.
(Figure 2-3a). In addition, we tried to dissolve phenylammonium and benzylam-
monium halides which are mainly used for passivating agents, but these types of
ammonium halides were not soluble in CF. Only a unique combination of the linear
alkyl ammonium bromide based 2D perovskite precursors and a specific non-solvent
(CF) resulted in a passivating solution that can deliver high quality 2D perovskite
layers onto 3D perovskites without negatively affecting the underlying 3D perovskite

layer.

To further analyze the effect of solvent on 3D perovskite thin films, we compared
carrier lifetimes for 3D perovskite films exposed to neat IPA or CF under various con-
ditions (Figure 2-4). 3D perovskite thin films show slightly reduced carrier lifetimes
when exposed to neat IPA for a short time period (<2sec for typical spin-coating
method) in an inert environment compared to neat CF. In fact, a bigger difference
in the carrier lifetime is observed when the experiment is carried out in an ambi-
ent condition (relative humidity ~30%). In addition, to closely simulate scaled-up
fabrication of PSCs where spin coating deposition methods are not feasible, the 3D
perovskite films were dipped in an IPA or CF containing CgBr in an ambient condition

(relative humidity ~30%).

The 3D perovskite substrate dipped in a n-hexylammonium bromide (CgBr) con-
taining IPA (2D/IPA) solution shows significantly reduced carrier lifetimes, likely
due to the hygroscopic nature of the solvent as well as the detrimental effect pro-
tic polar solvents have on the perovskite film (Figure 2-3b). Together with the use
of polar solvents, hygroscopic solvents are a critical issue for the scaled-up produc-
tion of PSCs under ambient conditions. The difference between hygroscopic IPA and

non-hygroscopic CF on 3D perovskite films is demonstrated in Figure 2-4.

The 3D perovskite thin film exposed to neat IPA shows an increase in its ab-

sorption baseline above ~800 nm and decreasing relative absorbance below ~550 nm

95



1 J Methyl lodide:

Chemical Shift (ppm)

Figure 2-3: a, Photograph of vials containing the 2D perovskite precursor CgBr in
chlorobenzene (CB), 1,2-dichlorobenzene (DCB), and toluene. The precursor concen-
tration is 2.5 mg/mL. The red arrows points to insoluble precursor powder. b, 1H
NMR of 3D perovskite dipped in deuterated IPA and methyl iodide in deuterated
IPA. When the 3D perovskite is exposed to IPA, the methylammonium iodide de-
composes to methyl iodide and ammonia. The methyl iodide peak is visible at ~2.1
ppm in perovskite sample. The peak at ~5.2 ppm is water and peaks at ~3.8 and
~1.1ppm is IPA peak.
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Figure 2-4: a-c, Lifetime traces of perovskite substrate fabricated inside the glovebox
with treatment with neat IPA and CF (a), fabricated in ambient condition with

treatment with neat IPA and CF (b) and 2D perovskite precursor containing IPA
and CF (c).

as a function of time (0-90min) (Figure 2-5a). These changes in optical profile are
likely due to changes in the perovskite crystal structure, increasing light scattering,
and bleaching of the 3D perovskite film. In contrast, the 3D perovskite thin film sub-
merged in CF shows no change in optical profile even after 90 minutes. The long-term
effect of IPA and CF is demonstrated in Figure 2-5b where a perovskite powder and
thin film are exposed to IPA and CF overnight in air. Both the perovskite powder
and the thin film exposed to IPA show severe perovskite bleaching and decomposition

whereas the samples retain their color when submerged in CF. CF is immiscible with
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water, which suggests CF is an ideal solvent system for post-processing perovskite

thin films under ambient conditions.
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Figure 2-5: a, UVVis of 3D perovskite dipped in IPA (left) and CF (right). The
UV Vis of perovskite substrate dipped in IPA shows higher scattering background due
to roughening of the surface and reduced relative absorbance in the ~500 nm region
due to perovskite bleaching or destabilized crystal phase. However, no change in
optical response for CF is observed. The experiment was carried in air. b, Photograph
of perovskite powder (left) and thin film (right) exposed to IPA or CF in air overnight.
IPA causes perovskite bleaching whereas CF does not affect the perovskite samples.

To confirm the negative effect of IPA and the inertness of CF on device perfor-
mance, 3D PSCs were fabricated by treating the 3D perovskite active layer with either
neat IPA or CF. The neat IPA treated PSCs show lower PCEs on average and a wider
PCE distribution compared to devices treated with CF, and faster degradation is ob-
served for neat IPA treated PSC under MPP (Figure 2-6). Moreover, devices based
on 3D perovskite films exposed to CF overnight retain their high efficiencies (Figure
2-6¢) whereas this could not have been possible with PSCs exposed to IPA.

Based on the results above, we expect an improved 3D perovskite interface when

using CF during the wn-situ synthesis of a 2D perovskite passivating layer. Figure
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Figure 2-6: a,b, PCE (a) and MPP (b) on PSC fabricated with neat IPA or CF
treatment. The neat IPA (red trace) treated PSC results in lower efficiency and
faster degradation under MPP condition. ¢, J-V curve and device performance of
PSC fabricated by soaking in CF overnight in air prior to hole transport layer and
Au deposition.

2-Ta shows XRD results for the 3D perovskite, the 3D perovskite treated with the
2D perovskite with CF or IPA as solvents and CgBr as the 2D precursor (3D/2D
(SPD strategy)) or 3D/2D (Conventional)), and pristine 2D perovskites. Com-
pared to the 3D perovskite, 3D /2D perovskites with CgBr treatment have additional
peaks at 3.9°, 7.9°, and 11.9° (marked with *) and show a lower peak intensity for
the Pbly peak (marked with #), indicating the incorporation of near-surface Pbl
into the 2D perovskite during the in-situ synthesis of the 2D perovskite. When
comparing XRD peaks from pristine 2D perovskite films, the 2D perovskite peaks
from 3D /2D structures matches well with the Ruddlesden—Popper hybrid perovskite
(CeH13NH;3)2(FA)PbyBryls compared to a pure 2D perovskite, (CgHi3NH;3)oPbBrols. The
slight shift in the lower angle peaks can be attributed to varying cation or halide sto-
ichiometries, and/or different thicknesses for the crystal layers in the 2D perovskite

(the n value). [43]|44]|45] In addition, the 2D perovskite peak intensities from 3D /2D
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perovskites fabricated using CF (3D /2D (SPD strategy)) are noticeably stronger than
those from 3D /2D perovskites fabricated using IPA (3D/2D (Conventional)), and

show a lower signal intensity from Pbls.
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Figure 2-7: a, GIXRD of 3D and 3D/2D perovskites fabricated using IPA (Con-
ventional) or CF (SPD Strategy), and XRD of pristine 2D perovskite with different
compositions. * corresponds to the 2D perovskite diffraction peak. b, XRD of the
3D/2D (Conventional) and 3D /2D (SPD Strategy) perovskites showing the formation
of the d-phase (~11.5°) in 3D/2D (Conventional) perovskites. ¢ corresponds to the
2D perovskite diffraction peak.

Additionally, scanning electron microscope (SEM) images show less faceted and
less distinctive grain surfaces and grain boundaries for the 3D/2D (SPD strategy)
film compared to the 3D perovskite (3D control) and the 3D/2D (Conventional)
films (Figure 2-8). Generally, various properties of the solvent, such as its dielectric
constant and the solubility of precursors, strongly affect reactivity during material
synthesis. The use of CF, which has lower dielectric constant and a higher solubility
for linear alkyl ammonium bromides than IPA, can increase the reactivity between
the surface of 3D perovskites and linear alkyl ammonium bromides, and thus lead to
the in-situ formation of a highly crystalline 2D perovskite onto 3D perovskite films.

Furthermore, XRD measurements reveal formation of non-perovskite polymorphs
of FAPbI3 (d-phase) for 3D/2D (Conventional) films. Highly polar and hygroscopic
[PA may destabilize the 3D perovskite surface layer by removing MA /FA halides
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Figure 2-8: Planar SEM images of 3D, 3D/2D (IPA), and 3D/2D (CF) perovskites
where CgBr was used for the 2D perovskite. The grain boundary is most distinct for
the 3D perovskite and least distinct for 3D /2D (CF) perovskite.

and altering the chemical composition and structure at the 3D /2D interface (Figure
2-7b). The §-phase has been correlated to lower device performance and operational
stability and should be avoided for optimal device performance. [46] Additionally,
3D perovskite films exposed to an IPA passivating solution (containing the 2D per-
ovskite precursors) beyond conventional spin-coating times (>2 seconds) show inho-
mogeneous film formation with visible pin-holes (Figure 2-9). In contrast, the SPD
strategy results in uniform deposition of the 2D perovskite passivating layer. The SPD
strategy allows for a wide processing window, an important factor in the potential

scaled-up fabrication of perovskite photovoltaics. [47]

Comparisons of device efficiency/stability demonstrate the impact of the SPD
strategy. Figure 2-10a shows J-V curves of representative 3D /2D PSCs fabricated
using the conventional method (IPA) or the SPD strategy (CF). Prepared under
similar conditions and at the same time, a conventional 3D /2D PSC shows an open-
circuit voltage (Voc) of 1.14 V, current density (Jsc) of 23.9 mA/cm?, fill factor
(FF) of 78.2% and a PCE of 21.3%, which is comparable to previously reported
defect-passivated PSC, [48][42] while the SPD strategy using CF shows an increased
device performance, achieving a Voc of 1.16 V, Jgc of 24 mA /em?, FF of 80% and a
PCE of 22.3%. In addition, when the J-V scan is repeatedly performed under contin-
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Conventional Method SPD Strategy

(a)

(b)

Figure 2-9: a,b, Photograph (a) and SEM image (b) of 3D/2D perovskite substrates
fabricated using conventional method or SPD strategy. The conventional method re-
sults in 3D /2D perovskite film with incomplete film formation with pin holes whereas
the SPD Strategy results in film with homogeneous 2D perovskite coverage. Scale
bar is 1 pm.

uous light illumination, putting the PSCs under operational stress, the SPD strategy
based 3D /2D PSCs shows superior stability over conventional 3D/2D PSCs (Figure
2-10b). These results indicate that the SPD strategy using CF as a solvent maximizes
the effect of the 2D perovskite treatment, leading to effective defect passivation and

improved device performance.
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Figure 2-10: a, J-V curve of 3D/2D (Conventional) and 3D /2D (SPD Strategy) PSCs.
b, Light stability test of 3D/2D (Conventional) and 3D/2D (SPD Strategy) PSCs
showing higher device performance and stability for 3D /2D (SPD Strategy) PSCs.
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2.1.3 Effect of alkyl chain length on 3D/2D perovskite thin

film properties and device performance

Our solubility and XRD results above support the use of CF instead of IPA dur-
ing 2D perovskite treatment, leading to PSCs with higher performance and greater
stability. We further incorporated three different 2D perovskites with varying car-
bon chain lengths on 3D perovskite films: n-Butylammonium bromide (C4Br), C4¢Br,
and n-Octylammonium bromide (CgBr), as the alkyl chain length in 2D perovskite
structures has been previously shown to affect defect passivation and thus device

performance.[49](37][45]

Figure 2-11a shows the 2-dimentional XRD (XRD?) pattern of 3D and 3D /2D
perovskites with varying alkyl chain lengths (C4Br, C¢Br, and CgBr).[16] Upon 2D
perovskite treatment, a peak appears at ~4° (white arrow), shifting to lower angle
with increasing chain length due to their larger organic spacing, as has been previously
been observed (Figure 2-12a). [44] The single confined spot on the diffraction ring
in the XRD? pattern for all three 2D perovskites indicates a planar (001) orientation
relative to the underlying 3D structure. Although the 2D perovskite layer on the
3D perovskites is too thin for a quantitative determination of its thickness, GIXRD
shows a decrease in the 2D perovskite peak and an increase in Pbl, and 3D perovskite
peaks at relatively low incident angles (0.2-16), indicating that the 2D perovskite is
limited to the very surface of the film (Figure 2-12b).

Morphological changes on the perovskite surface investigated using planar SEM
show that 3D /2D perovskites have noticeably less defined grain boundaries compared
to the 3D control; increasing the alkyl chain length leads to less visible perovskite
grain boundaries. This is consistent with a thin 2D perovskite layer on top of the 3D
perovskite film and the filling of grain boundaries. A reduced surface roughness is

also demonstrated using atomic force microscopy (AFM) (Figure 2-13a).

The effect of the 2D perovskite layer on the passivation of surface and grain bound-
ary defects was investigated using Kelvin probe force microscopy (KPFM) by mea-

suring the contact potential difference (CPD) between the AFM tip and the sample
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Control C,Br CeBr CgBr

Figure 2-11: a, XRD? image of 3D control and three different 3D/2D (C,Br, C4Br,
CgBr) perovskites fabricated using the SPD strategy. White arrows indicate the
(001) peak of the 2D perovskite. b, Planar SEM of 3D control and 3D /2D perovskite
samples. ¢, KPFM images of 3D control and 3D /2D perovskite samples. SEM images
show that the grain boundary is less distinct for the 3D /2D perovskite and the same
behavior is observed in potential mapping from KPFM.

surface (Figure 2-11c). [50][51][52][53] Remarkably, upon 2D perovskite treatment,
the perovskite films show a significant flattening of the potential distribution suggest-
ing that alkylammonium based 2D perovskite interlayers are effective at passivating
surface/grain boundary traps (Figure 2-13b). [51][52]

Additionally, time-resolved photoluminescence (TRPL), used to measure carrier
lifetimes for 3D control and 3D /2D perovskites (Figure 2-14) shows an increase in car-
rier lifetime for all three 3D /2D perovskite samples compared to the 3D control. UPS
and TRPL measurements indicate that the wide band gap 2D perovskite prevents car-
rier quenching (Figure 2-15, 2-16). 2D perovskite treatment is effective in passivating
surface/grain boundaries, reducing non-radiative recombination pathways.

The band diagrams depicted in Figure 2-16¢c-f to provide an explanation of the
observed kinetics in the TRPL traces and the observed increased device performance.

The 3D-control structure (Figure 2-16¢) depicts the band diagram and the observed
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Figure 2-12: (a) The XRD? shows the main 2D perovskite peak shifting to lower angles
with increasing alkyl chain length. b, GIXRD pattern at various incident angle (w)
on the 3D perovskite and 3D /2D perovskites with different alkyl chain length.

recombination pathways based on TRPL measurements. The observed radiative rate,
kr(3D), is faster than the known intrinsic carrier lifetime in 3D perovskite thin films,
likely due to the presence of non-radiative recombination pathways, kyR(3D), asso-
ciated with the surface. When a 2D layer is deposited on the 3D perovskite (Figure
2-16d), TRPL measurements observed with excitation from the 3D perovskite side
show an increase in carrier lifetimes, kr1(3D/2D), compared to the 3D control per-
ovskite. On the other hand, the lifetime trace shows a relatively fast component,
kr2(3D/2D), when the 3D/2D perovskite is excited from the 2D perovskite side, in
addition to the long component (Figure 2.2-14a). This behavior of different lifetime
profiles depending on the excitation side is not observed in the 3D control perovskite
where the lifetime traces are almost identical for both film and substrate excitation.

We identify the 2D perovskite interlayer as a passivating layer that minimizes
surface/interface trap states that otherwise would serve as non-radiative recombina-

tion centers. The additional passivation results in an increase in carrier lifetimes and
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Figure 2-13: a, AFM images of 3D (Control) and 3D/2D (C4Br, C¢Br, CgBr) per-
ovskites and their surface roughness shown in RMS value. Surface roughness decreases
upon 2D perovskite treatment. b, Coefficient of variation, defined as the standard
deviation of the CPD intensity normalized to the average CPD intensity, calculated
from KPFM images in Figure 2c.

the increase in detected photons. Furthermore, we hypothesize that the fast radiative
component, kp2(3D/2D), is due to a carrier buildup at the 3D /2D perovskite interface
from band bending, which is supported by the UPS results. This carrier accumulation
can contribute to the increase of Voo of 3D/2D PSCs, in addition to the increase in

the built-in potential due to the higher work function of 3D /2D perovskite.

Our hypothesis on the role of 2D perovskites on the 3D /2D perovskite structure
is further supported by TRPL measurement with the addition of hole transport lay-
ers (HTL), specifically Spiro-OMeTAD. Figure 2-16e-f shows the band diagram of
3D/HTL and the 3D/2D/HTL structure and Figure 2.2-14d-e shows the correspond-
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Figure 2-14: TRPL trace of 3D and 3D/2D perovskite films deposited on a quartz
substrate. The sample was excited through the quartz substrate. An increase in the
carrier lifetime is observed with 2D perovskite treatment

ing lifetime traces, carrier lifetime, and photon counts. The 3D/HTL structure shows
significantly faster lifetime traces when compared to pristine 3D perovskites, due to
quenching of one of the carriers (hole) into the HTL. On the other hand, a longer
lifetime is observed for the 3D/2D/HTL structure compared to 3D /HTL. The limited
quenching effect can be explained by the reduced recombination between the electron
in the perovskite layer and the hole in the HTL due to the spatial separation and the
energy barrier provided by the wide band gap 2D perovskite.

In total, the 2D perovskite interlayer passivates the 3D perovskite surface traps
and minimizes nonradiative recombination pathways, while providing a spatial sep-
aration and an energy barrier to minimize carrier quenching associated with the 3D
perovskite/HTL interface. In eliminating intra-band gap states and removing nonra-
diative recombination pathways, the 2D perovskite interlayer provides an ideal inter-
face for low V¢ loss and improved PCE.

We fabricated PSCs without (3D control) and with various 2D perovskite pre-
cursors (C4Br, C¢Br and CgBr) using the SPD strategy to show that the improved
optoelectronic properties translate to better performing devices. Figure 2-17a shows

a schematic illustration of the 3D/2D PSC along with a false colored cross-sectional
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Figure 2-15: a, TRPL traces of 3D and 3D /2D perovskites on quartz substrates.
“Film” indicates that the sample is excited from the perovskite film side. b, Carrier
lifetimes extracted by fitting the long component of the lifetime traces (a above as
well as from Figure 2d). “Substrate” indicates that the sample is excited through the
quartz substrate (in Figure 2d). ¢, Normalized integrated photon counts from the
TRPL measurements. d, TRPL of 3D and 3D/2D perovskite samples with Spiro-
OMeTAD as the hole transport layer, excited from the perovskite film side. e, Ex-
tracted carrier lifetimes and integrated photon counts (from d).

SEM image. Figure 2-17b shows the average J-V curves of the fabricated 3D con-
trol and SPD strategy based 3D/2D PSCs. The average PCEs for 3D/2D devices
are noticeably higher than the control (~22% vs ~20.5%) with reduced hysteresis
in the J-V curves regardless of their alkyl chain length (Figure 2-18). The improved
PCE can be mainly ascribed to an increase in the Voo of ~50 mV with 2D per-

ovskite treatment. Figure 2-17c displays the Vo distribution of the corresponding

68



- 700
. = 3D
600 * C4Br 4
2ok s . C6Br
A v csbr |
m‘o_ ,7 500 .{._"!".‘i.-I~I
i'i ‘é‘ 300 %‘”“.
> 2 hy
g 5 oK
g < 200 @ u
.l . , Y
M R
B 7 , I
75 170 165 -16.0 155 -4 3 2 -1 0 1
(b) Binding Energy (eV) Binding Energy (eV)
Conduction Band (eV) Work Function (eV) Valence Band (eV)
3D 4.46 471 5.99
2D(C,Br) ~3.52 4.19 5.89
2D(C¢Br) ~3.51 4.22 5.88
2D(CgBr) ~3.58 4.06 5.95
(c) (d) (e)
3D 3D/2D 3D HTL

k,,(3D/2D)
k,,(30/2D)
(3D/HTL)

k.

=
3 =
A
E, 0 00 000 5~ © 250 0000000
05 00!

k,(3D): Radiative rate k,,(3D/2D): Radiiative rate
k,(3D): Nonradiative recombination rate K, (30/2D): Charge recombination rate K, (3D/HTL) &k (3D/2D/HTL) : Carrier quenching rate

Figure 2-16: a, UPS spectra of 3D and three different 3D /2D perovskite substrates.
b, Summary of energy levels determined from UPS measurements. band gaps of
1.53 €V and 2.37 ¢V were used to determine the conduction band of 3D and 3D /2D
perovskites, respectively. The band gap for in-situ synthesized 2D perovskite is ap-
proximated by measuring the UV Vis of a 2D perovskite that is synthesized separately
and not using the 3D perovskite as the template. c-f, Energy band diagrams of vari-
ous perovskite layers determined from UPS and TRPL measurements. CB, WF, and
VB correspond to conduction band, work function, and valence band, respectively.
Energy band diagram of 3D control (c¢) and 3D /2D perovskite (d), showing the passi-
vation of surface defects with 2D perovskite treatment. Energy band diagram of 3D
control (e) and 3D/2D perovskite (f) with the addition of the hole transport layer
(HTL).

devices. The average Voc is 1.10, 1.14, 1.15 and 1.15 V for the 3D control, C4Br,
CeBr, and CgBr-treated devices, respectively, and the champion Voo (1.17 V) in this

comparison study is achieved with a CgBr-treated device. The increase in Voo is
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consistent with measured increased carrier lifetimes (Figure 2.2-13). This result in-
dicates that longer-chained 2D perovskite can effectively passivate surface and grain
boundaries.|34][54] Although a slight difference in photovoltaic properties between 2D
treated devices is observed, their device performance differences are not statistically
significant, with the best PCEs reaching ~23% for all alkyl chain lengths. Previous
studies have focused on the chemical nature of 2D perovskite materials to fabricate
high performance 3D /2D PSCs. Our finding, however, suggests that the dominant
factor in the fabrication of 3D /2D PSCs is the method by which the in-situ synthesis
of 2D perovskite is performed, rather than the exact composition of the 2D layer, as

device performance seems insensitive to the type of 2D perovskite.

The SPD strategy effectively eliminates non-radiative recombination pathways at
the perovskite/Spiro-OMeTAD interface, resulting in an increase in V¢, and an
expected increase in electroluminescence efficiency (Figure 2-17d-e and Figure 2-19).
Figure 2-17d shows the EL emission from a PSC operating as a light-emitting diode
(LED) with the photograph of the device shown in the inset. Figure 2-17e is the
plot of current density, EL EQE, and radiance as a function of voltage. The SPD
strategy based 3D /2D PSCs show a maximum EL EQE of 8.9%, compared to ~3% for
the 3D control, consistent with the increased Voc for SPD based devices. The PSC
fabricated using the conventional method shows a non-uniform EL emission likely due
to the formation of an insulating phase being formed between the 3D perovskite and

the hole transport layer, such as an amorphous or perovskite d-phase.

3D and 3D/2D PSCs retain most of their initial device performance when stored
under dark and dry conditions (~ 20% relative humidity (RH)), (Figure 2-20a). Fig-
ure 2-20b-c shows a series of photographs and XRD patterns of perovskite substrates
stored in a humidity chamber (~90% RH) at room temperature. The 3D control
shows bleaching of the perovskite after day 1 and is almost colorless after day 8. For
the 2D perovskite treated substrates, all three samples show superior stability com-
pared to the 3D control; increasing the alkyl chain length yields superior resistance
to humidity, suggesting that the longer-chain 2D perovskites may be advantageous

for the scale up of PSCs.
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Figure 2-17: a, Schematic illustration of a 3D/2D PSC with false colored cross-
sectional SEM (scale bar: 500 nm). b, J-V curves of 3D and 3D/2D (C,Br, C4Br,
CgBr) PSCs fabricated using the SPD strategy, with average and standard deviation
shown as a dashed line and shaded area, respectively. ¢, Histogram of Vo for 3D
and 3D /2D (C4Br, C¢Br, CgBr) PSCs. d, An electroluminescence spectrum from the
3D/2D PSC operated as a LED. The inset shows the bright electroluminescence from
the device. e, Plot of current density, EQE, and radiance as a function of voltage.
The device shows a max EQE of 8.9%

Through optimization of device performance and with an anti-reflective coating,
we achieved a reverse J-V PCE of 23.4% (Figure 2-21a). To ensure reliability of the
data, 3D /2D PSCs were sent for certification to the Newport Corporation Technology
and Application Center Photovoltaic Lab (Newport), an accredited testing labora-
tory, confirming a reverse J-V PCE of 23.2%. Quantifying PCEs for perovskite solar

cells from J-V scans is problematic because conventional J-V sweeps can give rise
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Figure 2-18: a, J-V curves of 3D and 3D/2D representative PSCs showing reduced
hysteresis for 2D perovskite treated PSCs. “Re” is the reverse scan the “Fo” is the
forward scan. b, PCE average and standard deviation for 3D and 3D/2D PSCs
measured over 20 devices. The PCE values in parentheses represent the result for the
best-performing cells.

to out-of-equilibrium effects associated with the dynamic ionic characteristics of the
perovskite layer.[55] In addition, several groups have noted that J-V sweeps do not
reflect the true efficiency of a PSC device, and that even the absence of hysteresis in
J-V measurements of PSCs is insufficient for predicting steady-state device character-
istics, leading to an overestimations of steady-state device performance. [56][57][58]
PSCs require light soaking for some period of time before reaching a stable state, and

defective PSCs do not maintain their maximum efficiency under illumination.|59| As

72



—ill— Measured EL Emission

(a) ( b ) ° Ideal Lambertian Emitter
T T T T T 0 10°
1o 20°
— F 1 0
S Jio &
S oF g
< 41 D
E 3 e
> o Jwo ®
h=SR ] Q —
g 410 g
8 102 g ]
b 4110’ 3 70
c 10°f 3
: v 80°
S oty
~ 10 2 ! § ! i
10° ) ) % : l 90
00 05 1.0 15 20 25 0 02 04 06 08 1
Voltage (V)

(C)Conventional Method (IPA) SPD strategy (CF)

Figure 2-19: a, Plot of current density, EQE, and radiance as a function of voltage
from the 3D control PSC. The device shows a max EQE of 3.0%. b, EL emission
profile of a PSC showing an emission profile that resembles an ideal Lambertian
emitter. ¢, Photograph of 3D/2D PSC operating as an LED. PSCs fabricated using
the conventional method shows non-uniform EL emission from the active area (white
dotted line), whereas devices fabricated using our newly developed SPD strategy
shows uniform and complete EL emission from the active area.

a result, the most accurate way to translate device performance to that expected in
an operational solar cell is to perform the measurement under stabilized conditions.
We thus performed stabilized measurements to better quantify the PCE.

We first measured the Voo and current density by holding the bias current, or
voltage, until the measured voltage, or current density, remains unchanged at the
0.03% level. Figure 2-21b shows the measurement determining the stabilized Ve
(Voc.s) where the initial Voo increases from ~1.16V, stabilizing at Voe,S ~1.19V.
The same principle is applied for the stabilized current density, but with the bias
voltage held and the current density monitored at each voltage (Figure 2-21c). A
total of 13 voltage points were measured (from 0 to Voc . g) with a total measurement

time of ~31 min. Figure 2-21d shows the J-V curve extracted from the asymptotic
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measurement with Voo g: 1.19 V, Jgo g0 24.2 mA /em?, FFg: 78.5%, and PCEg:
22.6% (subscript S means stabilized) (Figure 2-22). To the best of our knowledge, this
is the highest certified stabilized PCE thus far for PSCs and the first demonstration
of a certified stabilized efficiency over 20%.

In addition, the certified SPD based 3D /2D PSC shows a V¢ loss of only ~340
mV (Figure 2-23), which is the lowest voltage loss report so far, regardless of the
device structure. To confirm the reliability of the certification result, the same pad
was tested over the course of two days (Figure 2-24), resulting in an almost identical
result for both measurements, further supporting the enhanced operational stability
of SPD based 3D /2D PSCs. In addition, the long term stability of the PSC was tested
with maximum power point (MPP) tracking under full solar illumination without an
ultra-violet cut-off filter (UV-filter). The 3D/2D PSC, with an initial PCE of 22.6%,
maintained 85% of its initial efficiency over 500 hrs (Figure 2-24b), even without
incorporation of Cs and Rb as additives.

In summary, we have shown that the SPD strategy based on a unique combi-
nation of linear alkyl ammonium bromides and CF effectively passivates interface
defects, minimizes carrier quenching, and results in a record stabilized PCE and a EL
efficiency; device performance metrics that conventional surface treatment method
and passivation strategies were not previously able to deliver. In addition to effec-
tively passivating interface defects, the SPD strategy is scalable and can be combined
with various printing methods that could be used for the scaled-up production of
heterojunction PSCs (ink-jet printing, roll-to-roll printing, and blade coating), which
inevitability employ longer contact times between the underlying perovskite layer and
the solvent used for surface treatment compared to spin-coating. The SPD strategy
allows for a wide processing window, providing an ideal platform for the scaled-up

production of heterojunction PSCs. [47]
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Figure 2-20: a, Normalized PCE as a function of storage time for 3D and 3D /2D
PSCs. The devices were stored in dark and dry conditions between measurements.
b, Photographs of 3D and 3D/2D perovskite films on glass substrates stored in a
humidity chamber (~90% RH) at room temperature as a function of storage time.
The bleaching indicates decomposition of the 3D perovskite. The 3D /2D perovskite
films showed higher resistance to moisture than the 3D control. An increase in alkyl
chain provides additional resistance. ¢, XRD pattern of 3D and 3D /2D perovskite
films on glass stored in the humidity chamber. The 3D control showed severe decom-
position of the perovskite into Pbl, and §-phase perovskite on day 3, whereas 3D /2D
perovskites showed no sign of §-phase.
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Figure 2-24: a, 3D /2D PSC device results on the same pad on two consecutive days
(measurement at Newport). The 3D/2D PSC shows almost identical results even
after extensive stabilization measurement (~40 min on day 1 and ~31 min on day
2) demonstrating remarkable operational stability. b, The MPP was measured under
full solar illumination (AM 1.5G, 100 mW /cm?) without a UV-filter. The PSC shows
an initial PCE of 22.6% and maintained 85% of its efficiency after 500 hrs. The device
is encapsulated and measured in ambient condition.
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2.2 Low-Temperature Solution Processable ETL

The content of this chapter has been submitted for peer-review.

2.2.1 Why do we need a new ETL?

The last decade has seen a rapid and remarkable rise in the power conversion effi-
ciency (PCE) of perovskite solar cells (PSCs), accompanied by a considerable mat-
uration of their scientific and technological basis.|60|[7][61][33][62][29][63][64]|65][66]
Nevertheless, PSCs still lag their commercialized solar cell counterparts in device
performance, such as Silicon (Si) and Gallium Arsenide (GaAs), which show PCEs
surpassing 80% of their band gap determined Shockley and Queisser (SQ) efficiency
limits. For PSCs to effectively compete on the road to lower levelized costs of elec-
tricity from photovoltaic systems, further improvements in device performance are
likely necessary.|[67]|68]

The short-circuit current density (Js¢) already closely approaches the SQ limit
for the best performing PSCs.[69] Despite near ideal Jg¢, the fill factor (FF) and the
open-circuit voltage (Voc) have remained bottlenecks towards further approaching
the SQ efficiency limit. Improvements in carrier management, which is closely tied
to the FF and the V¢, is thus the more obvious path to increasing the device
performance of PSCs. Strategies need to be developed to: 1) efficiently extract photo-
generated carriers from the photo-absorber, and 2) transport these carriers through
the transporting layer without carrier recombination and photo-voltage losses.

For a n-i-p structure, mesoporous TiOy (m-TiOs) was widely used as it offered high
collection efficiency due to its physical structure and has resulted in highly efficient
perovskite solar cells (Figure 2-25). [25|[70] However, m-TiO, requires high sintering
temperature with hygroscopinc doping agents. In addition, TiO, exhibits a pho-
tocatalytic effect, which is not favorable from long-term stability aspect. Recently,
tin dioxide (SnO2) based ETLs have gained much interest as they offer favorable
band alignment, while being low temperature processable with various deposition

methods.|71][72][73]|74]|75][76] SnO2 nanoparticles (NPs) have shown promise in fab-
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ricating highly efficient PSCs (Figure 2-25). However, NP-based ETLs suffer from in-
complete interconnectivity between individual NPs resulting in imperfect surface cov-
erage of the contact electrode. In addition, SnOs NPs synthesized via aqueous chem-
ical routes are only weakly n-type, limiting efficient electron transport.|77| Finally,
SnO, NPs based PSCs exhibit low external electroluminescence quantum efficiencies
(ELEQE), compared to GaAs solar cells, in spite of various efforts to eliminate non-
radiative recombination pathways via passivating the perovskite/HTL interface.|7§]
These deficiencies motivate developing strategies that minimize photo-voltage losses

at the ETL/perovskite interface so as to maximize the V¢, thus encouraging the

search for a different deposition method that can develop the full potential of SnO,
ETLs.

Metal Contact
HTL

22 2 f‘_‘ » BdP o JMesoporousTiO,

Transparent Conductive Oxide

SnO, NPs
Transparent Conductive Oxide Transparent Conductive Oxide

Sn0, CBD

Issues: Issues: Ideal properties:

- High processing temperature (>500 °C) - Incomplete NP connectivity -Conformal Coverage
- Requires additional doping - Weakly n-type - Low interfacial recombination
- Detrimental Photocatalytic Properties - Ideal energy band alignment

Figure 2-25: Illustration of m-TiOy based perovskite solar cell structure, SnOy NP
based structure, and its issues. Lastly, the SnOy CBD based structure with ideal
properties is shown on the right.
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2.2.2 Developing efficient ETL using Tin oxide (SnO,)
Synthesis and Characterization of CBD based SnO, ETL

In this chapter of the thesis, I report a facile method to chemically tune the physical
and electronic properties of the SnOy ETL via chemical bath deposition (CBD). We
show that this results in highly efficient PSCs. Chemical bath deposition (CBD)
allows uniform and complete coverage of the underlying substrate via depositing a
dense and conformal layer.|78][79] However, a lack of understanding of the complex
chemical reactions during SnO, CBD has prevented fabricating highly efficient PSCs.
We infer that the Sn intermediate species during CBD play a crucial role in the quality
and the characteristics of the final SnO, layer, and that these Sn intermediate species
can be modulated by controlling the pH of the CBD solution. More specifically,
we suggest that the formation of various Sn intermediate species depends on the
decomposition pathway of the Sn?* precursor (SnCly), which depends on the pH of
the reaction solution.[80][81][82] The freshly prepared CBD solution exhibits pH <1
and the pH increases with longer reaction time as urea decomposes and releases OH-.
The changes in the thin film properties of the SnO, layer with reaction time, and

thus pH, is shown below.

Figures 2-26A-D show scanning electron microscope (SEM) images of the SnO,
layer synthesized on top of an FTO film via CBD. Although the large FTO nan-
odomains dominate the image, SnOy nanoparticles can be seen on top of the much
larger FTO nanodomains. The top-right insets are the zoomed-in-view of the top-
down SEM images, highlighting the texture and the surface morphology of the film,
with the SnO, nanoparticles more clearly seen. The insets on the bottom-right
are cross-section transmission electron microscope (TEM) images showing the cross-
section characteristics of the thin, uniform, and conformal SnO, layer on top of the
structured FTO film. In the early stage of the reaction, or when the pH of the reac-
tion solution is still ~1, the SnOy nanoparticle layer is ~20 nm thick, conformal with
the underlying FTO layer (Figures 2-26A lower right inset). With increasing reaction

time, thus an increase in the pH of the reaction solution, the size of the nanoparticles
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increases while forming a densely packed layer with thicknesses up to 45nm and 70
nm (Figures 2-26B and C, pH 1.5 and 3, respectively). When the acidity of the so-
lution reaches pH 6, the particles begin to grow in an elongated rod-like morphology

(Figures 2-26D).

Figure 2-26: Top view SEM images synthesized with increasing time leading to an
increased pH: (A) pH=1, (B) pH=1.5, (C) pH=3 and (D) pH=6. Top-right insets
show a zoomed-in SEM and bottom-right insets show corresponding cross-sectional
TEMs.

High-resolution TEM (HRTEM) analyses of the SnO, film are shown in Figures
2-26B, or when the pH is ~1.5 (Figure 2-27E and F). HRTEM shows the SnO, layer
forming a complete coverage with interconnected nanoparticles, even down the sharp
valleys within the FTO layer (Figure 2-27E).

The completeness of the coverage is further confirmed by cyclic voltammetry (CV),
which shows that the films have robust hole-blocking properties when reacted past
pH 1.5 (Figure 2-28). The lattice fringes in Figure 2-27b indicate that individual
nanoparticles have high crystallinity, where the lattice fringes corresponds to the (110)
and (101) planes of rutile SnO,, which is in agreement with the result of selective-
area electron diffraction (SAED) (Figure 2-27b inset). In addition, the films prepared
while still under acidic conditions (pH= 1, 1.5, and 3) have a pure phase, while films
prepared allowing the reaction solution to reach pH 6 contain secondary phases, such
as SngO4(OH), and SnO (Figure 2-29a).

X-ray photoelectron spectroscopy (XPS) provides insight on the progress of the
oxidation state of Sn as a function of pH (Figure 2-29b). As the pH of the re-
action solution increases, the peak corresponding to the Sn3dg state (~487 eV)

shifts towards lower binding energies, suggesting formation of Sn?* species, yielding
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Figure 2-27: (a) and (b) are HR-TEM images of films prepared at the pH 1.5 time
point (inset in Figure 2-27B: SAED pattern).

SnOs_ (0<2<2),|83][84][85][86][87] thus resulting in increased oxygen vacancies in the
SnO,_, layer. UV-Vis spectroscopy further supports this conclusion (Figure 2-29c).
[83][84][85][86]|87] When the pH of the solution increases, SnO,_, films show increased
absorptivity in the blue-UV wavelength range. This can be attributed to an increase
in the shallow donor levels near the conduction band.[83][86][88][89] These shallow
donor levels can contribute free electrons to the conduction band, thus improving the
conductivity and charge transport properties of layers as ETLs in PSCs.[77][90]
Based on the experimental results, we can classify the reaction progress into three
parts based on the reaction time and the pH of the solution (Figure 2-30a). At the
beginning of the reaction (Stage A-1, pH = 1-1.5), the dominant product of the CBD
reaction is a somewhat oxygen deficient SnOs,_,. As the reaction progresses in time
to a higher pH of ~3 (Stage A-2), oxygen vacancies increase further as seen in the
larger decrease in binding energy in XPS (Figure 2-29b) and a continuing increase
in absorption in the UV-blue (Figure 2-29c). When the pH of the reaction solution
reaches ~6, oxygen deficient SnO,_, is joined with SngO4(OH), and SnO that are
produced as secondary phases as observed from X-ray diffraction (XRD) data (Figure
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Figure 2-28: Cyclic voltammograms of bare FTO and SnOy ETL synthesized up to
various pH values. The scan rate was 0.1 V/s and the electrolyte solution was 0.5
mM K, Fe(CN)g + 0.5 mM K3Fe(CN)g in 0.5M aqueous KCl. A saturated calomel
electrode (SCE) is used as the reference electrode.

(a) oSn0;  #SnO % 5ns04(OH)s (b (C)
e e O O [ [ ‘Shif'( ——pH¢6
* —
. A * * * o . 5
3 ® i 3 ©
8 8 T
o 27 =
g gt £
o
£ £ 3
<
10 20 30 40 50 60 70 484 485 486 487 488 489 490 491 300 350 400 450 500 550 600
2 Theta(@) Binding energy (eV) Wavelength (nm)

Figure 2-29: (A) XRD patterns, (B) XPS Sn3d5/2 spectra, and (C) UV-Vis absorp-
tion spectra of films synthesized with increasing time leading to an increased pH.

2-29a).

We propose a possible synthesis mechanism during the CBD growth of SnO,_, in
Figure 2-30b. In stage A, the Sn?* ions dissolved in strong acidic aqueous solution
undergo a hydrolysis reaction, and form Sn(OH)" intermediate species. Sn(OH)* is
then oxidized to Sn** by the dissolved oxygen in the solution.[80] The Sn** ions then

react with OH- ions, provided via decomposition of urea, to form Sn(OH), species,
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Figure 2-30: (a) and (b) Schematic illustration of the overall reaction mechanism for
the formation of the tin oxide film.

which are converted to SnO, via a dehydration reaction (top branch in Figure 2-
30b).[80][91] However, the conversion of Sn(OH)™ to Sn** is not complete at CBD
temperatures (<100 °C)[83]; Sn*T ions from Sn(OH)™ can then readily incorporate
into the SnO, lattice due to comparable ionic radii between Sn®* (0.62 A) and Sn**
(0.69A) for hexa-coordinated Sn species (middle branch in Figure 2-30b).[86][87][89]
The incorporation of Sn?* into the SnO, lattice leads to the formation of oxygen
vacancies in the SnO, layer to preserve charge neutrality. This leads to the oxygen

deficient nonstoichiometric SnO,_, that is synthesized in stages A-1 and A-2.

After the initial phase of the CBD reaction (stage A-1), the pOy (partial pres-
sure of oxygen) decreases since the reaction occurs in a closed container and oxy-
gen is consumed, and this slows down the oxidation of SnOH™ to Sn**.[80]|91] This
results in a relative increase in Sn** species and leads to increased oxygen vacan-
cies in the SnO,_, layer due to self-doping of Sn?* (stage A-2) (the decreased pO2
begins to favor the middle branch over the top branch in Figure 2-30b). With
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the pH of the solution reaching ~6 (stage B), a different Sn intermediate species,
Snz(OH)3™, forms in the reaction.|81][92] The Snz(OH)3" intermediate species can
undergo a condensation reaction when the OH™ concentration is high enough, result-
ing in SngO4(OH),.[81][82][93] The SngO4(OH)4 is then partially transformed to SnO
via a dehydration reaction, producing a mixture of SngO4(OH), and SnO (bottom

branch in Figure 2-30b), consistent with the XRD (Figure 2-29).[82][94]

Perovskite solar cell device performance

A series of PSCs are fabricated at various time points (pH points) for the growth of
the SnO,_, layer to evaluate the effect of physical morphology and oxygen vacancies
in the SnO,_, layer on device performance. The perovskite composition is FAPbI3
with an added 5 mol% MAPDbBr;. Figure 2-31a shows the device statistics for SnOs
ETLs based PSCs, where the SnO, layer was reacted until the reaction solution
reached a specific pH, with “pH 1”7 having the shortest and “pH 6” having the longest
reaction time. PSCs with SnOy undergoing the shortest reaction time (pH 1) shows
an average PCE of ~20% with wide distribution, likely due to incomplete coverage
and thus poor hole-blocking effects in the SnO, layer (Figure 2-28), resulting in high
interfacial recombination.

With an increase in the pH up to 1.5, the PSCs exhibited PCEs exceeding 24%
with the greatest improvements in the Voo and the FF, where they are exceeding
1.2 V and 84%, respectively (Figure 2-32). When the pH of the reaction solution
exceeds 1.5, we observe gradual decrease in the device performance with greatest
contribution from the lower FF and the Voo, which can be attributed to the high
concentration of oxygen vacancy in SnOs_,. Optimum level of oxygen vacancies
facilitate electron transport by forming shallow donor levels, while excess oxygen
vacancies may trap photogenerated electrons, resulting in severe recombination and
poor charge extraction.[95] The PSCs with pH 6 SnO show the lowest PCE, likely due
to the formation of non-SnOy_, phases, such as SngO4(OH), and SnO, which are not
electron transporting. This demonstrates careful engineering of the oxygen vacancies

in the SnO,_, film with an appropriate coverage of the FTO, while suppressing the
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Figure 2-31: (A). PCE statistics for >20 best performing PSCs based on SnOy ETL
synthesized with increasing time leading to increased pH time points. (B) Stabilized
power output (SPO) for 16 PSCs with a SnOy ETL fabricated at the pH=1.5 time
point. The black trace is the average statistics and the red trace is the champion
device with SPO reaching up to 24.5%.

formation of non-SnO,_, phase, is crucial for fabricating high performance PSCs.
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Figure 2-32: Device statistics for the open-circuit voltage (Voc) (A), the short-circuit
current density (Js¢) (B), and the fill factor (FF) (C) for the devices with SnO,y_,
ETL synthesized up to various pH.

To obtain a reliable and reproducible result, we fabricated a large batch (68 de-
vices) of PSCs with the optimized SnO,_, ETL (pH 1.5), and they exhibit a narrow
PCE distribution with an average PCE exceeding 24% (Figure 2-33). Furthermore,
the average stabilized power output (SPO) extracted from maximum power point
tracking for best 16 devices show an average SPO of 24.07% with a maximum SPO
reaching up to 24.76% (Figure 2-31b). To certify our devices, we sent our best per-
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forming devices to Newport, a third-party testing center. Figure 2-34 shows the
current-voltage (JV) curve measured before and after quasi steady-state (QSS) mea-
surement as well as the QSS JV curve. The device showed almost no change in the
PCE throughout each measurement with the PCE reaching up to 24.2%, determined
from the QSS measurement. (Figure 2-35)

20

154

23.4 23.6 23.8 24.0 24.2 244 246 248
Efficiency(%)

Figure 2-33: Histogram of device efficiency for 68 devices with pH 1.5 SnOy ETL.
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Figure 2-34: J-V curves before and after stabilization, and QSS J-V curve of the best-
performing device (pH 1.5) tested at Newport. The device exhibits a PCE of 24.2%
from the QSS measurement. The inset tables show the average device performance
from the reverse and the forward JV sweep.
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Figure 2-35: Certification of PSC efficiency exhibiting stabilized power conversion
efficiency of 24.23% obtained from a device with pH 1.5 SnO, ETL.
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2.3 Improving Perovskite Thin Film’s Optoelectronic

Properties

2.3.1 How can we further improve PCE?

In addition to engineering the physical and electrical properties of the ETL, further
improvements in PSC performance can be achieved by pushing the band gap of the
FA-based perovskites redder towards pure band gap of FAPbI3, thereby decreasing the
band gap penalty. In lead halide perovskites, several strategies have been reported to
eliminate MAPbBr3, an a-FAPDI3 stabilizing agent, from the perovskite composition
as it leads to wider band gap perovskite.|8] Instead, an alternative inorganic or organic
cations were introduced as a stabilizing agent.|[96]|[46] However, this approach uses
a cation that does not fit into the perovskite crystal structure, according to the
Goldschmidt tolerance, and this can result in decreased carrier mobility and negatively
affects device performance, especially the FF.|[18] Thus, a strategy to red-shift the
band gap of the perovskite without negatively affecting the carrier mobility is crucial

for further improving the efficiency of PSC performance.

Highly efficient PSCs require that both the bulk and the interface be stabilized
and passivated to remove detrimental defects. Here we decouple passivation of the
bulk perovskite and the perovskite interface. We show that only a trace amount
of MAPbBr3 is needed to stabilize the bulk of the perovskite, thereby minimizing
the band gap penalty from adding MAPbBrs. This is in contrast to the commonly
used range of 7-20 mol%, which we speculate may have become established through
processes that passivate both the bulk and the interface in one step, where the more
unstable interface requires the higher concentration. We were also motivated by
previous reports that show that additives at less than 1 mol% can improve device
performance.[97][98][70] For the interface of the perovskite, which has been reported to
be more prone to the formation of defects and the unfavorable d-phase, we use a post-
treatment using a 2D perovskite strategy that has been previously described by us and

others.[25][99] Thus, through separately passivating the bulk and the interface, high
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efficiency PSCs with high-quality perovskite bulk active layers can be fabricated by
significantly reducing the commonly added MAPbBr3 concentration, without adding

foreign cations that fall out of the Goldschmidt tolerance range.
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2.3.2 Minimizing MAPDbBr; for redder perovskite thin film
Characterizing perovskite thin films with various MAPbBr; concentration

Figures below show the characterization of perovskite thin films passivated with a
2D perovskite, with the bulk perovskite fabricated with the addition of various mol%
MAPDBr3, ranging down from 10 mol% to 0 mol%. An increase in grain size with
decreasing mol% MAPDbBr; is clear in the SEM images of Figure 2-36: at 10 mol%,
grain sizes are several hundred nanometers, whereas grain sizes for 2.5 mol%, 0.8
mol%, and 0 mol% samples are in the micrometer range in size. The increase in grain
size with decreased MAPbBr3 concentration suggests that MAPbBrs prevents Oswalt

ripening and growth of perovskite grains, which may lead to shorter carrier lifetimes

and thus negatively affect device performance.

Figure 2-36: SEM images of perovskite thin films with decreasing mol% of added
MAPDBr; (from 10% to 0%). The scale bar is 1 pm.

In addition to changes in grain size and morphology, the absorption onset and the
PL peak red-shift (Figure 2-37), which is consistent with a decreased incorporation of
MAPDBr3 into the perovskite crystal (Figure 2-38). The PL peak position shifts from
780 nm for 10 mol%, to 797 nm for 2.5 mol%, to 801 nm for 0.8 mol%, and to 803 nm
for 0 mol%. This shows that the change in band gap is minimal for perovskites where
MAPDBr; is added below 2.5 mol%. The composition for best device performance
can then be determined through intrinsic optoelectronic properties, such as carrier
lifetime and effective carrier mobility.

Carrier lifetimes can be determined through fitting time resolved photolumines-
cence (TRPL) decays to a mono-exponential (Figure 2-39). Films with MAPbBr;

added below 2.5 mol% show significantly longer carrier lifetimes than the 10 mol%
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Figure 2-37: (a) UV-Vis absorbance and PL spectra of perovskite thin films with
decreasing mol% of added MAPbBr3. (b) TCSPC traces for perovskite thin films
with decreasing mol% of added MAPbBr3. Carrier lifetimes in the legend are obtained
from a mono-exponential fit.
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Figure 2-38: Grazing incident XRD (omega 0.3°) of various perovskite thin films.
The diffraction pattern from 1-40° (A), and zoomed in (B), showing the shift in the
perovskite main peak at 14°.

samples, with the longest carrier lifetimes, exceeding 3.6 us, observed in 0.8 mol%
samples. Carrier lifetimes in the us range suggest there are few non-radiative path-
ways and this can lead to a higher V. We attribute the long carrier lifetimes to a
combination of increased perovskite crystal grain size and surface passivation using
the 2D perovskite. Potentially detrimental halide segregation, suspected as carrier
trap sites, are reduced at low added Br concentrations and this may also contribute

to the increased carrier lifetimes.[25][100]
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Figure 2-39: (a) OPTP traces for 0.8 mol% added MAPbBr; showing decay curves at
different fluences. (b) Effective mobilities for perovskite thin films determined from
OPTP measurements.

In addition to carrier lifetime, device performance is also affected by effective car-
rier mobilities in the perovskite thin film. Carrier dynamics can be obtained using
optical pump-terahertz probe (OPTP) spectroscopy, measuring transient photocon-
ductivity (-AT/T) at different carrier densities. Figure 2-39a shows OPTP transient
curves for the 0.8 mol% sample (more detail shown in Figure 2-40). At low fluence,
the OPTP trace shows a low -AT /T due to low carrier densities and slow decay dy-
namics due to dominant monomolecular recombination. With an increase in fluence,
and thus an increase in carrier density, the -AT/T increases and the decay trace
develops a fast component corresponding to increasing higher order recombinations.
An effective mobility can be calculated from the recombination dynamics measured
by OPTP.[101] Figure 2-39b plots effective mobilities as a function of mol% added
MAPDBr;. Interestingly, the effective mobility increases from 0 mol% to 2.5 mol%
(26.8 cm?V~1s7! t0 31.2 cm?V~!s71), before dropping down to 25.9 cm?V~!s7! for 10
mol%. The initial increase was unexpected as a previous report suggests that adding
bromide leads to lower effective mobilities.[101] This previous report, however, does
not probe the low concentration region between 0 mol% and 10 mol%. Indeed, as we
have observed for grain sizes (Figure 2-36) and carrier lifetimes (Figure 2-37), this low
concentration region can yield large changes in morphologies and carrier dynamics,

which correlate with effective mobility. It is also possible that the perovskite crystal
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orientation, which is known to influence effective mobilities,[102] may also be affected

at low concentrations of added MAPbBr3.
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Figure 2-40: Optical-pump terahertz-probe (OPTP) traces for 0 mol% (A), 0.8 mol%
(B), 2.5 mol% (C), and 10 mol% (D) of MAPbBr3 added. (E) Plot of ~AT/T,cax
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Perovskite solar cell device performance

PSCs were fabricated by combining our newly developed SnOy ETL and the 3D /2D
perovskite layer with improved carrier lifetimes and effective mobilities (0.8 mol%)
described above. These PSCs (~0.1 cm?) show an average PCE of 24.7%, with some
devices exceeding a PCE of 25%, when measured in-house (blue data points, Figure 2-
41a). The best performing devices were sent to Newport for certification with the test
results shown as the red data points in Figure 2-41a. The champion device measured
at Newport achieved a certified PCE of 25.2% from a QSS measurement, with PCEs
determined from the JV sweep to be 25.3% and 25.4% for reverse and forward sweep,

respectively (Figure 2-41b and Figure 2-42 to 2-45).
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Figure 2-41: (A) Statistical distribution for best performing PSCs (0.0937 cm? active
area defined by a mask aperture). Devices with high and stable PCEs were then en-
capsulated and antireflective films were applied before testing at Newport. The blue
points are PCE measured in-house and the red points are PCE measured at Newport
for certification purposes. (B) JV curves of the champion device measured at New-
port, showing both the conventional JV sweep and the certified QSS measurements.

The certified 25.2% PCE result was incorporated in the NREL best research cell
efficiency chart (Figure 2-46).[11] We would like to note that the perovskite solar
cells are not categorized as ‘“not stabilized” according to the NREL efficiency chart
anymore, likely due to employing more rigorous testing standards and improved device
reliability. In addition, the certified device showed almost no change in PCE up
to 3600 hr of storage (Figure 2-47). Additionally, we tested the stability of one
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(B), and sweep JV curve after QSS measurement (C).
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Figure 2-43: Device statistics for the open-circuit voltage (Voc) (A), the short-circuit
current density (Js¢) (B), and the fill factor (FF) (C) for the best performing devices
with pH 1.5 SnO, ETL and 0.8 mol% MAPbBr;.

of the devices under continuous light illumination at maximum power point (100
mW /cm?, AM1.5G, 45°C), without a UV cut filter and without a cooling system.
The encapsulated device retained 80% of its initial PCE after 500 h (Figure 2-48).

The band gap of this record cell, Eg=1.56 eV, was determined from the inflection
point of the EQE curve (Eg!f), a method suggested by Kriickemeier et al (Figure
2-49).[69] This band gap corresponds to a SQ thermodynamic power conversion effi-
ciency upper limit of 31.3%. At 25.2% PCE our best certified cell is thus at 80.5%

of the SQ efficiency limit, which is comparable to the best Si solar cells which are at
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Figure 2-44: Sweep JV curve and QSS JV curve for champion device shown in Figure
2-41b tested a second time (second of 2 consecutive measurements).

80.9% of the SQ limit.[22]

PSCs with larger areas (~1cm?) were also fabricated; our champion large-area cell
(0.984 ¢cm?) exhibits PCEs up to 23.0% with high Voc of 1198 mV (Figure 2-50a),
which, at this time, are highest PCEs reported for PSCs with an active area of ~1

cm?.

We attribute the high PCEs of our new cells to major improvements in the Voo
and the FF. The radiative Voc limit (Vied) is calculated to be 1.270 V from the
PV-EQE data (Figure 2-49). [69] With the Voc measured without an aperture mask
reaching 1.225 V (Figure 2-51),[29][103] our devices exhibit a Voo /VEd ratio up
to 96.5%, which is the highest reported thus far for a PSC, and is within striking
distance to that for GaAs (97.7%). This low Ve loss suggests that almost all non-

radiative recombination pathways have been efficiently eliminated and suggests that
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Figure 2-47: In-house measurements of reverse JV sweep and device data of the
certified PSC, measured 3600 hr after certification at Newport.

these PSCs should be highly luminescent when operated as a light-emitting diode, as
we find below.

Figure 2-50b shows a plot of ELggr and external luminescence energy conver-
sion efficiency (ELgcg) versus voltage of a PSC measured under forward bias (J

and radiance versus voltage is shown in Figure 2-52). We observe an ELggg up to
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Figure 2-48: Long-term photostability test under AM 1.5G solar irradiation in a N2
purged chamber at 45 °C.
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Figure 2-49: (A) EQE, and integrated Jg¢ of the champion device shown in Figure
2-41b. (B) band gap analysis of the champion device.

17.2%, which approaches the efficiency of perovskite LEDs that are engineered specif-
ically for light emission with thin (~100 nm) emitting layers and small grain sizes
[104][105][106], whereas our devices have perovskite active layer thickness of ~600
nm, with grain sizes exceeding micrometers. In addition, due to early sub-band gap

turn-on, likely from thermal carriers, our PSCs exhibits a peak ELgcg up to 21.6%.

In addition to a record low V¢ loss and high luminescence efficiency, our devices
exhibit a high FF up to 84.8%; a value this high has only been reported in much more
mature technologies, such as Si and GaAs. This high FF is a result of improved carrier
mobility in the perovskite active layer and better charge collection with the newly

developed SnOy ETL with minimum parasitic losses from shut and series resistances.
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Figure 2-50: (a) JV curves of a larger area PSC exhibiting PCE up to 23%. The active
area is 0.984 cm?, defined by a mask aperture. The inset is a photograph of the device,
where the dotted outline approximates the mask aperture. (b) Electroluminescence

EQE and ECE of our PSC under forward bias.

For further improvement in FF, future research should be focused on minimizing

trap-assisted recombination to approach the the SQ limit FF (FF5?) of ~90%.
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2.4 PV Characterization

2.4.1 JV Sweep vs Quasi steady-state measurement

Perovskite is a soft material where the crystal lattice is stabilized via ionic bonding.
Compared to covalently bonded structures, such as Silicon and GaAs, the ions in
the perovskite are highly mobile and is responsive to external stimuli, such as heat,
voltage bias, and light. For solar cell applications, the ion migration upon voltage bias
exhibits in a hysteresis when performing a JV sweep (Figure 2-53a). A hysteresis in a
JV curve is the discrepancy in the device parameters, usually in FF for perovskite solar
cells, between a forward JV sweep (from short-circuit to open-circuit) and a reverse
JV sweep (from open-circuit to short-circuit). For perovskite solar cells hysteresis
is most likely due to ion migrations not stabilizing within the measurement time
window.

Figure 2-53a shows a JV curved that can be obtained by performing a conventional
JV sweep (forward: red trace, reverse: blue trace) that exhibits a hysteresis. Note
that depending on the device structure, either the forward JV curve or the reverse
JV curve has a higher FF and PCE. Also, some devices are sweep rate sensitive
in that the JV curves and the device performance change with different sweep rate
(usually ranging from 10-1000 mV/s). The maximum power point (MPP), where
the current density and voltage that generates the maximum power, is most often
situated between the two JV curves (orange circle). Thus, it is difficult to determine
the actual power (or the efficiency) that the device will generate with a device that
exhibits severe hysteresis. However, it is important to note that a device that exhibits
hysteresis is not a "bad" device, but rather simply exhibits hysteresis behavior.

Starting a few years ago, a more robust measurement was starting to be adopted
by the perovskite community. It’s a quasi steady-state (QSS) measurement and it
is shown in Figure 2-53b. The QSS measurement is different from the conventional
JV sweep in that is does not rely on the system to adjust the sweep rate to find the
parameters that results in minimum hysteresis but rather let the device stabilize and

run its course. In a QSS measurement, the bias voltage is held at a certain voltage
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Figure 2-53: (a) A JV curved obtained via conventional JV sweep that exhibits
hysteresis. The MPP is found between the two JV curves. (b) A quasi steady-state
(QSS) measurement. Both plots are not real data and for illustration purposes.

and wait for the current density to stabilize within a set threshold (0.03% is used for
our devices at Newport) until moving to the next voltage. The voltage range and the
points (13 voltage points are used for our devices) are usually determined by using
a JV sweep result as a reference and the voltage points are positioned more tightly
in the range where we expect MPP. The QSS measurement takes into account the
dynamic of the ion migrations and is adopted to eliminate device’s sensitivity towards
sweep rate, pre-conditioning, and etc.

A stabilized power output (SPO) is also a widely used measurement technique to
find the maximum power a device can reliably output. SPO is usually determined by
first performing the JV sweep and holding at V,,,, and measuring the current density;,
or the V,,,. can be dithered to track the maximum power point. While this should
be more accurate and reliable than a conventional JV sweep to find the true power
point and the efficiency, it lacks the information on the rest of the device parameters,

such as the Jgo, FF, and Voe.
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2.4.2 Photoluminescence and Electroluminescence Character-
ization

Photoluminescence quantum yield (PLQY) is one of the most important metric for
PV and also for LED and it sets an upper limit on the device efficiency. For both PV
and LED, the maximum device efficiency is capped when the PLQY is 100%. From
Chapter 1, the expression for PLQY is,

kgn
kl + kﬁzn + k3n2

PLQY =

Here, ko is the sole radiative recombination rate (bimolecular recombination).
PLQY can be thought of as the competition between non-radiative (k; and ks3) and

radiative recombination (k) and the relative ratio between the two defined the PLQY.

mé‘.:hange in PLQY as a function of carrier density (n)
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Figure 2-54: Plot of PLQY versus carrier density with k;=10% s71, ko=1071% cm?s71,

k3—1072% cmSs~1.

The PLQY is also a function of carrier density (n) (Figure 2-54). With increase
in the carrier density (n), the PLQY increases and reaches a peak, before decreasing.

The increase in the PLQY is due to increase in the contribution from the radiative
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recombination rate, ko, while the decrease in the PLQY past the peak is due to Auger

recombination (ks) being more dominant at higher carrier density.

Figure 2-55a is showing the plot of PLQY as a function of carrier density with
varying radiative recombination rates (ko). With increase in ky, the maximum PLQY
is increases and the full-width-half-max (FWHM) is wider, allowing wider range of
carrier density with high PLQY. Figure 2-55b shows the plot of PLQY with fixed
ko but with varying k;, the monomolecular non-radiative recombination. The trend
is the opposite of what we see from Figure 2-55a; the maximum PLQY and broader

FWHM is observed with decreasing kj.
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Figure 2-55: (a) Plot of PLQY versus carrier density with various ky values ranging
from 1072107 ecm?s™! with k;=10% s7! and k3=10"% cmSs~'. (b) Plot of PLQY
versus carrier density with various k; values ranging from 10%-10° s7! with k,—=10719

cm®s~! and k3=10"2 cmfs~ .

Here, I will relax the definition of both the PLQY and EL EQE as these metrics

photon out

photon out
charge carrier in’

photon in

measure the fraction of either and with the assumption that
the physical meaning of one photon is equivalent to one charge carrier in LEDs.
This is to come to the conclusion that both the PLQY and EL EQE has the same
relationship with respect to Voo. Then we can find the relationship between the
PLQY (ultimately the EL EQE) and the V¢ of the device through the Reciprocity

Theorem. [23| The expression for EL EQE (or EQEgp) is,
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Jemission
EQELED = i
injected

Using the diode equation, we can express Jemission S,

av.
Jemlsszon ~ emzsszon,Oe kT

By combining the above two equations and setting V=V ¢,

J r
emission,0€*T
EQELED - J—
injected
qVOC Jemission 0
In(EQFE = +In ’
( Q LED) kT Jinjection

In open-circuit condition, the injected current density (Jinjection) is equal to the
short-circuit current density (Jgc) since the total current density (Jioter) is zero. By

substituting Jinjection With Jgc,

qVOC Jemission 0
In(EQE = +In :
(EQELep) = T Jsc

kT kT J,
?ln(EQELED) = VOC — 7lni

Jemission,O

kT
7ln(EQELED) = Voo — V5

where V3¢ is the nominal Voo from Chapter 1.2.1. Thus, we write the final

expression,

kT
Voc = Voc,rad + 7ln<EQELED)

kT
Voc = Voc,rad + TM(PLQY))

where unity for EQE;gp and PLQY is 1. An order of magnitude improvement in

the EQEg and PLQY translates to ~60 mV increase in the Vpge.
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Common mistakes in measuring PLQY and EQEg,

Due to the reciprocity relationship, one would expect to measure the PLQY of the
newly synthesized samples as a way to accelerate the screen processing for potential
candidates that would result in high device efficiencies. While the improvements in
the PLQY will most likely lead to better device performance, I'd like to emphasize
some important caveats.

First, the perovskite solar cell is composed of multiple layers and not just the
perovskite active layer. This means that the high PLQY that may be observed in a
stand-alone perovskite thin film may not translate to high PLQY with the addition of
top and bottom transport layers. This is often observed if the interface between the
perovskite layer and the transport layer is not well passivated and is full of defects.
While the PLQY of the perovskite thin film needs to be high by itself, a device
structure where the PLQY of the semi-stack or a full-stack (without the metal contact)
is high is more important and also relevant for high device efficiency. On the other
hand, adding a thick insulating layer may retain the high PLQY of the perovskite
active layer but will not translate to high device efficiency due to severe parasitic
resistance. Thus, the overall device structure along with the PLQY of the whole
device stack needs to be considered.

Second, when measuring the Voo of the perovskite solar cell to cross-check with
the EQEgy, it is important to measure the Voo without a shadow mask and fully
illuminate the entire device pad. While a shadow mask with a defined aperture is
used when measuring the JV curve and calculating the PCE of the solar cell, it leads
to larger contribution of the dark current (Jemission0) from the covered area of the

active area. For example, if a 0.1 cm? aperture is used on a 0.32 cm? active area,

0.1
0.32

by a factor of ~3.2.[103]

%Tlog ~ —30mV of Vp¢ penalty is applied. This will underestimate the EQEg,
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2.5 Future Directions

2.5.1 Efficiency

Due to the collective efforts from the perovskite scientific community to improve the
device performance, the perovskite solar cell is now at a stage where it may be able
to compete with traditional solar cell technologies due to its high efficiency and low
fabrication cost. Some might say the efficiency of the perovskite solar cell is high
enough and that we should focus our research to improve other metrics, such as sta-
bility and scalability, to truly realize large scale commercialization of perovskite solar
cells. While there may be a diminishing return in further improving the efficiency,
this shouldn’t prevent us from exploring ways to enhance the device performance
to enrich scientific knowledge of the perovskite solar cell system. By analyzing the
device parameters for the best performing perovskite solar cell and comparing to the
theoretical limit, we can get an idea of which parameter is the bottleneck and should
gain the most attention for further improvements.

Figure 2-56 shows the device data point for the current record 25.2% that was
established through collaboration with our group and KRICT. The percentage in
blue is roughly how close it is to the maximum value. What we see is that all three
device parameters (Voc, Jsc, and FF) are roughly the same fraction of the maximum
values, meaning they are equally good (or maybe bad?), and is equally responsible

for the PCE deficit.
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Figure 2-56: Plot of four device metrics (Voc, Jsc, FF, and PCE) along with curve
of theoretical maximum.

This suggests we need to find a strategy to improve the general performance of
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the perovskite solar cell rather than focusing on a single device metric, such as Vo,
to improve the PCE. As the all device metrics are within 93% of its maximum value,
it is likely that a laser focused strategy to improve one metric may negatively affect
other metrics and doesn’t result in overall improvement, or even decrease the PCE.
One avenue that is worth looking into is Pb-Sn hybrid perovskite solar cell. Adding
Sn to the Pb based perovskite results in a much lower band gap semiconductor,
allowing fabrication of perovskite solar cells with band gap approaching the "sweet-
spot" of ~1.4 eV. Current focus on Pb-Sn perovskite solar cell has been to stabilze
the oxidation state of Sn?* as it is prone to oxidation and become Sn**, which forms
a trap state. Currently, the device performance of Pb-Sn hybrid perovskite solar cell
is behind that of the Pb only devices. However, I anticipate much improvements on
the device performance and stability of the Pb-Sn hybrid perovskite solar cells and

look forward to its progress in the next 3-5 years.
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2.5.2 Long-term Stability

A solar cell is expected to reliably generate a predictable amount of power over a long
period time. Improving long-term stability of the perovskite solar cell is arguably the
hardest research challenge but one of the most important aspect of the technology to
push into commercialization. It is particularly challenging due to slow feedback in

stability results.

A typical perovskite solar cell requires a couple of days of fabrication and one
can measure the performance to check whether a certain treatment or strategy has
resulted in improved device performance. Many testing can be done in parallel, which
accelerate the screening process. However, a typical long-term stability lasts for 1000

hours, or even several months, to obtain data on the device stability.

In addition, testing multiple devices in parallel is a challenge as setting up a testing
station with a large solar simulator with stable light output for several weeks is highly
expensive. This forces many researchers to test single device at a time and therefore

prevents sufficient data accumulation for statistical analysis.

Lastly, the degradation in device performance during long-term stability is a multi-
dimensional problem. In most cases, the degradation is the sum of failure from several
layers of the full device stack, while some layers may be more responsible and prone
to degradation than other layers. As a result, switching out one component of the

device to a different material or design may not solve the overall problem.

Currently, the research on the long-term stability is highly empirical with slow
feedback turn-over. An accelerated testing method without complicated experimental
set up is highly desirable to lower the barrier to these test and make them more
prevalent. This will allow collection of many stability data with hopefully statistical
analysis that will guide us in the right direction for developing highly stable perovskite

solar cells.

A potential method is to use electroluminescence as a metric and to track the
degradation of electroluminescence instead of PCE. In general, the stability of the

electroluminescence efficiency of the perovskite solar cell is much less than that of
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PCE; tens of minutes for EL to decrease 80% of its initial efficiency compared to hun-
dreds of hours for solar cell’s PCE. This allows faster turn-over in feedback, allowing
us to screen device structures or strategies faster. Also, an EL set up is much simpler
than a solar cell testing set up is more affordable to test many devices in parallel.
Using EL as the accelerated stability testing platform requires the degradation
mechanism under LED condition (under forward bias) to be the same as the degra-
dation mechanism under solar cell condition (under reverse bias). However, it is
unlikely that an improved LED stability of a PV structure exhibits less stable PV

performance.
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2.5.3 Scalability

A solar cell technology that can be solution processed has a relatively lower entry for
commercialization due to ease of fabrication at the comfort of having wide range of
solution processing techniques. The ultimate dream is to be able to fabricate solar
cells like printing newspaper at high speed! To take advantage of this, much effort
is put into developing fabrication techniques that would allow scale-up fabrication of
perovskite solar cells. Unfortunately, the scale-up fabrication of perovskite solar cell
introduces faces new challenges that is preventing achieving high efficiency large area

modules.

Figure 2-57 shows the efficiency of Silicon, GaAs, and perovskite solar cells with
each solar cell showing the unit cell (active area <10cm?) and module (>800 cm?).
Silicon and GaAs solar cells show comparable efficiency between the unit cell and
the module, with less than 15% relative difference between the two. However, that
difference is much greater for the perovskite solar cell in unit cell and module size, up
to 36%. Here, I'd like to note that the discrepancy in the efficiency between the unit
cell and the module is not solely due to poor scalability in fabrication but is also due

to difference in device structure, material choice, and etc.

There are many reasons as to why the scale-up fabrication of perovskite solar
cell is challenging. For example, harsh processing that is possible for small unit cell
sizes, such as thermal treatment at >500 °C for meso-TiOs, may not be appropri-
ate for large area substrates. Also, the deposition and crystallization protocols that
are responsible high quality perovskite active layer during spin-coating process may
not be directly translatable to large-area deposition methods, such as blade-coating
and ink-jet printing. To achieve the same high quality perovskite active layer, differ-
ent processing protocols need to be developed in vastly different parameters spaces,

resulting in delay in development.

Research on the scalability aspect of the perovskite solar cell development should
be focus on understanding the effect of different processing conditions on the quality of

the perovskite active layer, using a high quality perovskite thin film that is fabricated

117



[ N2
S
NN
30r 29.@_ 14%
[ 261% 7% 25.1% 25.2%
25 24.4% -17% 2%
N 20 -36%
§ L
g s
10

Silicon GaAs Perovskite

Figure 2-57: Plot of best unit cell efficiency and module efficiency for Silicon, GaAs,
and perovskite solar cell. The data is extracted from the NREL efficiency chart.

via spin-coating method as the standard reference. Also, the effect of inhomogeneity
of the optoelectronic properties of the layers, both in micro and macro scale, on the
overall device performance need to be investigated. A large area photoluminescence

and electroluminescence imaging could be a useful tool for this purpose.
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