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Abstract

As perovskite solar cells move closer to commercialization, vapor transport deposition
(VTD) has emerged as one of the potential routes for large-scale film growth of
photoactive and charge transport layers for these solar cells. As a low-cost alternative to
thermal evaporation, VTD has the potential to deposit organic and inorganic perovskite
precursor materials either sequentially or via co-deposition. Co-deposition can benefit
film formation by increasing the deposition speed and improving film conversion.
However, current co-deposition techniques can struggle to produce high quality
perovskite films, impacted by challenges associated with the thermal stability of organic
precursors and by effectively using the broad deposition parameter space for controlling
perovskite film growth.

Here, we use methylammonium lead iodide (MAPbI3) as an archetype perovskite to
identify degradation patterns and determine conditions for high-quality film growth. We
show that material degradation during sublimation affects methylammonium iodide
precursor powders and their contribution to the formation of MAPbIs films differently
than is observed for degradation that is solely due to material transport through a high-
temperature zone. By identifying degradation products and film formation, we identify
the degradation components that most affect MAPbIs film performance. With these
considerations, we design and construct a custom VTD system for co-deposition of
perovskites with a wide range of deposition parameters available for studying film growth
and optimizing performance. Additional investigation systematically builds from
deposition on glass to an initial demonstration of solar cells. With these results we give
recommendations for improved VTD reactor design and a systematic description of
conditions that aid in optimization of high-performing VTD perovskite solar cells.
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Introduction

Factors such as climate change'?, energy security®*, and economics® drive the shift from
fossil fuels to renewable energy®. One of the main renewable technologies is solar due to
its current market share and equitable distribution around the globe’. However, current
applications can be limited because the dominant technology, silicon (Si) solar panels, are
heavy and inflexible. Flexible technologies such as cadmium telluride (CdTe)® are
inexpensive to produce but lower in efficiency than Si panels. Expanding flexible,
lightweight, and cost-effective solar panel technology would expand the potential
commercial markets®'® and allow for a more rapid scale-up to an even larger market

share.

One potential technology that can be deposited on flexible and lightweight substrates is
organic-inorganic halide perovskites. As organic-inorganic halide perovskite solar cells
reach power conversion efficiencies comparable to those of current market technology,
researchers have begun investigating how to deposit perovskite solar cells over larger

areas for manufacturing®4,

One technique under investigation, vapor-processing, is already a familiar technology to
solar cell manufacturers in CdTe and organic optoelectronic lines™'®. Vapor-based
deposition allows for precise film thickness control and does not require hazardous
solvents, enabling fabrication of complex, multi-layer device structures. Additionally,
vapor deposition is conformal, allowing perovskite films to be fabricated on rough
surfaces. This benefit is leveraged in tandem technologies, in which a conformal
perovskite film is deposited on top of a textured silicon substrate through a vapor-

processed base coat later converted to perovskite'-°.
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Although record efficiencies in research-scale perovskite solar cells have been achieved
with solution-processed films, these devices are made through spin-coating which is not
a scalable process. Vapor-deposited and solution-deposited perovskite solar cells reach
similar efficiencies when fabricated using scalable, manufacturing-compatible

techniques?-2,

A variety of vapor-based deposition techniques have been used to produce perovskite
solar cells, including thermal evaporation®*?3, flash evaporation®®, close-space
sublimation?®, and variations in hybrid deposition®®?’. However, the most efficient vapor-
deposited perovskite solar cells make use of a thermally evaporated perovskite layer and
have attained device efficiencies 24.1%%2. While most papers describe a co-deposition
process with two separate precursors, triple cation devices with more sources have also
been demonstrated?. Recent advances in large area deposition increase the achievable
active areas of these devices to 4cm? and initiate development of mini-modules®.
Thermally evaporated perovskite solar cells were also the first technique to achieve all-
vacuum-processed device layers®®. Although favored for its ability to produce high-
efficiency perovskite solar cells using established manufacturing practices, thermal
evaporation is a slow deposition technique (0.1-10 A/s) with less than 50% of the

precursor material depositing into the film3'.

Another popular technique in literature is called hybrid chemical vapor deposition (CVD).
In this process, an underlying lead halide film is deposited by either solution or vacuum-
based methods. The film is then converted to perovskite in a CVD chamber using either
methylammonium iodide (MAI) or formamidinium iodide (FAIl) as the organic cation

232

source. This technique has produced large-area solar cells up to 22.8cm~>“. However, the

cost-effectiveness of hybrid CVD on a manufacturing line is questionable since transitions
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between ambient and vacuum require additional infrastructure and processing time,

which increases the cost and decreases the speed of manufacturing®™®.

VTD uses a carrier gas to transfer sublimed material from source to substrate. The material
deposition rate for VTID (driven by the carrier gas flow) is decoupled from material
temperature, allowing for orders of magnitude higher deposition rates and material
utilization when compared to thermal evaporation. Device fabrication by VTD also allows
for independent control of both chamber pressure and the resulting crystallization
kinetics of the perovskite film. VTD is performed solely under vacuum so avoids the

manufacturing difficulties associated with hybrid CVD.

In this thesis, we focus on VTD systems for the development of co-deposition of
perovskite films for solar cells. To this end, we investigate the potential degradation
mechanisms for the organic precursors and their interaction with inorganic precursors.
We design and construct a co-deposition VTD system to be compatible with a wide range
of deposition parameters. With this system, we independently study the deposition of
MAI and Pbl, precursors and then combine to grow co-depositional perovskite films.
Finally, we study film growth on different substrates and provide an initial demonstration

of solar cells.
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1. Fundamentals of Vacuum-Based Deposition

Thin film manufacturing combines film deposition at high rates with precise control over
film quality. Researchers and engineers are continuously pushing the boundaries of
deposition technologies and compatible materials. Historically, industrial deposition
techniques, such as evaporation and close-space sublimation, have been applied to new

sets of materials and applications.

The techniques used for vapor deposition can be broken down into two general
categories: physical vapor deposition and chemical vapor deposition. Physical vapor
deposition (PVD) transports a precursor material under vacuum to form a thin film on a
substrate. Typical PVD techniques include sputtering, thermal evaporation, and electron-
beam evaporation. In contrast, chemical vapor deposition (CVD) relies on a single or series
of chemical reactions under vacuum to form a thin film on a substrate. While most CVD
processes are referred to as CVD, other common techniques include atomic layer
deposition (ALD), close-space sublimation (CSS), and metal-organic (MOCVD), among
others. However, deposition of perovskites under vacuum challenges the notion of a strict
PVD or CVD process. Hence, the term vapor transport deposition (VTD) is used. In VTD,
precursor materials are sublimed at individualized, optimal temperatures and a heated
carrier gas is used to transport the material from source to chilled substrate. While the
deposition of a precursor on a substrate fits the PVD description, when depositing two or
more precursors at the same time, the formation energy for perovskite is so low that the

precursors will form a perovskite film on the substrate, which is more CVD-like.
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Figure 1. A VTD deposition process broken down into three main components; evaporation (blue), material transport (green), and

film formation (purple).

Therefore, when we build a description of vacuum systems that can be applied to VTD,
we may draw from many deposition fields depending on the situation. In general, vapor
deposition can be divided into three major steps: evaporation, material transport, and film
formation. We will devote a general section to each. Then, in Chapter 4, we will discuss

these fundamentals as they apply to the VTD chamber used in the rest of the thesis.

1.1 Evaporation/Sublimation

The starting point of VTD is precursor sublimation into a hot carrier gas stream.
Sublimation or evaporation of precursor materials has been extensively studied for
thermal evaporation systems, which in this regard are very similar to VTD systems. Since
in thermal evaporation the dominant mechanism of material transport is line-of-sight

ballistic transport, the evaporation rate has direct influence on the film growth rate.

The evaporation rate itself is frequently described through the Hertz-Knudsen equation:

sat
revap _ mat — Pcell

Aesr J2RMRTpy,

Equation 1. Hertz-Knudsen Equation.

Where:
Tevap (MOI/s) is the evaporation rate

Agsr (m?) is the effective surface area of the precursor material
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P33% (Pa) is the saturation pressure of precursor material
P..;; (Pa) is the pressure of the chamber
M (kg/mol) is the precursor’'s molar mass

Tmat (K) is the precursor temperature

The term a refers to the re-adsorption probability of the sublimed precursor and can be
thought of as an evaporation efficiency term. It is greatly influenced by the type of boat
used in the evaporation process. In a Langmuir evaporation process the precursor is
evaporated from an open-source boat while in effusion processes the precursor is
confined within the boat and released through a small hole. Knudsen cells and baffled
boats make use of effusion in order to drive the @ term to 1. Limitations to the Hertz-
Knudsen equation come from errors induced by using simplified empirical coefficients
within the re-adsorption probability parameter. Increased accuracy can be found through
coupling the Hertz-Knudsen equation with statistical rate theory as shown by Persad et

ars.

Variations in boat design are driven by the type of precursor material used. Two common
but distinct classes of evaporated materials are metals and organic compounds. For
metals, open-source boats are used as metals are melted down and evaporated onto the
substrate in a Langmuir evaporation process. However, organic compounds and other
materials with low partial pressure use Knudsen cells or baffled boats to more tightly

control the precursor temperature and resulting evaporation rate.

While the Hertz-Knudsen equation is a good place to start, theories surrounding thermal
evaporation do not fully describe processes within VTD. Although precursor sublimation
is where the process starts, now it needs to enter a heated carrier gas and the resulting

transport mechanism is much different than thermal evaporation. Looking to equations
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derived for organic vapor phase deposition (OVPD)3', a modified version of the Hertz-
Knudsen equation describes the influence of the hot carrier gas and gives the complete

equation for the output from the precursor source section:
—AH
P, exp (Tm>

@Ay RT
%+ J2TMRT g,

Equation 2. Modified Hertz-Knudsen Equation using the Clausius-Clapeyron Relation.

Tout =

Where the numerator term is the Clausius-Clapeyron relation which describes the
liquid/solid transition to gas on a material’s phase diagram. As this equation has also been

derived in the OVPD field, its complete derivation here is found in Appendix A.

Techniques with both a carrier gas and a source cell temperature define growth regimes
to describe influences to material flux. Growth rates can either be limited by the
evaporation rate (called kinetic), by the reaction rate on the substrate surface, or by the
carrier gas flow rate (called equilibrium or mass-transport controlled)®**. Commonly,
vacuum designers work to develop processes within the equilibrium regime although

some notable alternative examples will be discussed in Chapter 4.

1.2 Material Transport

Full careers are dedicated to studying material transport in specific types of deposition
techniques. As VTD for perovskites is a novel approach, we will only briefly review the
fundamental underlying processes used and let future VTD engineers further expand the

field.
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1.2.a Definitions and Assumptions

Material transport as a field has a rich and deep history and understanding. Therefore, in

order to discuss material transport as it pertains to VID in a clear and straightforward

manner, we need to first define a couple of assumptions about a hypothetical system that

we will use through the entirety of the thesis. The basic assumptions and definitions at

the beginning of any material transport problem are often as follows:

System Geometry: Simplifies equations and the calculations of constants. We will
assume a cylindrical geometry for all discussions.

Reynolds Number: Defines the fluid flow regime of a system. In particular, systems
can be dominated by laminar or turbulent flow regimes. In a laminar flow regime
all particle within a fluid are flowing in the same direction. In contrast, a turbulent
flow regime is defined by particles moving in irregular motions. The onset of
turbulent flow is defined by the Reynolds Number which is (for a cylindrical

system):

Reynolds Number

_ (Mass Density) * (Cross Section Mean Fluid Velocity)  (Diameter)
B Viscosity

Equation 3. Reynold’s Number Calculation.

If the Reynolds Number is greater than 2,300 the system is transitioning and/or in
turbulent flow. For our discussions, we will use the laminar flow regime and
assume we can design a system to fit this description.

Compressible Flow: Defined by fluid flow that allows for changes in gas density
throughout a system. The Mach Number defines whether the gas is in a

compressible regime or not, and is defined by:
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Mach Number = \/(Specific Heat Ratio) * (Gas Constant) * (Temperature)

Compressible if velocity > Mach Number * 0.3

Equation 4. Mach Number Calculation

We will once again assume we can design a system that operates with an
incompressible flow.

Knudsen Number: Defined as a ratio of the mean free path to the physical length
scale. If molecules are traveling a mean free path close to the physical length scale
of the system then statistical mechanics must be used. In most VTD systems we

can safely assume fluid continuity.

Mean Free Path
Representative Physical Length

Knudsen Number =

Equation 5. Knudsen Number Calculation.

Flow Independent of Time: We will perform all of our analysis at steady state and
assume a flow independent of time, except where noted.

Precursor Concentration:In VTD systems a carrier gas is used to transport precursor
materials from source to substrate. The relative amount of each type of molecule
in the system could influence interactions and fundamental properties of the
system itself. As we design systems to be in the equilibrium regime the carrier gas
flow rate is much larger than the evaporation rate and the system is in a dilute
precursor concentration regime.

Prandt! Number: Approximates the ratio of momentum diffusivity to thermal
diffusivity. In vacuum systems it helps to define heat transfer when a carrier gas is

present.
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(Specific Heat at Constant Pressure) x (Viscosity)

Prandtl Number =
ran umber Thermal Conductivity

Equation 6. Prandtl Number Calculation.

o Péclet Number: It is a ratio of the precursor diffusion to the convection of that

precursor.

Péclet Number = (Reynold's Number) = (Prandtl Number)

Equation 7. Péclet Number Calculation.

With these fundamental assumptions and definitions, we are ready to probe the three

main parts of material transport: momentum, energy, and mass.

1.2.b Momentum
The Law of Conservation of Momentum states that momentum is neither created nor
destroyed except through the input of force. Momentum in a VTD system primarily comes
from carrier gas movement, since we assume dilute precursor material contributions. That
means the primary momentum transport is through convection momentum transport

which is described by the bulk flow of fluid.

An important point of consideration for a carrier gas-based system is the length required
for the carrier gas flow to become steady across the diameter of the system. This length

is defined by the hydrodynamic entry length and follows the equation:

Hydrodynamic Entry Length = (0.05) * (Reynolds Number) = (Tube Diameter)

Equation 8. Hydrodynamic Entry Length Calculation.
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Figure 2. Diagram of a gas input advancing into a fully developed flow and the resulting hydrodynamic entry length.

Figure 2 demonstrates how a gas stream input become a fully developed flow at a certain
distance within a cylindrical chamber. Once in fully developed flow, the gas would interact
evenly with a perpendicular substrate and is therefore desirable. Determining the length
required to enter fully developed flow depends on the Reynolds Number (Equation 3)
which accounts for the gas velocity and type. Understanding the concept of an entry
length and the influential parameters is a good starting step for the two other

components of mass transport.

1.2.c Energy
Energy within a vacuum system, especially a VTD system, comes from thermal sources.
Therefore, similar to the Law of Conservation of Momentum, a reactor can be analyzed
via the First Law of Thermodynamics — energy can neither be created nor destroyed.
Accordingly, it is useful to study how heat is transferred through conductive, convective,
and radiative methods. In conduction, heat diffuses through a single medium. In
convection, heat is transferred between a solid and a moving fluid. Finally, radiation is

heat transferred via electromagnetic waves.
Within each type are subdivisions which further help to analyze thermodynamic systems:

A. In convection, customarily there are two different broad classes defined, one

pertaining to the bulk transfer of heat due to fluid motion, called advection, and the
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other due to diffusion of materials which is called convection. In CVD or VTD systems
this is forced convection because of the use of mass flow controllers and vacuum
pumps to drive the gas flow. Our system also contains both latent (causing phase

changes) and sensible (material’s internal thermal energy) heat transfers.

Radiation occurs most effectively within a vacuum, however gasses are considered
transparent to its effects. Therefore, radiative heat transfer is most frequently used for
heating of substrates or other surfaces within a vacuum, not the carrier gas as is
necessary in most CVD or VTD systems where the substrates need to be actively cooled

not heated.

Looking at a standard CVD or VTD system we find a variety of heat transfers that occur as

shown in Figure 3.

Cylindrical Tube #S‘T’

Carrier Gas
. “3 -—> Energy Transfer
Sublimed Precursor  * S # Location of Typical Event
Unsublimed Precursor'-' 2..4
Heating Tape

Figure 3. Highlighting the different forms of heat transfer within a CVD/VTD chamber with a precursor boat.

1.
2.

Convective heat transfer from cylindrical tube to carrier gas.

Conductive heat transfer from cylindrical tube to precursor boat causing sublimation
of the precursor.

Conductive heat transfer from carrier gas to sublimed precursor material.

Convective heat transfer from cylindrical tube to sublimed precursor material.
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5. Convective heat transfer from colder cylindrical tube to precursor material, causing
parasitic deposition on the cylindrical tube.
6. Conductive heat transfer from a region of higher temperature to lower temperature

on the cylindrical tube.

Each of these heat transfer events dramatically shift the deposition process and a couple
in particular are important in the initial vacuum system design. Example 5 (Figure 3)
demonstrates how parasitic deposition occurs on the chamber’s sidewalls. In contrast,

examples 1-3 are desired processes for VTD film growth.

If we look deeper into these desired processes, we find that similar to momentum transfer,

thermal entry lengths can be defined by the equation:

Thermal Entry Length
= (0.05) * (Reynolds Number) * (Prandtl Number) = (Tube Diameter)

Equation 9. Thermal Entry Length Calculation.

The thermal entry length corresponds to the distance required to form a complete thermal
boundary layer with a flowing gas. However, an additional consideration for vacuum
systems with a carrier gas is the heating of that gas to deposition temperature before
interaction with the precursor. This length can be found by an expanded form of Newton's

Law of Cooling rearranged to focus on the tube length3:

L =

_ (m) * (Cp) «In Tx - Tout
(U)*<2*T[*(%)> (Tx_ Tin)

Equation 10. Calculation for the Length Required to Heat a Gas Under Vacuum.

31



Where:
T, (K) is the temperature at a point within the tube
Tin (K) is the temperature at the inlet

Tou: (K) is the temperature at the outlet

w
m2K

U (—-) average convection heat transfer coefficient
m (’;—‘Z)is the mass flow rate

J . .
Cp (—kg*K) is the specific heat at constant pressure

D (m) is the diameter of the tube

L (m) is the length of tube

From this we get a logarithmic curve as the tube temperature goes to the deposition
temperature which then can be used to further design a vacuum system carrier gas inlet.
However, if we want to examine how deposition parameters influence the length required
to heat the carrier gas, we need to first define when the gas has reached its target
temperature (where the natural log has converged). The average overall heat transfer
coefficient for this system can be assumed to be the heat transfer coefficient of stainless

steel or quartz to the carrier gas at the deposition pressure.

Using these concepts, a VTD, or more generally a CVD, reactor can be designed for a

specific precursor or set of precursors.

1.2.d Mass
To round out the discussion of material transport, we end with the Law of Conservation
of Mass — that mass, similar to momentum and energy, can neither be created nor
destroyed. From this comes the mass balance equation, determining for a defined area

the movement of molecules in and out and chemical reactions combining/disassociating
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new molecules. In its simplest form, we can think of the flux of material A through material

B in a single direction (y) as*®:

NA = +xA(NA+NB)

Equation 11. Equation for the Flux of Material A through Material B.

Where:

M

mol

) is the flux of material A

m2xs

mol

Ng is the flux of material B
C

m2xs

mol) . .
c (?) is the molar concentration of precursor A

Dyp (mTZ) is the diffusivity of precursor A through B

x4 - . . . .
6_3;4 is the Change in concentration of precursor A as a function of location

mol . . . .
Xqg \—] IS the concentration of precursor Aata given location
cm?

The first term in blue corresponds to the molecular flux and the second term in red to the
convective flux. The molecular flux is the flow of material is due to diffusion while in
contrast the convective flux is the flow of material due to the bulk motion of the second
component (material B in this case). Therefore, the flow of material in these vacuum
systems are dependent on both the energy of the system and the momentum as

described in previous sections.

Specifically, for many vacuum depositions using a carrier gas, researchers study uniformity
and precursor flow in a laminar flow regime through Taylor Dispersions. In these style
studies, investigators pulse a single precursor in a reactor tube and examine what happens
after. Researchers study the axial (along the direction of motion) and radial (perpendicular

to the direction of motion) motion of precursors?’.
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In his studies, Taylor defined an equation that can be used to determine the precursor

waveform after an initial pulse3®:

(o) my _(z=(w))?
=— 2 __p7 4kt
P R*TRE

Equation 12. Taylor's Equation for the Precursor Waveform

Where:
Pa (%) is density of precursor A

my (kg) is the mass of precursor A

R (m) is the radius of the tube
K (mTZ) is the axial dispersion coefficient

t (s) is time

m
N

z ( ) is the specific velocity at that area along the length of the tube

v, (%) is the average velocity along the length of the tube

With this equation, the velocity changes to the initial pulse of precursor A can be tracked,
as well as experimentally deriving the diffusion coefficient as a subcomponent of the axial

dispersion coefficient.

As in extension Aris continued to expand Taylor's equations and found molecular diffusion
enhances axial dispersion for small Péclet numbers and inhibits at larger numbers*. Many
others have continued to build on Taylor's findings to more thoroughly explain

phenomena*4" and to build specific solutions for different materials*.
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With multicomponent systems, as in the case of more than one precursor and a carrier
gas, these equations are expanded as more than one term is needed to explain the

presence of an additional precursor.

Particularly in the perovskite field, methods for controlling MAI during evaporation are
heavily debated*. Some argue to control via the partial pressure** and others assert that
using a quartz crystal monitor# is the most reproducible method. The origin of this debate
may be due to the unknown behavior of sublimed MAI under vacuum. It remains unknown
whether MAI sublimes as one molecule or if deposition conditions influence its
sublimation chemistry. Additionally, it is unknown if MAI interacts with Pbl, in vacuum or
in an inert gas stream. These uncertainties challenge the notion of optimizing deposition
conditions since no one knows exactly for what process we are optimizing conditions.
Further research is critical to truly understanding these precursors, and as a result, gaining

systematic control in a co-deposition process.

1.3 Film Growth

The simplest way to think of film growth is it occurs wherever the precursor goes from
the gas phase to the solid phase. Transitions from one phase to another are often defined
through a phase diagram. Defining how these transitions are controlled can be described

through the Gibbs Phase Rule:

Degree of Freedom = Components — Phases + 2

Equation 13. Gibbs' Phase Rule.

Degrees of freedom correspond to the number of variables that can be used to control
the number of phases present. In crystal growth the Gibbs Phase Rule holds if the growth

process is slow enough for the system to be close to equilibrium and if the user has
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enough knowledge about the chemical reactions in the system to define them

accurately“e.

For example, in MAPbIs perovskites with no gas-based interactions or intermediate phases
around the surface of the substrate, there are three components and two phases.
Therefore, the number of degrees of freedom of the system is three, meaning three
different variables can be used to control the system. In this example, the three variables

are likely pressure, temperature, and composition.

A complicating factor to phase diagrams occurs when two or more component mixtures
contain materials with very different vapor pressures. In this case, the phase diagram
becomes much more complex as composition and phase of components change greatly

with small changes in variables.

Knowing the limiting factor in the film growth rate can help to illuminate which deposition
parameters will be most influential. The three main options are thermodynamics (limited
by temperatures within the system), mass transport (limited by reaction rate), or surface
kinetics (limited by surface properties). For example, if the system is in a surface kinetics
growth limiting state, changing the surface orientation of the substrate would influence

the film growth rate.

In VTD systems, the location of film growth is determined by both hydrodynamic and
thermodynamic forces. Similar to the situations presented previously, a hydrodynamic
boundary layer is formed on the substrate surface depending on the specific orientation
of the substrate. An additional thermal boundary layer develops as both diffusive and

convective forces further highlight the desired film growth region.
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Film growth is commonly launched through nucleation where small clusters of solid cause
the initial transition point between gas to solid on a surface. This effect was initially
described by Classical Nucleation Theory. For this transition to occur, it has to be
thermodynamically favored, which in CVD processes is frequently purposefully set up
through a temperature gradient to induce a chemical potential by chilling the substrate.
The temperature gradient causes thermodynamic supersaturation which is the nucleation
driving force. Additionally, it is important to note that the two phases do not have a strict
interface, rather, the interface bonding is weaker than in the bulk crystal and as a result

requires energy to form.

Where nucleation occurs is described by the Gibbs Free Energy which helps to define an
activation energy required for nuclei to form on the substrate’s surface. It characterizes
the system energy that can be added or removed without becoming an irreversible
process. In this understanding, while low energy states are favored, it is also understood
that even when a material is physically on the substrate’s surface there is still energy
required to be incorporated into the crystal lattice before reaching the lowest state. Only

when those conditions are satisfied do you get nucleation and film growth.

While Classical Nucleation Theory is a good place to start when discussing film growth, it
has some significant drawbacks such as using macroscopic quantities and observations
to describe atomic processes. However, from there others have gone on to define
different growth modes (Frank-van der Merve, Volmer-Weber, Stranski-Krastanov, etc.)
and general nucleation processes (Ostwald Ripening, etc.) that are studied in many

different materials to this day*’#é,

Applying this understanding to a basic PVD process, thermal evaporation, it can be shown

just how complicated and material specific growth under vacuum can be on an atom-by-
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atom understanding. Since thermal evaporation is a line-of-sight process, the material
flux on the surface can be thought of as having a normal incidence. These atoms are
coming in with a certain amount of thermal and kinetic energy and once they impact the
surface they can reflect, diffuse across the surface, or remain in that spot. Once on the
surface but still yet to be fully incorporated into the film they are known as adatoms.
Similarly, vacancies on the surface of a film are known as advacancies. Different deposition
parameters (such as substrate heating) can influence the amount of energy which these
adatoms have on the substrate and thus the likelihood of diffusion and resulting

crystallinity of the film.

At this time, the nucleation processes and growth modes for solar perovskite materials
under vacuum is relatively unknown. Much care has been taken to determine the sticking
coefficients#*4? and influence of parameters such as substrate*5°5! but the nucleation

process and controlling that process remains elusive.

1.4 Conclusion

Much of the fundamental deposition processes, from sublimation to material transport to
film growth, remain unknown for perovskites. Nonetheless, researchers have grown films
to great solar cell performance while slowly building on the foundation of physics
principles that guide perovskite material control under vacuum. This chapter serves to
illustrate those fundamentals while highlighting the areas in need of further research.
Moving forward, we will use these fundamentals to design a co-deposition VTD system

and deposit our first perovskite films.
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1.5 Further Reading

These textbooks were instrumental in the preparation of this chapter and provide

further information on the concepts presented.

Fundamentals of Heat and Mass Transfer
Bergman, T., Lavine, A, Incropera, F. & Dewitt, D. Fundamentals of Heat and Mass

Transfer. (John Wiley and Sons Inc, 2011).

The Handbook of Crystal Growth
Handbook of Crystal Growth. (Elsevier B.V., 2015).

Organometallic Vapor-Phase Epitaxy

Stringfellow, G. Organometallic Vapor-Phase Epitaxy. (Academic Press Inc., 1999).
Transport Phenomena

Bird, R. B., Stewart, W. & Lightfoot, E. 7ransport Phenomena. (John Wiley and Sons
Inc, 2007).
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2. Flexible, Lightweight Solar Cells - From Films to Devices

Many different types of materials have been used for optoelectronics, and specifically
solar cells. Some use thick, rigid, crystalline semiconductors such as GaAs or Si. Others use
a wide-ranging class of solar materials within thin, flexible films that include CdTe®?,
organics®>*, quantum dots (QDs)*>>°®, dye-sensitized, and perovskites''. Even with such a
broad range of materials that can be used in solar applications, there are a few
fundamental physics principles that connect them all. In this chapter we will start by
discussing the basic principles of both solar films and devices, then move on to discussing

how perovskites fit within those principles.

2.1 Film Operation is Key to Successful Solar Cell Operation

Fundamentally, solar cells work by absorbing sunlight to generate electricity. In order to
make a good solar cell we need to generate charges through absorbing sunlight and then
extract those charges to the electrical contacts. To do this, we need to use a series of

optimized materials that have different functions during each step in the process.

2.1.a Basics of Electronic Materials
Carriers within a material are made of both electrons and holes (absence of electrons).
Current is the movement of electrons and holes in opposite directions within a material.
Depending on material properties, electrons, and holes, even as linked as they are defined,
need to be treated differently. There are three fundamental types of electronic materials,
conductors (lowest resistance to the movement of carriers), insulators (highest resistance
to the movement of carriers), and semiconductors (intermediate resistance to carrier

movement).
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Semiconductors are defined by their density of states, or the allowed energy levels that
carriers can occupy within the electronic structure. In order to be a semiconductor, these
materials must have a bandgap, or a region where no electronic states can be found. The
shallower energy levels above the bandgap are known as the conduction band and the
deeper energy levels below the bandgap are known as the valence band. Within
semiconductors there are intrinsic materials (equal concentrations of electrons and holes),
p-type materials (dominated by holes), and n-type materials (dominated by electrons).
The Fermi level shows where the doping level moves the energetic bands within the base
material. With these key concepts in mind, we can start to build a picture of the physics

behind solar cells.

n-Type p-Type
Conductor Semiconductor Semiconductor Insulator

Conduction Band

Fermi
Unallowed States

Fermi

Valence Band

Figure 4. Band structure of different types of electronic materials.

2.1.b Absorption
One key characteristic of solar materials is the ability to absorb sunlight and generate
carriers as a result. Sunlight is a broad spectrum of different wavelengths of light that
correspond to different photon energies. For a semiconductor to absorb a certain
wavelength the bandgap of the material needs to be smaller in energy than the
wavelength of light. For example, in Figure 5 we show the wavelengths corresponding to

AM1.5 sunlight. Three different solar absorber materials are pointed out, with their
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respective bandgap energies are converted into wavelengths. Each material can absorb

wavelengths below their respective bandgap wavelengths.
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Figure 5. The standard wavelengths of light incident upon the earth. The bandgap of typical solar materials is also highlighted.

In this simplistic picture, it seems that all solar absorbing materials should target
bandgaps well above the energy in sunlight. However, in these materials there is a tradeoff
between absorbing sunlight and extracting the carriers, further described by the Shockley-
Quiesser Limit. For example, smaller bandgap solar cells absorb more light but larger
bandgap solar cells attain greater voltages. Therefore, there is a balance in order to
achieve and overall high efficiency. Nevertheless, some solar cell architectures play with

multiple bandgap materials to absorb and extract more carriers from sunlight>’=°,

2.1.c Recombination
Solar materials absorb sunlight which sends an electron from the valence band to the
conduction band thus additionally freeing a hole in the conduction band. These carriers
need to be extracted from the absorber material before they recombine in order to
generate power from the device. Other optoelectronic materials, such as in LEDs, use
radiative recombination to generate light. Radiative recombination is when an electron
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from the valence band directly recombines with a hole from the conduction band.
However, other types of unwanted recombination methods exist, such as non-radiative
recombination which adds thermalization losses to optoelectronic devices or defect-
based recombination where intermediate states in the bandgap are added by defects in
the crystal lattice. These unwanted types of recombination lower the efficiency of devices
and are symptomatic of flaws within the deposited solar material. As a result, oftentimes

researchers measure carrier lifetimes in films to analyze their potential within a solar cell.

2.1.d Perovskite as a Solar Material
In general, any bulk material can be classified as amorphous (without an underlying
repeating structure) or crystalline (with a definable repeating structure). Perovskite is
actually a general crystalline structure defined as ABXs. Therefore, there are a wide variety
of atoms or compounds that can be placed in the A, B, and X sites with varying degrees
of stability®. Previous to discovering the optoelectronic variety, perovskites were a rich
field focusing on versions with oxygen in the X site, termed perovskite oxides. Perovskite
oxides found interest in the scientific community due to physical properties such as
ferroelectricity, superconductivity, ferromagnetism, and insulator-to-metal transitions
depending on the subtype®'. As a result, perovskite oxides have been used as catalysts in
a wide range of chemistry research for energy development®, gas sensors®3, batteries, and

fuel cells®4.
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Figure 6. The crystalline structure of perovskites along with typical molecules found at the different lattice sites.

The perovskite variations used in solar applications are noteworthy for their high light

absorption and carrier properties. While metal-organic varieties are most popular, all-

65-67 68,69

inorganic and Sn-based perovskites®*°~ are noteworthy for their potential stability and
non-toxicity respectively. In all cases, perovskites are grown using either solvents or
vacuum processes. Therefore, different crystal phases appear in the films, creating
significant grain boundaries that can be the centers for defects to inhibit carrier
movement. The growth of optimized crystal phases and grain boundaries has significant
implications for both device efficiency in promoting carrier lifetimes and stability®.
Understanding how processing conditions influence crystal phase and grain boundaries

helps researchers to understand how to control defects for optimized films’"72,

2.2 Basics of Solar Cell Operation

Electrical devices are defined by how the electrical carriers within them behave.
Optoelectronic devices are those whose electrical carriers are greatly influenced by optical
elements such as illumination or emitting light. Most electrical devices perform rather
complex operations, for example, solar cells take incoming light, translate that light into
carriers, and remove those carriers from the device (which is termed electricity). In order

to perform these complex operations, oftentimes there needs to be more than one
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material within an electrical device. The energetics of carriers behaving within electrical

devices are defined by band diagrams.

2.2.a Band Diagrams
In many electrical device discussions, the simplest version given is the P-N Junction. In a
P-N junction there is one material that is N-type directly connected to another material

that is P-type as shown in Figure 7.
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Figure 7. The physical representation and band diagram of a P-N junction. A. A physical description of the junction caused by placing

a N-Type material in contact with a P-Type material. Included is the Depletion Region which is defined by the diffusion of majority
carriers. B. The band diagram resulting from placing the N-Type and P-Type material in contact. In the absence of an external voltage,

the Fermi level must be constant.

Connecting a material with an excess of electrons to one with an excess of holes will cause
diffusion of these majority carriers from one side of the junction to the other. This diffusion
sets up an electric field across the junction where the width is referred to as the depletion
region. Another way to look at the connection is through the energy band diagrams.

When two different materials connect the Fermi level must be flat since the majority
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carriers will diffuse into the depletion region. This causes shifts in the band diagrams of
the two materials at the junction, which is another way to visualize the electric field set up
across the depletion region. This simplest form of an electrical devices is referred to as a

diode.

However, most electrical devices have more than one P-N junction within them. Solar
cells, for example, have multiple differently doped layers to assist in charge extraction. In
Figure 7, with the built-in electric field there is energy required for an electron in the
conduction band to move from the N-type region up to the P-type region. Similarly, there
would be energy required for a hole to move from the P-type region to the N-type region
in the valence band because of the built-in field at the interface. Engineers use these built-
in fields to separate the electrons from the holes and prevent them from recombining. In
this way using hole-selective and electron-selective layers can increase the efficiency of a

solar cell.

2.2.b Current-Voltage Curves
The performance of a diode can be described through a graph of current density vs
voltage (JV curve). Since a solar cell simplistically is a diode which reacts to light, a similar

graph can describe the performance of a solar cell.
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Figure 8. Example JV curve showing all of the different subcomponents including those that directly contribute to the power conversion

efficiency (Voc, Jsc, FF) and those that do not (Rs, Rsh).

JV curves break down the performance of a solar cell and as a result describe different
aspects of how it is behaving. From a JV curve you get the power conversion efficiency
(PCE) which is the efficiency with which the solar cell is converting sunlight to electrical
power. Within that metric there is the short-circuit current (Jsc) which describes solar cell
operation if both electrodes were shorted together. It describes the effectiveness of the
device at extracting carrier and depends greatly on the absorber layer thickness and
incident light. The open-circuit voltage (Voc) by contrast describes the solar cell if both
electrodes were open, without any load. It describes the internal voltage the solar cell can
generate and depends on the absorber layer bandgap among other properties. Finally,
the fill factor (FF) is a calculation of how close to angular the JV curve is. It is dependent
on a large range of solar cell properties and can be hard to define what causes a high or
low FF. Other parameters such as series resistance (Rs) and shunt resistance (Rsn) define
the resistance to carriers being extracted and potential short circuit pathways through the
device respectively. Looking to Rs and Rsy can help describe different effects seen in Jsc

and Voc.
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2.3 Practical Considerations

For any solar cell material to be integrated into a device and then to become a product
there are a number of interrelated practical considerations involving the fundamental

physics within the device.

Manufacturability

Stability ] Efficiency

Toxiaty

Figure 9. The four major components that contribute to the formation of a complete commercial product.

Perovskite solar cells initially gained notoriety through their extremely rapid rate of device
efficiency improvements. They improved from 13% to >25% PCE in less than 10 years,

virtually unheard of for any single junction solar cell

. However, even with this rapid
increase in PCE, it was only recently that perovskites became competitive (based solely on

efficiency) with other single junction solar cells on the market based on silicon.

One area of research to improve both device efficiency and stability is at the interfaces.
Interfacial engineering can improve the charge carrier dynamics at the junctions with each
transport layer”3, defect mitigation, and preventing ion migration’’>. Commonly, defects
are the origin of instability within perovskite solar cells. Even with significant recent
progress towards improving the stability of perovskite solar cells, it remains one of the
largest barriers to commercialization. As a result, many researchers are focusing on

passivation strategies to mitigate defects destabilizing devices’. Many have turned to
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lower dimensional perovskites as passivation and encapsulation on top of the bulk

perovskite absorber layer to improve stability?”.

Another technique is to develop perovskite specific encapsulation to mitigate stability
issues’® such as moisture ingression. These barrier films can play dual roles as the most
efficient and stable perovskite solar cells contain lead levels that could raise toxicity
concerns™ at all life stages. As a result, many researchers have developed both
chemical®®8' and adhesive layers®? for preventing lead leaching. Others focus on
developing solvent systems less toxic than the ones currently used in the solution-

processing field®84,

All these advances contribute towards the manufacturability of perovskite solar cells.
However, in order for perovskite solar cells to be commercialized, all these advances need
to be translated from the research scale to a much larger scale. Techniques for depositing
solar cells on larger substrates are dividing into solution-processing methods such as slot-

die coating and vapor-processing methods such as CVD and thermal evaporation®,

Finally, the true metric of any technology is the cost structure. Improving the efficiency
and stability while mitigating toxicity concerns over large areas all contribute to a
favorable cost structure. One area that can quickly become cost prohibitive for many
different solar technologies is the non-transparent electrode. Frequently for many
materials, gold is favored since it is very non-reactive. However, gold electrodes are

prohibitively expensive for commercialization and can be difficult to replace.

2.3.a Lower Cost Electrodes — PbS QDPVs as an Example
Prior to focusing on perovskite, we looked to another solar absorbing material that serves

as a great example of how device architecture tuning can impact the overall cost structure.
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With their tunable band properties and sharp absorption onset?’, PbS quantum dots (QDs)
are one promising candidate for thin film photovoltaics (PVs). Many recent reports on the
QD active layer build on developing ink-based deposition®. Replacing layer by layer
spincoating by designing a single step QD layer deposition enables reductions in the cost
to synthesize QD solutions and increases power conversion efficiencies (PCE) to 13.3%%°.

Other advances focus on engineering QD surface states®®' or ligand treatments®.

These advances are centered around the state-of-the-art architecture of ITO/ZnO/PbS-
TBAI/PbS-EDT/Au. Already, some researchers are scaling PbS QD deposition to larger
areas®?, However, significant issues remain when considering scaling these advances in
PCE to larger area devices for manufacturing. One of the major disadvantages to the state-

of-the-art QD solar cell is the reliance on a gold electrode.

Here, we focus on nickel oxide (NiOx) as an interlayer to facilitate lower cost electrodes.
As a wide bandgap, p-type metal oxide, NiOx has historically been used as a HTL in a
variety of devices including QDLEDs®®, organic PVs®, and perovskite PVs?. Hyun et. a/*®
demonstrated both p-n and n-p QD device architectures using NiOx as a hole transport
layer. Using only PbS QDs treated with EDT as the QD absorption layer, they reached 5.3%
PCE when depositing NiOx on top of the QD layer. Additionally, a recent report uses a
thin spin-coated layer of NiOx to improve PbS QDPV device stability when exposed to

heat or oxygen plasma®.
By adding a NiOx interlayer into the state-of-the-art QD solar cell architecture we allow

both aluminum and copper electrodes, thus permitting less expensive device

architectures and added flexibility in design. Additionally, we investigate the effect of
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lower cost electrodes on the shelf-life stability and find that a thin buffer layer between

the NiOx and electrode improves stability.

Lower cost electrodes such as aluminum, chromium, or copper are prone to oxidation and
other chemical reactions that can limit use in devices. Therefore, to enable these new
electrode materials an interlayer must be introduced that enables more reactive materials
without significantly adding to material prices. Sputtering (compared to thermal
evaporation for the electrode materials) is not expected to significantly add to the total
manufacturing cost since it uses higher deposition pressures. Additionally, in the long-
term lower cost electrode materials can also be sputtered, decreasing manufacturing

costs even more.

In the beginning NiOx enables lower cost electrodes, however to enable this QD
architecture to move closer to manufacturing, it needs to be stable over the long term.
After about a month of shelf-life storage the solar cells start to degrade'®. Table 1 shows
the variable time scale with which devices start to display a characteristic S-curve shape

indicating an energy barrier within the device stack.
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Device Run Time NiOx Thickness PCE Decrease
A 56days 10nm 72%
20nm 51%
B 62days 10nm <1%
20nm 76%
C 70days 10nm 17%
20nm 1%
D 34days 5nm <1%
10nm 16%
15nm 60%

Table 1. Timescales required for PbS QDPVs with aluminum electrodes to develop an electronic barrier and lose power conversion

efficiency.

Only when the electrode material changes to aluminum (or copper) does the PCE of the
devices starts to degrade over time. Although bare aluminum will oxidize in a couple of
minutes in air, device degradation occurs on average in one to two months. Additionally,
the formation of an energy barrier happens at multiple NiOx film thicknesses without a
correlation in the time it takes the device PCE to decay. This seems to indicate that it is
the interface between the NiOx and aluminum electrode that is degrading with time.
Furthermore, NiOx thickness does not determine length of time required for degradation.
If NiOx were acting as a diffusion barrier for chemicals from within the device stack, thicker

NiOx layers would improve device stability.

If chemical diffusion originating within the QD layers is not the most likely cause of
degradation, another possibility is that the aluminum and NiOx is reacting. Aluminum

oxide (Al>03) has a lower free energy of formation than NiOx therefore any loosely bound
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oxygen in the NiOx would preferentially oxidize the underside of the electrode. Although
J. Li et. al’®" recently reported an increase in PCE with a passivating Al>Os layer in QDPVs,
the layer thicknesses used were around 0.5nm with significant ingress into the PbS-EDT
layer. An oxidation reaction at the aluminum/NiOx border would not reach the PbS layers
and be significantly thicker, thus preventing efficient charge extraction. In fact, oxidation
at the electrode/NiOx interface is an effect commonly seen in resistive switching memory
devices'%21% and oxidation at the electrode/polymer interface is a common reason for

degradation in OPVs104105,
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Figure 10. Decrease in device efficiency due to the formation of an Al.O3 barrier between NiOx/Al. (A) Growth of an electronic barrier

in JV curves of a single device over 2 months. (B) Tracking shelf-life stability of different device architectures. (C) Sputtering and Al.O3

layer into the device stack. Increase in Al2Os thickness corresponds to the growth of an electrical barrier in the JV curves.

Oxidation of the aluminum/NiOx interface would produce up to 4nm of Al,Os. By
purposefully adding a 0-3nm thick Al,O3 at the NiOx/Al interface (Figure 10.B), we can
replicate the degradation profile. One way to increase the stability of these more reactive

electrodes is to insert an oxygen resistant layer between NiOx and the electrode.

Two buffer layers that could assist in preventing oxidation at the NiOx/electrode interface
are chromium and ITO. In OPVs, the addition of a chromium oxide layer was found to

prevent oxidation at the organic/Al interface'®. In perovskite solar cells, ITO is oftentimes
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used to prevent underlying materials from reacting with the electrodes’®. These materials
act best as ultra-thin buffer layers due to higher material costs than aluminum and since

they lack the potential to be used as HTLs.
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Figure 11. Influence of a buffer layer between the NiOx and electrode. (A) Experimental setup for accelerated lifetime testing of NiOx
films. 30nm thickness is used to ensure film completeness. (B) Resistances of film stacks using testing setup shown in A. Different

buffer layers and electrode materials are shown. (C) QD device stability over six weeks without a buffer layer. (D) QD device stability

over six weeks with an ITO buffer layer.

To investigate ITO or Cr as a potential buffer layer between NiOx and aluminum electrode
we first used accelerated testing on films alone. NiOx films were deposited on top of ITO
electrodes with either ITO or Cr as a buffer layer or no buffer layer at all. Aluminum or
gold electrodes deposited on top allowed for resistance measurements over time and
after accelerated lifetime testing. To increase the speed at which these films degraded,

they were annealed at 150°C in inert conditions. Since it is likely interstitial oxygen that is
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reacting with the underside of the aluminum electrodes, the additional heat helps with

oxygen diffusion and increases the rate of aluminum oxidation.

At regular intervals these films were measured for through-film resistance in an inert
atmosphere. Films with no buffer layers and gold electrodes did not significantly change
in performance, indicating that the NiOx itself is quite stable under these accelerated
lifetime testing conditions. Under heat treatments the films with aluminum electrodes and
no buffer layer quickly increase in resistance. Films with either an ITO or Cr buffer layer

also show some initial increase in resistance that stabilizes over time.

Based on the accelerated testing of films, an ITO buffer layer was integrated into devices
with aluminum electrodes and compared to devices without buffer layers. Figure 11C
shows device performance after a month in the dark under a nitrogen environment. Each
type of device is the state-of-the-art architecture with a 10nm NiOx interlayer, optional
10nm ITO buffer layer, and 80nm aluminum electrode with the inset highlighting the
changes. For devices with a NiOx interlayer and aluminum electrode 70% of the PCE was
lost over the course of a month in a dark, inert atmosphere, originating from the creation
of a barrier in the device. In contrast, with an ITO buffer layer the device only loses 16%
in device efficiency thus slowing down the degradation and allowing the use of an

aluminum electrode.

In summation, NiOx interlayers paired with an ITO or Cr buffer layer allow for the use of a
variety of lower cost electrodes such as aluminum. Substituting NiOx interlayers with
buffer layers allows for flexibility in device architectures with comparable PCEs to the
state-of-the-art. Additionally, the aluminum-based architecture facilitates the move
towards QDPV manufacturing through an over 130,000 reduction in material costs. While

this work focused on enabling low-cost electrodes for QDPVs, it also shows the potential
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for lowering device architecture costs for other PV materials such as organics or

perovskites.

2.4 Further Reading

These textbooks were instrumental in the preparation of this chapter and provide

further information on the concepts presented.

Physics of Photonic Devices

Chuang, S. L. Physics of Photonic Devices. (John Wiley & Sons, Inc, 2009).
Semiconductor Device Fundamentals

Pierret, R. F. Semiconductor Device Fundamentals. (Addison-Wesley Publishing

Company, Inc, 1996).
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3. Influence of Vapor Co-Deposition on

Methylammonium lodide Degradation

3.1 Motivation

An exciting but challenging aspect of perovskites is the wide variety of compositions that
can be successfully used in optoelectronic films'?. Although many researchers are looking
to replace MAI due to stability issues'®, MAPbI3 perovskites are a relatively simple
organic-inorganic framework compared to other perovskite formulations and are still
widely studied. Therefore, we will continue to use MAPbIz and compare our findings to

current literature understanding.

Understanding the role that MAI has in MAPDbIs inherently needs to include investigations
using solution-processing due to the high volume of literature. However, the two general
deposition techniques have very different origins for introducing defects. In solution-
processing, the solvents and surfactants dictate film formation and are often the origin of
defects. However, vapor-processing does not use solvents, rather it can introduce defects

through the heat used during deposition.

The MAI amount in MAPbIs perovskite films necessary to produce high performing solar
cells remains an active area of research. Some researchers advocate for using a MAI
interlayer, which prevents unwanted reactions with transport layers'® and its dissociative
products can alter energy levels to better align with transport layers'°'"". However, MAI
provides an inroad for which moisture can penetrate the entire MAPbIs film'2. While
moisture can aid in conversion to perovskite and some moisture penetration is reversible,

after a long time or with enough water perovskite films permanently degrade'3'"4. Thus,
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there is a fine balance between favorable energy level manipulation and inducing stability

problems.

Additionally, the presence of defects within the bulk MAPbIs film partially determines film
properties', including stability. Although stability for vacuum-deposited solar cells has
only started to be investigated, promising results demonstrate how CVD and thermally
evaporated perovskites are quite different from solution-processed perovskite''7,
Therefore, as we proceed, we will reference solution-processed results but acknowledge

the potential differences due to processing technique.

Under vacuum, lead-based metal halides have sublimation temperatures ranging from
around 300°C to well over 500°C. In contrast, organic components such as MAI and
formamidinium iodide (FAI) have sublimation temperatures under 200°C. The new VTD
system needs to balance co-deposition with one precursor material (MAI) subliming
around 170°C and another (Pbly) subliming around 370°C. These differences in
sublimation temperatures are significant, since organic precursors degrade under Pbl,

temperatures’819,

One unique and currently understudied aspect of vapor-based depositions is how
depositional stresses integrate into the surface and bulk properties of films. There are
debates surround the degradation of MAI powders exposed to high temperatures. The
two dominant theories are that MAI decomposes into either iodomethane (CHsl) and
ammonia (NHs) or hydroiodic acid (HI) and methylamine (CH3NH,). Although the
decomposition into iodomethane and ammonia has been repeatedly calculated to be the
thermodynamically favorable pathway, many experiments clearly demonstrate the
presence of hydroiodic acid and methylamine products'®120, These discrepancies could

be due to experimental factors that influence the degradation pathway, including
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temperature, surrounding atmosphere, pressure, catalyst presence, and source boat
configurations. The results from these experiments assist in understanding potential

degradation that occurs during sublimation during thermal evaporation.

In contrast, VTD contains two decoupled heating processes as shown in Figure 12.B:

sublimation temperature and deposition zone temperature.
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Figure 12. Methylammonium iodide structure and deposition process. A) Molecular structure of methylammonium iodide. B) Diagram

of the separate temperatures that methylammonium iodide experiences during VTD.

Sublimation zone temperature provides the thermal stresses the MAI powder experiences
during sublimation. Building up a partial pressure of sublimed material is a balance
between using a high enough temperature to get a high rate of sublimation but not so
high that MAI degrades due to thermal stress. In contrast, the deposition zone
temperature is set by the temperature needed to keep Pblz sublimed, and MAI only needs
to survive a brief period of transit in this zone. Thoroughly understanding the degradation
that can come from both zones would assist in identifying and healing defects to create

high quality MAPDlIs films.
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Here, we investigate the influence of sublimation temperature and deposition
temperature to determine the process parameters that contribute to the degradation of
MAI and better understand the integration of MAI defects into the final perovskite film.
By using Fourier Transform- Infrared — Attenuated Total Reflection (FTIR-ATR), we
catalogue how different temperatures change the bonds within MAI powders and films.
Then, we use X-Ray Diffraction (XRD) to determine how different deposition techniques
influence the structure of perovskite films. By starting with our system as an example and
then expanding into a more generalized system, we can make recommendations
regarding the use of co-deposition and the role that deposition temperature has in MAI

degradation.

3.2 Sublimation Temperature Influence

The first potential degradation region during the MAI deposition process is due to the
sublimation temperature. To create a baseline, we first investigate the precursor powders

before they enter the vacuum system.
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Figure 13. FTIR-ATR spectra of different MAI precursor powders. Note: Sigma-Aldrich and GreatCell use the same manufacturer for
their powders. A) Normalized FTIR-ATR spectra of both powders. B) Difference in the relative heights of peaks in the fingerprint region.

C) Differences in the full-width half-max of the peaks from A).

Compared to Sigma Aldrich/GreatCell MAI powders, Lumtec precursor powders contain
two minor peaks at 809cm™ and 1154cm™ with expansions of the full-width half-max
(FWHM) of the peaks at 908cm™ and 14840cm™". The additional peaks suggest organic
contaminants consistent with the recent findings that lower purity MAI has better
adhesion properties and film performance*'?" which is consistent with the high level of
use with Lumtec MAI precursor powders in the QCM-controlled thermal evaporation
discussion®'?2, The peak broadening suggests additional hydrogen bonding or other

differences in the bonding structure of the Lumtec powder compared to the Sigma
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Aldrich/GreatCell powder. With this baseline, next we can look into how the Lumtec MAI

powder specifically evolves as a function of sublimation temperature.

To investigate the influence of sublimation temperature, MAI powder was loaded into the
VTD system and sublimed at a range of temperatures. We used sublimation temperatures
at the lowest and highest consistently-depositing temperatures and removed the leftover
powder from the material arms. Through this experiment we can see how precursor
powder ages with respect to its sublimation temperature without exposing it to an

additional deposition temperature and film growth process.
Figure 14.A shows the evolution of MAI powder as it experiences a variety of sublimation

temperatures. We focus on the fingerprint region, as it determines the molecule present,

and use previous literature reports to label the different bonds'23124,
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Figure 14. FTIR-ATR spectra of Lumtec MAI powders after experiencing a range of sublimation temperatures. A) Normalized fingerprint
region for the raw precursor powder, powder after experiencing 130-140°C sublimation temperatures, and powder after experiencing
170-190°C sublimation temperatures. The grey, dotted line highlights the presence of an organic contaminant in the precursor powder.
B) Overlapping FTIR spectra to demonstrate the changes to peak heights and full-width half-max. Each peak is labeled with its

corresponding MAI bond.

The bottom blue line corresponds to a fresh precursor powder before any sublimation
treatments. The next two lines represent powders from sublimation boats after
experiencing two different zones of sublimation temperatures. The red, lower 130-140°C
curve is relatively similar to the baseline powder curve. The only dramatic
appearance/disappearance of a peak is at 1153cm™ which appears in the baseline powder
but not in the 130-140°C sublimation curve. Additionally, the relative intensities, locations,
and FWHMs of the two curves are identical, demonstrating <1% variation between the

two powders, which is the instrumental limit for FTIR-ATR.

Meanwhile, the 170-190°C and precursor powder show significant deviations from each
other. For the 170-190°C powder, the peaks at C-N stretch and C-N rock combine

indicating either peak broadening or formation of a new structure. A similar convergence
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of these two peaks was found in a sample that contained a CH3NH3l-xCH3N> complex of
MAI and methylamine gas, from a paper where amine complex precursors and pressure
were used to create perovskite films'4. This would be consistent with the growth of a
potentially additional peak around 1120cm™". However not all the peaks documented in
the pressure-based deposition technique appear here, potentially due to the low amount
of the highly volatile methylamine gas. Other degradation products could also be forming,
such as hydroiodic acid, ammonia, or iodomethane which would show broadening of the
peaks due to new hydrogen bonds within the molecule or appearance of new peaks with
organic byproducts not attached to a full MAI molecule. The appearance of these peaks
at generally higher wavenumbers than intact MAI indicates that the overall mass of that
molecule (and therefore peak appearance) has been lowered, further confirming some

degradation process.

Overall, combining current literature with the results found here indicate that if we chose
both the best MAI precursor powder and the lowest sublimation temperature compatible
with our system, we should see a minimal amount of degradation for our precursor
powder. However, as the next section shows, this only one process by which our MAI

powder may degrade during deposition.

3.3 Deposition Zone Temperature Influence

One benefit to VTD is the ability to use an optimal MAI sublimation temperature to
minimize degradation while not greatly influencing the deposition rate. However, the
deposition zone temperature must be set by the highest sublimation temperature for the
precursors within the system. Therefore, MAI must be exposed to a period of higher
chamber and carrier gas temperatures. This aspect of MAI degradation is rarely studied
since most vapor-processes focus on using thermal evaporation where this type of

degradation would not occur.
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Figure 15 shows how a powder evolves if it is sublimed at the lower temperature but then

experiences a brief period in a deposition zone at a range of temperatures.
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Figure 15. FTIR-ATR spectra of MAI powder sublimed at 130-140°C and experiencing a range of deposition zone temperatures.

Here, we see no significant peak appearances/disappearances in any of the films or
powders other than the aforementioned 1153cm™ peak. In these FTIR spectra we do not
see consistent or significant changes in either peak position, relative intensity, or FWHM
indicating minimal changes to MAI bonding during a heated deposition process
(additional peaks presented in Sl). This may indicate that the degradation experienced by

MAI is more significant in the sublimation zone than the deposition zone.
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3.4 Expanding MAI Degradation Results to General VTD Systems

Previously, we decoupled sublimation and deposition temperature to inspect the MAI
degradation caused in our VTD system. However, to generalize these findings, we expand
temperature ranges to correspond with a wider set of metal halide sublimation
temperatures. In the next series of experiments, we use a tube furnace with two different
heated zones to learn about the joint degradation effects of sublimation temperature and

deposition temperature.

Heated Zone

—

Carrier Gas \__,__\/—-_
— /‘?é-@,\___ I]Substrate

-

Vacuum
Pump

Material Boat

Figure 16. Diagram of a Three Zone Tube Furnace which is used for the VTD chamber of simplified MAIl degradation experiments. Only

Zone 1 and Zone 2 are actively heated.

The MAI sublimes at a lower temperature of 270°C in Zone 1. Then the MAl is transported
with a heated carrier gas through Zone 2 to the substrate. We start by depositing MAI
through a range of Zone 2 temperatures, from a lower co-deposition temperature to a

higher one, corresponding to a range of metal halide sublimation temperatures.
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Figure 17. FTIR-ATR spectra of MAI powders after experiencing both an elevated sublimation temperature and a range of deposition

temperatures.

FTIR-ATR results show a change in bonding structure at Zone 2 temperatures between
350-400°C. Films deposited from MAI sent through a region 350°C or cooler have
consistent peak locations and intensities. New peaks and changing peak intensities
appear consistently at deposition temperatures above 400°C. The changes in FTIR results
are identical at both 400°C and 450°C deposition temperatures. Furthermore, these
changes do not vary between measurements across the film. The difference in peaks only

appear in the fingerprint region. See Sl for full FTIR-ATR spectra.

Shown in Figure 17, there are four modifications to the FTIR spectrum between films
deposited through a 350°C and a 400°C Zone 2. There is an increase in peak intensity
around 1450cm™" and the appearance of new peaks at 1005, 970, and 805 cm™'. The peak
in both films occurring at 991 cm™ corresponds to a C-N stretch'2. One potential
explanation for the appearance of two smaller peaks around the large peak in the higher
temperature films is the addition of more C-N bonds. With more bonds there would be a

symmetric and asymmetric stretch, which would offset the peak appearance relative to a
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molecule with a singular C-N bond. The increase in peak intensity around 1450cm™' could
correspond to increased symmetric NH or asymmetric CH3z bends'>'3. This potential
explanation corresponds well with literature on mass spectrometry results, which indicate

the appearance of more complicated carbon and nitrogen compounds at higher

temperatures’?.

While FTIR probes the bulk of the film, XPS analyzes the surface of the perovskite film.
Once again there is a shift in chemistry between 350-400°C. Figure 18 shows the total
carbon, nitrogen, and iodine content within the film. Likely there is more carbon than
nitrogen in the film due to adventitious carbon on the surface of the film. The relative
ratio between carbon and nitrogen stays the same throughout all the samples. However,
above 350°C the percentage of carbon and nitrogen decreases while that of iodine
increases. At higher temperatures carbon and nitrogen are expected to form gaseous
degradation products''®1?> and therefore may not re-deposit on the surface of the film
after passing through Zone 2. This could explain the decrease in the amount of carbon
and nitrogen on the film. Another potential explanation is that exposure to the hot zone
may increase the mobility of iodine. Therefore at least the surface of the perovskite film

is becoming iodine rich at temperatures above 350°C.
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Figure 18. Analyzed XPS spectra of the dominant species comprising MAI. A) Tracks the compositional changes by deposition zone

temperature. B) Tracks the dominant peak contribution by deposition temperature.
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Looking deeper into the bonding chemistries within these peaks shows if the elements
are forming different compounds while remaining in the film. As opposed to the changes
in the total perovskite composition, Figure 18 shows that the distribution of dominant
bonds associated with each element stays the same (peak assignment in SI). For example,
the appearance of more N=C bonds than N-C bonds at higher temperatures would
correspond to a drop in the nitrogen curve. Here, the bonding chemistries stay relatively
the same regardless of Zone 2 temperature indicating that the loss of overall carbon and

nitrogen is not also forming new compounds at the surface of the film.

3.5 Integration into Perovskite Films

Since MAI films alone cannot contribute to the active layer of a solar cell, we next integrate
the MAI precursor into a MAPbI; perovskite film. By examining the influence MAI
degradation has on the bonds and crystallinity of co-deposited and sequentially-
deposited perovskite films, we can both determine appropriate next steps for
optimization and make recommendations for focusing on either co-deposition or

sequential deposition.
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Figure 19. FTIR-ATR spectra of sequentially deposited MAPDIs films. The higher temperature sequential deposition corresponds to the
temperatures that MAI would experience during co-deposition while the lower temperature corresponds to a deposition temperature

tailored for preserving MAI.

As an inorganic precursor, we do not expect to see any contribution from Pbl, alone but
will see the organic signature of MAI shift with the new bonds. As shown in Figure 19,
there is no longer any contributions from methylamine gas at any temperature, as the
peaks at 969cm™, 1024cm™, and 1179cm™ do not appear™. The higher wavenumber
methylamine peaks are harder to distinguish from other perovskite bonds in these
samples. However, there are significant differences in the relative peak intensities and
FWHMs of different peaks within each sample. In general, the peaks associated with the
lower temperature sequential deposition are broader, indicating an increase in the
interactions of that bond with other species in the crystal lattice. In contrast, the peaks
within the higher temperature sequential deposition spectrum show minimal changes

compared to the MAI-only film. This could indicate that with a higher deposition
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temperature the MAI precursor experiences difficulties in integrating into the perovskite

crystal lattice.

To further decouple the potential factors determining perovskite lattice growth, we next
use XRD to determine crystalline properties of co-deposited and sequentially-deposited
films. In this MAPbI3 perovskite film series, the top XRD spectrum (Figure 20) is the
standard co-deposition process. The next two films are both sequentially deposited, with
Pbl> as the first precursor deposited and then MAI to convert the Pbl; film into MAPbI3
perovskite. In the middle film the MAI-only layer is deposited at the same deposition
temperature as the co-deposited film. The final MAI-only layer is deposited at a
significantly lower temperature, corresponding to the ideal deposition temperature for

MAI. The films are fit according to previous literature results'2126,
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Figure 20. XRD spectra of co-deposited and sequentially deposited MAPbI;s films. High temperature sequential deposition

corresponds to identical conditions as the co-deposited films.

A preliminary survey of the data reveals that no two graphs are the same, with even the
most dominant peak changing depending on deposition process. For both the co-
deposited film and the sequentially deposited film at low temperature, the MAPbI3 110
phase is dominant. However, for the sequential deposition at high temperature the

dominant peak corresponds to MAI.

The same four perovskite phases show up in all three XRD graphs, However, the sequential
deposition graphs show more unreacted precursor peaks than the co-deposition graph.
Both show signatures of unreacted MAI and Pbl; while the co-deposition graph only
shows an excess MAI peak. Since the interaction volume of the XRD beam encloses the
entire film, it is possible that there are two unreacted precursor layers. Sequential films
are deposited by first laying down a film of Pbl; and then converting with MAI so if the
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film does not fully convert there would be pure Pbl; in the back while the front is
unreacted MAI. Unreacted MAI on the surface of the sample also explains why the
sequentially deposited films exhibit peaks associated with moisture ingression into the
film"2, This suggests that post-deposition treatments to improve conversion and resulting

crystallization may be necessary for thick, sequentially deposited films.

3.6 Influence of Post-Deposition Film Treatments

Commonly, highly efficient and stable perovskite solar cells make use of post-deposition
treatments to modify the interface, reduce mobile species, and/or de-sensitize the
perovskite surface to the surroundings’?’'?8. These treatments can vary widely from
annealing the film'213 to depositing a 2D material on the top interface’. In vacuum-
deposited perovskites, annealing or isopropanol (IPA) treatments post-deposition are
used to facilitate a uniform reaction and/or remove excess degraded precursor material
such as MAI. Therefore, understanding how post-deposition treatments that do not

intend to leave behind a surface-modifying molecule are an important place to start.
Using the data from the previous section as the baseline, we take the higher temperature

sequentially deposited films and do either annealing or IPA post-deposition treatments

and track the MAI bonding changes using FTIR (Figure 21).
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Figure 21. FTIR-ATR spectra of high temperature sequentially deposited films and their different post-treatments. A) Fingerprint region

spectra. B) Overlapping spectra showing the differences in peak heights and FWHM. Important peak information is labeled.

Once again there appears to be a peak around 1120cm, which could correspond to
methylamine gas. This could be consistent with the disappearance of that peak for the
annealing post-deposition treatment, as methylamine gas is volatile. Beyond that peak,
post-deposition treatment does not show significant changes to the baseline, higher
temperature sequential deposition film. Once again however, they do still vary from the
lower temperature sequentially deposited film. Therefore, it seems the initial deposition
type has more of an influence over the MAI bonding structure and species than the post-
deposition treatment. Focusing more specifically on IPA, since it is intended to directly
influence the presence of excess MAI and MAI degraded products, we move to looking at

the role temperature has in film crystallinity.
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Figure 22. XRD spectra of co-deposited and sequentially deposited films before and after IPA post-deposition treatments. Baseline

spectra are also shown in Figure 21.
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For the co-deposited films, the IPA treatment does not have much of an influence on the
crystalline structure. However, for both the sequentially deposited films there are the
disappearance/reappearance of peaks associated with IPA treatments. For the films
sequentially deposited at a high temperature the peak most associated with moisture
ingression disappears after IPA treatment, since the dihydrate is closely tied to excess MAI
and can be rinsed away using IPA'32133 For the sequentially deposited film at lower
temperatures the IPA rinse cycle increases the contributions of perovskite at the 26 values.
Additionally, for both sequential films the ratios of peak intensities between 25-33°
changes as a result of IPA rinsing. Since both precursor and perovskite peak ratios are
shifting after IPA treatments, it is unclear whether the IPA rinses help specifically with the

crystallization of the perovskite films.

3.7 Conclusion

It is currently unclear how these changes in the film will impact the solar cell performance.
However, through cataloging the changes in VTD perovskite films we have a starting place
for optimizing solar cells. We show that in our system the sublimation temperature has
more of an influence on degradation products than the deposition temperature. We went
on to expand our results to a more general tube furnace system where we show that the
transition to degradation during deposition occurs between 350-400°C. Finally, we
translated this bonding information into crystallinity information through the use of XRD.
We show that even for the same temperatures sequential deposition does not form the
same perovskite as co-deposition. The co-deposited perovskite shows the highest
contributions from perovskite phases while previous findings from FTIR-ATR
demonstrates that using a lower sublimation temperature minimizes degradation,

altogether showcasing MAPbIs's ability to be co-deposited via VTD.
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3.8 Supplementary Information
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Figure 23. Full FTIR spectra corresponding to the fingerprint regions shown in Figure 14.
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Figure 24. Full FTIR spectra from the fingerprint regions shown in Figure 15.
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Figure 25. Full FTIR spectra from the fingerprint regions shown in Figure 17.
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Figure 27. Full FTIR spectra from the fingerprint regions shown in Figures 19 and 21.
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4. Design and Construction of a

Vapor Transport Deposition System

4.1 Background

Vapor transport deposition (VTD) is a technique similar to organic vapor phase deposition
(OVPD) which grows organic films for LEDs'* and solar cells'®*'3¢, and close space
sublimation (CSS) and metal-organic CVD (MOCVD)'3-13° which have been used to
produce all-inorganic solar cells. However, VTD combines different techniques to function
similarly for both inorganic and organic precursors and can thus be used in hybrid material

systems such as organometallic perovskites.

For the first version of a VTD system, we developed a tool for depositing perovskite active
areas for solar cells. The system focused on sequential deposition which deposits each
precursor materials separately. In contrast, co-deposition deposits all precursor materials
simultaneously. The initial VTD system focused on sequential deposition due to the
differences in sublimation temperatures for the organic and lead halide precursors. In the
sequential reactor design, we placed methylammonium iodide (MAI) and lead iodide
(Pbly) into separate steel capsules and heated the capsules such that the source materials
sublimed. Using this technique, we achieved a 10x faster deposition rate than thermal

evaporation and produced 6.9% efficient solar cells.

Sequential deposition can be desirable when ideal precursor sublimation temperatures,
deposition pressures, or deposition gasses are dramatically different. In this case, the
reactor can deposit each precursor in its ideal deposition condition without having to

make any compromises between unlike precursors. In the case of MAPbI;, the two
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precursors have dramatically different sublimation temperatures and the lower
temperature material, MAI, is an organic susceptible to degradation. Therefore, most

current literature deposits MAI and Pbl; separately.

However, a switch to co-deposition would increase deposition speed and improve control
over the composition of the perovskite film. One of the main challenges of sequential
deposition is attaining complete and even conversion of the full film in parallel with
building a film thickness with good capability for absorbing light. Similar to a previous
VTD system, sequential deposition often has to rely on multiple Pbl, depositions with MAI
conversion steps in order to build up to an active layer thickness capable of absorbing
most incoming light. Each of the precursor materials in these paired steps is deposited
independently in its own unique set of optimal conditions. Overall, this makes the

deposition process longer than with co-deposition.

Sequential Deposition Co-Deposition
\ pb|2-
-/
Film MAI Film
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Pb)-\_j
/%%-g\\é
MAI Film

Figure 28. Conversion of a MAPbIs film with sequential deposition vs co-deposition.

Furthermore, while depositing both materials in parallel the uniformity of conversion
throughout the film is higher than a sequential process. With co-deposition, the improved

control over the stoichiometry of the perovskite film means that substrate heating during
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deposition and post-deposition annealing should not be required™' 42 This gives an
improved control over the final film's composition and makes it easier to produce multi-

component films.

Finally, while sequential reactors have been demonstrated using a variety of methods, co-
deposition is yet to be fully explored. Here, we design a new, co-deposition-based VTD
chamber which increases control over deposition parameters. We develop a novel quartz
insert capable of stopping highly diffusive and reactive materials at temperatures above
300°C. To improve control over the deposition process, we will discuss the calculations
and simulations behind the fluid flow and heating design. Utilizing improved material
control enables the new VTD chamber with a wide range of deposition parameters to

improve perovskite film formation for a better film and solar cell performance.

4.2 Prior Sequential VTD Demonstration

Prior to development of a co-deposition chamber, initial VTD trials were performed in a
reactor designed for sequential deposition. The initial VTD sequential prototype
successfully demonstrated perovskite solar cells with 6.9% efficiency at a 10x increase in
deposition rate over thermal evaporation. The system design comprised of three long
material arms in which precursor capsules were inserted and through which carrier gas
flowed towards a common deposition chamber (Figure 29). Surrounding each material
arm, thermal heating tape allowed for a range of deposition temperatures. Care was taken
so that the carrier gas reached temperature before interacting with sublimed material.
Each precursor was deposited independently of the others, such that there were
optimized parameters for each. Thin alternating layers of precursors built up to produce

thick, homogenous perovskite films.
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Figure 29. Sequential VTD Reactor Layout. Two separate capsules are aimed at a chilled substrate.

With this sequential design, a linear increase in the amount of Pbl, deposited would
correspond to thicker and thicker MAPDIs films after MAI deposition and conversion.
Under standard deposition conditions for this system, a 1.3nm/s deposition rate was
achieved. Negligible time was required for MAI deposition and conversion to perovskite.
Using this sequential reactor and technique, perovskite solar cells with the architecture
FTO/TiO/perovskite/Spiro-OMeTAD/Au achieved 6.9% power conversion efficiency' as

shown in Figure 30.
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Figure 30. Results from the sequential VTD chamber. A) The deposition rate measured as a function of Pbl. thickness. B) The resulting

record efficiency solar cell using this system™°.
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With an experimentally derived deposition rate and initial proof of device performance, a
simulation was developed to illustrate the potential deposition speed to show

compatibility with a manufacturing process (Figure 31).

A B

Pbl, Deposition rate (nm/s) Pbl, Deposition rate (nm/s)

175 C“O 340
' = 580 ! G

LW

Temperature (°C)
3

Temperature (°C)
3

S00 500 -

480 480 -

Chamber pressure: 1 Torr

Chamber pressure: 10 Torr

460 - 460 -

200 400 600 800 1000 200 400 600 800 1000
Flow rate (sccm) Flow rate (sccm)

Figure 31. COMSOL Simulations of the sequential deposition system. A) Temperature vs Flow Rate at 1 Torr. B) Temperature vs Flow

Rate at 10 Torr™,

Via decreasing the deposition chamber pressure or via increasing the deposition
temperature the deposition rate will continue to increase. By finding a balance between
deposition parameters increasing the deposition rate and influencing film properties,
simulations and experiments prove promising for sequential VID as a technique.
Although the initial results appeared encouraging, issues surrounding deposition also

revealed many design considerations necessary for a next generation prototype.

In the initial reactor, parasitic film growth on the chamber walls determined the deposition
process parameters and changing substrates was the dominant contributing factor to
deposition time. Due to geometric and loading considerations, the main deposition

chamber was not actively heated. Therefore, incomplete heating coverage caused a
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significant number of cold spots. As shown in Figure 32, much of the material would
condense on the chamber walls before reaching the substrate if the carrier gas flow rate
was below a certain amount. As soon as the precursor is lower than its sublimation

temperature, it will parasitically deposit.
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Figure 32. COMSOL Simulations of the temperature within the reactor as a function of flow rate. A) 10sccm flow rate B) 1000sccm

flow rate.

In order to get any film growth on the substrate the carrier gas flow rate was increased to
over 1,000sccm. As a result, there is less flexibility in deposition parameters than is

theoretically possible for VTD.

Lack of flexibility in the deposition parameters also barred co-deposition in this system.
When co-deposition was attempted, the MAI component of the film does not deposit
over the entirety of the substrate. As Figure 33 demonstrates, due to the use of a hotter
carrier gas at a high flow rate for the Pbl, MAI encountered a heated barrier from most
of the substrate. Since MAI requires lower sublimation temperatures and degrades at
higher temperatures, the much hotter Pbl carrier gas shielded some of the substrate from

MAI.
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Figure 33. Diagram of heat shield formation during a co-deposition process within the sequential VTD reactor.

So although the sequential reactor was a remarkable first demonstration of the VTD
technique, the second iteration needs to address chamber design such that a broader

range of deposition parameters is accessible.

4.3 Design Goals and Considerations

Fundamentally, the place to start with any large engineering design is to define the goals
and constraints of the system. As outlined in the Sections 4.1 and 4.2, the goals for the

new system are as follows:

e Compatibility with Manufacturing

e MAPbI3 Co-Deposition

e Rapid, Safe Sample Changes

e Precise Deposition Control of All Precursors

e Fulfills the assumptions in Chapter 1

In addition to any larger design goals, there are also a number of practical considerations

when implementing this design in a real lab setup. For our system the considerations are:
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e 1"x1" Maximum Sample Side
Although the technique can be applied to much larger substrates, the
characterization infrastructure already present in the lab is compatible with a
certain electrode layout on a 1" square substrate. Therefore, to avoid needing to
make new characterization setups we will use the standards already present.
o Safety Considerations
o Fits within a Fumehood
As a new design, the safety risks of working with sublimed powders, even in
a vacuum, is relatively unknown. Therefore to minimize the inhalation risk
the system will be placed inside of a designated fumehood.
o High-Voltage Consideration
Highly heated components will require high power to operate. Therefore,
there is the potential for electrical shorts. The system will need to have
electrical safety appliances to eliminate the potential for electrocution.
o Heated Components
The highly heated components of the system will be situated in the
fumehood to minimize accidental contact with either the operator or other

materials.

4.4 System Overview

For a significant product, such as this reactor, the design can be broken down into a series
of subsystems. The ensuing development of each subsystem engineers its use but also
predicts the integration into a whole. The major components of a VTD system include:

vacuum chamber, heating system, and gas/pressure management.
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Figure 34. Block diagram of the new co-deposition VTD system.

This manufacturing prototype consists of a series of interconnected subsystems as shown
in Figure 34: the vacuum chamber (black), gas management system (multicolor), and
thermal control system (red).
e Vacuum Chamber:
o Goal:To hold vacuum and allow for rapid sample exchanges
o Relation to other Subsystems: The vacuum chamber is made of two separate
chambers including the loading chamber (left) and the deposition chamber
(right). Each chamber has an isolated backing line used for pressure
management. Independently each chamber can be brought down to

pressure or refilled to atmosphere while maintaining a steady state in the
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other chamber. A gate valve connects the two chambers and allows for
substrates to pass between them. Therefore, it is very closely tied to the
Gas/Pressure Management Subsystem.

e Heating Subsystem:

o Goal:To maintain precise temperatures within the deposition chamber.

o Relation to other Subsystems.: Unlike the other subsystems, the Heating
Subsystem is only relevant to the deposition portion of the chamber. It
provides the energy necessary for sublimation and joins the Gas/Pressure
Management Subsystem in defining deposition parameters.

e Gas/Pressure Management:

o Goal: To control the atmosphere and carrier gas within the vacuum
chamber.

o Relation to other Subsystems: The gas management subsystem governs the
input of carrier gas into the deposition chamber, regulated by mass flow
controllers. It is related to the Vacuum Chamber by running the substrate
exchange process and gasses within the reactor. Additionally, it combines
with the Heating Subsystem to produce the full range of deposition

parameters.

Consequently, each subsystem influences the performance of the other. The design and
practical construction considerations for each subsystem require a dedicated discussion.
The next few sections give the details behind the Heating Subsystem and Gas/Pressure

Management design.
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4.5 Gas and Pressure Management

Controlling the atmosphere within a reactor has tremendous impact on the growth
process and final film quality. The starting base pressure of the system dictates the purity
of the deposition gasses, adhesion, and final film properties'3'4. Then both the carrier

gas flow rate and deposition pressure influence the perovskite film?5146,

There are two main stages for a full deposition, the substrate loading/unloading and the
deposition itself. During substrate loading/unloading the reactor is designed to maintain
an almost deposition style fluid flow via strategic positioning of the vacuum port (Figure

35).

Figure 35. CAD of the material arms and deposition chamber specifically highlighting the gas and pressure management systems.

Then during deposition, the vacuum port is switched to a location inside the loading
chamber to allow for a uniform flow around the substrate holder which is located just

deeper into the chamber than the other port.
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To maintain a carrier gas flow independent of deposition pressure, the system must be
able to conserve a much lower pressure than the targeted deposition pressure while
heated. To do that, the roughing pump used must be slightly overpowered for the system,

Figure 36 shows base pressures under different levels of deposition temperatures.
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Figure 36. Pumpdown times and base pressure reached as the reactor heats up to deposition temperature and while that temperature
is maintained.

Different temperatures can induce different base pressures as materials absorbed on the
chamber sidewalls start to evaporate or flange seals start to break down. In our case, the

chamber can handle a range of temperatures used in depositions with nominally the same
base pressure.

Then, to set the actual deposition pressure a backing gas is used as shown in Figure 35
that increases the pressure to what is desired. The increase in pressure from a combination

of the carrier gasses and backing gas set the deposition pressure and are regulated by

mass flow controllers for a steady input.
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When designing the system for the target pressure and carrier gas flow rates, it is
important to consider the resulting hydrodynamic regime the reactor will operate in. As
the pressures during deposition are relatively high, we will always be able to operate

within the laminar flow regime.

4.6 Thermal Management

Similar to controlling the carrier gasses and pressures present within the system, thermal
management plays a critical role in material transport and film growth. In this case, the
temperatures used in the system are dictated by the sublimation temperatures of the

precursor materials used, examples shown in Table 2.

Sublimation
Temperature (°C)
MAI 160
Organic

FAI 145

Pbl, 370

Inorganic  PbBr, 400
CsCl 430

Table 2. Optimal sublimation temperatures for a variety of organic and inorganic perovskite precursors.

As previously determined, our system will be designed to handle MAI at 160°C and Pbl:
at 370°C. Therefore, each material arm will be designed for the temperatures of its specific
precursor but the Pbl> necessary temperatures will dominate the deposition zone other
than the substrate. Heating of the vacuum system and cooling of the substrate require

very different techniques so will be discussed in turn.
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4.6.a Chamber Heating

As shown in the previous sequential deposition chamber (Section 4.2), thermal
management within the reactor is critical to maintaining sublimed material and thus
enabling a large range of deposition parameters. Figure 37 shows two critical elements to

designing the reactor.
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Figure 37. Thermal COMSOL Simulations of the co-deposition VTD reactor. A) The Thermal Entry Length for a variety of carrier gas
flow rates and deposition pressure parameters. B) The tube length required to heat up a carrier gas to chamber temperature. In the
deposition parameter space presented, the creation of a uniform thermal boundary layer throughout the tube requires much more

distance than heating the carrier gas.

The first graph shows the thermal entry length which is analogous to the hydrodynamic
entry length. However, the second graphic expands upon that concept using Equation 10
from Section 1.2.b to calculate the length of tube required to heat the carrier gas to the
sublimation temperature. Based on the deposition parameter space the reactor is
designed to operate in, the length to heat up the gas is minimal compared to the length
required. Therefore, the reactor should be designed for the thermal entry length rather

than the length required for heating.
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However, uniform heating of the chamber is complicated since the deposition chamber is
made of mostly off-the-shelf vacuum components for ease of implementation elsewhere.
Therefore, there are a plethora of flanges that provide variable thermal masses that all
need to be at a consistent temperature (Figure 12). As a result, many thermocouples
implanted into the outer, heating sections and the chamber is broken down into many
different heating zones which corresponded to either the thermal mass or temperature

requirements. Important thermocouple temperatures include:

D2: Location of the substrate during deposition
PJ/MJ: Junction between the material arm and main deposition chamber
P4/M4: Outer thermocouple corresponding to the precursor sublimation temperature

PS/MS: Inner thermocouple corresponding to the precursor sublimation temperature

ANHNER Zone1l Y

®D7(top) eD8

®D6(bottom)

eD1

Figure 38. Location of the different heating zones and thermocouples. Each heating zone can be heated independently of all the

others.
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To assist in tracking important temperatures during deposition, a thermocouple recorder
was used for 11 of the different thermocouples including D2, D7, MJ, M9, M7, M4, MS, PJ,
P9, P4, PS. These thermocouples are chosen to watch the deposition temperature at the
location of the substrate but mostly to ensure constant temperatures throughout the

material arms.

With the tracked thermocouples we can do in-depth analysis of how the system heats up

and the exact temperatures during deposition (Figure 39).
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Figure 39. Thermocouple readings from the VTD system during the warmup process. A) Thermocouples outside of the chamber
corresponding to the deposition chamber temperatures. B) Thermocouples inside and outside the chamber corresponding to the

temperatures within the Pbl2 material arm.

Figure 39.A displays the deposition chamber temperature during the heating and
deposition processes. Then, Figure 39.B highlights the heating and temperature
distribution if we focus the thermocouple recording on only one material arm. These

recordings demonstrate stability and a <15°C spread once at deposition temperature.
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4.6.b Managing Substrate Temperature
Since the rest of the reactor must remain above sublimation temperature for adequate
material transport, choosing an appropriate substrate temperature below that threshold
has wide-ranging consequences from influencing conversion and precursor film
deposition rates to film formation®05"145147" Since our precursors have already been
determined, we can look to the lower sublimation temperature material (MAI) and
manufacturing compatibility with flexible, plastic substrates to define the upper range in
our system to be 110°C. Currently, many CVD perovskite deposition processes currently
use substrate temperatures ranging from 70-220°C'##147.149 depending on the types of
precursors used. In contrast, most thermal evaporation processes do not directly control

their substrate temperature®44,

Therefore, since substrate temperature influences the film growth in the vapor phase, we
design to allow for a range of substrate temperatures. Figure 40.A shows the substrate
mounting scheme to the substrate arm that moves in an out of the chamber. The substrate
is mounted via a mounting plate that evenly presses on all four edges of the substrate to
hold it tight to the chilling block. Then the whole fixture screws onto the chilling arm. A
50/50 mixture of ethylene glycol and water is chilled and circulated through the substrate
arm in order to maintain a certain deposition temperature. Thermal pads between rigid

surfaces aid in the convective heat transfer.
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Figure 40. The current substrate mounting scheme and it's specific challenges. A) The current substrate mounting scheme to the
cooling block. B) Highlighting the different types of thermal conductivity within a substrate. C) The forces experienced by a substrate

during mounting to the cooling block.

However, as Figure 41 illustrates, the types of substrates used in the system greatly
influence the chilling uniformity and capabilities. Substrates such as silicon have high
thermal conductivity across the substrate. Therefore, even if the substrate is not uniformly
seated on all areas the substrate is still a uniform temperature across it. Other substrates
such as glass have low conductivity in all directions. Since through substrate is thinner
than the width, if a certain point is touching the chilling block and another is not, then
one area will be colder than the other. Furthermore, it is important to consider how
substrates both transmit heat through the substrate and across different areas of the
substrate. Additionally, for silicon vs glass, glass samples have a higher bend radius than
silicon. Consequently, when pressing on all edges of the substrate, a glass substrate will
more easily bend upwards in the middle as shown in Figure 40.C. These considerations

are demonstrated with MAI-only films.
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Figure 41. Deposition of MAI on different substrates using slightly different thermal pads. A) Deposition on a silicon substrate. B)

Deposition on a glass substrate with rigid thermal pads. C) deposition on a glass substrate with conformal thermal pads.

Figure 41.A and B, the same mounting and deposition scheme is shown on different
substrates. As discussed previously, due to the higher thermal conductivity and lower
ability to bend as a result of mounting, the silicon substrate show a uniform film while the
glass substrate exhibits ringing. For Figure 41.C, a compressible, conformal, high-
temperature thermal pad was used to ensure that uniform heat was dissipated from the

sample in all areas.

However, compressible thermal pads are most frequently made of polymers embedded
with non-conductive materials or silicone. This means that frequently the thermal
conductivity of the thermal pad is not nearly as high as some incompressible thermal pads
such as graphite. In our substrate mounting scheme the substrate thermal pad is made of
a compressible graphite sheet while the arm pad is made from a compressible pad. This
was found to be the best combination to get the best thermal transfer between substrate

to chiller with the calibrated temperatures found in Figure 42.
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Figure 42. Calibration of the chiller setpoint to the actual substrate temperature. The dotted gray line corresponds to extended chiller setpoints.

With the current configuration, the substrate is able to access between 35-60°C during
deposition. A linear interpolation between the points indicates a uniform thermal transfer

coefficient within these parameters.

4.7 Precursor Material Handling

Creating high quality films within devices oftentimes depends on the interface between
that film and other materials. If there is parasitic deposition before or after the intended
deposition process then the interfaces between the film and the surrounding layer
changes'®'*° sometimes unpredictably. Additionally, there have been demonstrations
that the presence of stainless steel around specifically the MAI precursor can result in the
presence of iron from the stainless steel in the final film™". In order to get a high quality
and reproducible film impurities incorporation needs to be minimized. Therefore, the
areas with the highest concentration of precursor materials need to be protected from
impurities. Finally, sublimation relies on high temperatures, so the parts associated with
sublimation need to be able to withstand that temperature over many depositions. As a
result, the four basic criteria for our valve are to prevent parasitic material leakage and

deposition, to prevent reaction of the chamber wall and boat with precursor materials, to
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repeatedly function at temperatures up to 450°C, and to be compatible with

manufacturing.

Current vacuum deposition systems rely on the use of material boats and shutters in order
to control when deposition occurs. In thermal evaporation, boats hold material, and are
then resistively heated to evaporate material onto a substrate. As a line-of-sight
deposition process, thermal evaporation only requires a chamber shutter below the
substrate to prevent parasitic deposition on the substrate. Similarly in chemical vapor
deposition (CVD) furnaces, shutters prevent the gasses from reaching the substrate and
reacting before the intended time. The concern about high temperatures and reaction
with metals prompted some groups to work with quartz CVD furnaces. However, quartz
furnaces are not able to scale to large-area manufacturing tools. Additionally, there is
significant parasitic deposition from the uncovered source before the carrier gas is turned
on. However, these available valve and boat techniques on the market today do not
always meet the needs of VTD chambers, especially when used with typical perovskite
precursors such as metal halides or organic components. Table 2 gives a summary of

valves and boats used to control precursor deposition.
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Controls Deposition Non-reactive with High Temperature
P Precursors Compatible (>200°C)
All-Metal Valve x
Valves Harsh-Process Valve x
Glass x x
Knudsen Cell x
Baffled Boat x
Material Boat

Ceramic Crucible x x
Quartz Boat x x

Table 3. Overview of different valves and material boats currently on the market. X's mark where different techniques fit our

requirements.

Therefore, to develop our VTD tool we have to develop mechanisms that can be used with
perovskite precursors on a manufacturing scale while allowing for precise delivery of the
material to the substrate. Unfortunately, no product on the market fits our needs. Our
new system requires materials that do not react with MAI, vacuum-tight sealing, and over
200°C working temperatures. Off-the shelves vacuum valves, material boats, precision
bore tubing, and quartz valves only partially fulfill the functionality necessary for
perovskite VTD. Using one singular off-the-shelf technique will not be feasible as we
continue to push the limits of thin film manufacturing into a design that not only has

applications in VTD but in related fields.

Since much of the technology on the market today fit aspects of our needs, we combined
several related tool designs to create a new instrument. The main body of the material
holder is made of stainless steel with a snug fitting quartz insert to control the material

while minimizing unwanted reactions.
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Figure 43. High-temperature quartz material reservoir design. A) Quartz-based insert in the on and off positions with carrier gas. B)

Quartz material reservoir inserted into a stainless-steel chamber approximating it's use on a manufacturing line.

Specifically, the insert is made out of two modified quartz precision bore tubing pieces.
As shown in Figure 43.A, the green tube is the inner of the precision bore tubing while
the black segments are the outer chambers. The green inner tube is used for carrier gas
injection. Close to the end of the quartz tube is a wall that directs the carrier gas flow into
the selected chamber and back into the green carrier tube before entering the deposition
chamber. The black outer sections are separated into two different small chambers. The
top chamber is covered with a quartz cap and is used as a material bypass. The lower
chamber is a material reservoir that contains the precursor power heated to sublimation
temperature. In the Off Position, the valve closes by rotating the openings on the green
carrier gas injection tube to pass through the bypass chamber. Then when the valve is
turned to the On Position, the holes face the precursor material reservoir and a carrier gas
is allowed to flow through the sublimed vapors and out into the deposition chamber.
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The material reservoir is designed to not only hold the solid precursor as it sublimes, but
also to enable deposition in the equilibrium regime. Directing flow of the carrier gas
through the material reservoir chamber sends it through a region saturated with precursor
vapors and therefore pushes deposition towards the equilibrium regime. Depositing in
the equilibrium regime is favorable especially in co-depositing more than one precursor
because it is not tied to sublimation temperature. In the kinetic regime, deposition rates
increase with temperature because more material will start subliming. However, increasing
temperature of precursor material quickly causes degradation of that material. Through
depositing in the equilibrium regime we are able to tailor composition of films by

controlling the deposition rate of different precursor materials through their carrier gas.

The quartz insert design is shown in Figure 43.A, but during use it is inserted into a
stainless-steel vacuum chamber as shown in Figure 43.B. The quartz valve must fit snugly
into the stainless-steel chamber. Since the heating of the systems is done from outside of
the chamber any gaps between the quartz and stainless steel will result in significant
thermal loss. Positioning the quartz inside of the stainless steel is critical because different
thermal expansion coefficients for the quart and stainless steel could damage the
equipment. The quartz tube component is terminated with a stainless-steel flange which
is vacuum sealed to the outside of the chamber via a compression fitting in what is

standard techniques.

This quartz design has been built (Figure 43.C) and is currently in use in our lab as shown
in Figure 43.D. We have successfully heated up material and prevented deposition for 45
minutes. After rotation we have deposited films 100s of nanometers thick over a one inch
square substrate with the size of the current material reservoir. The quartz insert has been

operating successfully at temperatures around 400°C and pressures below 5x10 %torr.
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To further investigate the material holder’s capabilities, we designed a simulation using
the finite elemental analysis software COMSOL. Since we designed to operate the system
to use the carrier gas as the primary determinant of deposition rate, we assume operation

in the laminar flow regime and with a dilute amount of precursor material.

In the model, the two influential components to accurately describe are the sublimation
of the precursor material and the transport of that material out of the material holder into
the main chamber. To find this rate, we can combine the Hertz-Knudsen Equation,

Clausius-Clapeyron Relation as previously described in Chapter 1.
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Figure 44. COMSOL Simulations of the Pbl2 material arm. A) The geometry used in implementing the simulation. B) The range of
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deposition parameters and resulting Pbl2 concentration. C) An example of the velocity profile through the material arm using the
Zoom Box from A. D) An example of the temperature profile through the material arm using the Zoom Box from A. E) An example of

the concentration distribution through the material arm using the Zoom Box from A.

Figure 44.A shows the geometry used in the COMSOL model with the quartz insert
highlighted in red, and the precursor material location in green. Using the laminar flow,
heat transfer, and dilute species concentration modules, we simulate the inner workings
of the material arm as it occurs during deposition. Experimental data and constants used
in the model is presented in the SI. As seen in Figure 44.C, the velocity profile out of the
quartz insert nozzle rapidly reaches a continuous, stable flow. Through careful wrapping
of the material arm stainless steel chamber with heating tape and 8 thermocouples we
allow for consistent heating throughout (Figure 44.D). High concentration of the precursor
material is successfully contained to within the quartz section of the material arm to

minimize any potential degradation due to the reactive iodine subcomponent. Therefore,
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this new material arm design will allow for a wide range of deposition parameters while

meeting our requirements.

4.8 Full Design and Operation

Now that there is a method for precise controlling of the wide range of precursors and
designs for the critical elements of material transfer, we are ready to describe the

integration into a full VTD system. Figure 45 steps through the design of the full system.
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Figure 45. Progression of more and more specific VTD system diagrams. A) A diagram of the general layout of the VTD system. B) A

CAD drawing of all parts of the vacuum chamber used. C) An image of the implemented VTD system.
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Currently the system is setup with two different precursor material arms in order to
deposit MAPbIs. Each precursor has a unique material arm with its own carrier gas source
as shown in blue for MAI and gold for Pbl,. By using individual precursor material arms,
the system can tailor the deposition parameters to be specific to that material. The
substrate is moved via a stage from the loading chamber and into the deposition chamber
(indicated by the dotted arrow). A moving stage allows for quick substrate changes
without cooling down the chamber. The resulting CAD is shown in Figure 45.B, with

external components omitted.

Figure 45.C is an image of the fully constructed system. The material arm and deposition
chamber geometry allow for continuous heating from the input of the carrier gas until
slightly past the substrate. The wrapping style and amount of heater tape is tailored to
both the geometry and thermal mass of each chamber section with ~25 total
thermocouples checking for thermal variation. A thorough description of the thermal
management system is given in Section 4.6. The systematic and continuous heating allows
for a decrease in the carrier gas flow rate for both material arms. This in turn gives a wider
deposition range for both the carrier gas flow rate and pressure as discussed in depth in

Section 4.5.

Additionally, putting all these subsystems together allows for a full view of the deposition
process. In order for rapid switching of substrates with minimal influence to both
temperature and fluid flow, there is a before deposition state and during deposition state

defined as shown in Figure 46.
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Figure 46. Diagram of the changes to the system before and during deposition. A) The system before and after deposition. B) The

system during deposition.

Before deposition the substrate is in the loading chamber with the gate valve closed.
Carrier gas can flow through the system in a mimic of during deposition by using a port
situated very close to the gate valve. Then when deposition occurs, the gate valve is
opened and the substrate is translated into the heated deposition zone and vacuum is

pulled from the loading chamber. A full operating procedure is included in Appendix B.

4.9 Full System Simulation

The goal of designing simulations for a vacuum system is a more thorough understanding
of the inner workings and influential design parameters before construction or during
operation. In our specific situation, we want to understand several significant design

choices and the potential limitations to deposition parameters. In our case, we decided to
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use the finite elemental analysis tool COMSOL. Within COMSOL we used the laminar flow,

heat flow in fluids, and dilute species modules to replicate a simplified version of the co-

deposition chamber as shown in Figure 47.
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Figure 47. System geometry used in the COMSOL simulation.
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While accurate to the dimensions and materials of the real system, the model is simplified

in a number of ways. The external stainless-steel chamber in this instance is not simulated,

since unlike in Section 4.7, we are focused on the gas flow and resulting precursor flux

within the chamber. Additionally, since we simulated in detail the material arms already,

we simplify their geometry to focus on the deposition chamber.

To start, since we are assuming that the heat profiles within the system are accurate to

their section, we focus on the carrier gas flow and how that translates into precursor flux.
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Figure 48. Simulation results for one specific deposition condition. A focus on velocity fields, temperature fields, and concentration

flux fields.

In Figure 48, we assume a deposition pressure of 0.5torr with carrier gases for MAI at
2sccm and Pblz at 35sccm. As designed, even at the maximum of our laminar flow regime
within the chamber, the carrier gases for both precursors are directed towards the
substrate. The substrate itself poses a bottleneck for both exhaust ports that will set up a
strong boundary layer at the surface of the substrate for deposition. Additionally, the side
exhaust port for during loading/unloading of the substrate is successfully placed far
enough behind the substrate boundary layer to not affect the deposition on the

substrate’s surface.
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The temperature distribution within the system in this simplified design has a lower
temperature at the MAI arm and at the substrate holder. Combining both the carrier gas
velocity fields and the temperature distribution, the concentration flux around the
deposition chamber is simulated in Figure 48.D. Given the gas profiles and uniform
temperatures, the precursor flux is successfully aimed at the substrate. However, in this
larger view of the whole deposition chamber at one set of deposition parameters, it is
unclear how the precursor flux will initially combine and mix. Figure 49 focuses on the

intermixing of the two precursors at a series of deposition parameters.
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Figure 49. Simulation of the velocity fields with different Pblz carrier gas flow rates.
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One potential area of high parasitic deposition and important intermixing of precursors
is at the intersection of the two material arms. The Pbl. is deposited at a much higher
carrier gas flow rate (due to lower diffusion coefficient) and at a much higher temperature,
therefore it may parasitically deposit on the MAI arm due to its lower temperature. In this
simulation though, the potential for parasitic deposition appears to be low since from the
ending of the quartz component the stainless-steel chamber is heated to the deposition
chamber temperature. Therefore, at the intersection there is no cold spot that would

attract the Pbl,. Additionally, according to the simulation the intermixing of the two
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precursors occurs rather rapidly, with plenty of room left before the substrate boundary

layer.

With these understandings of the precursors before interactions with the substrate, the

last item to look at is how the film growth is impacted by different deposition parameters

(Figure 50).
Pbl, Total Flux Magnitude (mol)/m?*s
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Gas Flow Rate
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Figure 50. Uniformity and flux magnitude under different deposition conditions, specifically, increasing carrier gas flow rate and

increasing pressure.

Across a wide range of deposition parameters available, the precursor flux on the
substrate surface is uniform. Only Pbl, is graphed since it forms the base layer for the
perovskite. While it helps to understand how important deposition parameters such as
carrier gas flow rate and deposition pressure influence the flux upon the substrate, it is
not the only characteristic determining strong film growth. Under these different
deposition parameters the films will change from rough to smooth or start to form

degradation products. Therefore, both the film growth rate and how these deposition
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parameters influence the types of film produced will be recorded. However, these results
show that there is a large range of deposition parameters available to optimize film

deposition.

4.10 Conclusion

With careful design this system is able to achieve a wide range of independent deposition
conditions including:

e Independent material arm temperatures from 295-723K

e Deposition zone temperatures ranging from 295-723K

e Carrier gas flow rates from 0-35sccm

e Substrate temperatures from 35-60°C

e Pressures from 0.05-5torr
Through manipulation of these different deposition conditions, we can probe the
influence on perovskite film formation and optimize growth specifically for solar

applications.
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5. Vapor Co-Deposition of Perovskite Films and Initial

Integration into Solar Cells

5.1 Background

Recent literature has seen vapor-deposited perovskites expand in both the number of
precursors®'? and the techniques available™&53154  While hybrid and sequential
deposition processes are an active area of research'8, co-deposition especially within the
thermal evaporation field has increased in popularity’>'%8. From there, carrier gas-based
deposition techniques have begun to explore co-deposition>"122159160 With the increase
in deposition types available, many researchers have begun to explore vapor-deposition

on a larger scale?161-163,

Both increases in types of deposition techniques available and in deposition scale is
brought about by advances in the fundamental understanding of how to control
perovskite precursors under vacuum'41%> Deposition parameters such as pressure and
substrate temperature are found to control grain size®', composition™”1%8, defect
density'®, and crystallinity’s’. With these advances, the vapor-deposition field is starting

to define deposition regimes'™’ and overall film growth processes’es.

Here, we assess precursor deposition, determine the importance of process parameters,
and deposit the very first solar cells with the new VTD system to complete the initial
assessment of each step in the fundamental understanding and optimization process.
First, we start by assessing deposition of the individual precursors with taking a special
eye towards the deposition parameters that influence deposition rate and film

morphology. Taking those learnings, we start the co-deposition process and build it

116



towards incorporation into a device structure. Finally, we deposit initial solar cell devices

and discuss how to improve performance.

It is important to realize that the research process is inherently cyclical and folds back on
itself at every point in the process to multiple previous steps. The optimization process is

never truly done and consequently the research process goes on.

Optimize Optimize Integrate .
Precursor * Characterize * Film * Characterize * Into * Characterize

DeposiU DepDSiﬁL/ Salar CU

Figure 51. Diagram of the cyclical research process.

The goal of this chapter is to lay the foundation for this cyclical process by defining the
base at each step. Then from here, future researchers can go on to continue to optimize

and demonstrate remarkable solar cell performance.

5.2 Individual Precursor Deposition

MAPDI3 perovskite is a relatively simple system compared to triple cation or 2D/3D
architectures found in literature. However, it also captures the breadth of precursors
available to use, and therefore challenges not only equipment design but also material
handling. Each precursor has its own unique set of challenges and its own unique role in
the deposition process. Furthermore, these roles are more similar to other precursors not
found in the current formulation, such as MAI has many similarities to formamidinium

iodide (FAI) but less in common with Pbl. Therefore, understanding the unique challenges
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and roles associated with each precursor is a necessary prerequisite to co-deposition of

both.

5.2.a Methylammonium lodide

MAI is notoriously difficult to control under vacuum. Historically, precursors under
vacuum are controlled via a quartz crystal monitor (QCM). However, MAI has largely been
resistant towards developing a simple QCM rate. Therefore, in literature there are two
prevalent techniques for depositing the MAI precursor. One advocates for the use of the
MAI partial pressure during deposition since it is the most reproducible*41%17° The other
argues that with proper calibration and understanding that quartz crystal monitors
(QCMs) provide the more accurate assessment*. One potential explanation is the
prevalence of organic contaminants in the raw precursor powders. In Chapter 3, we
demonstrated that Lumtec precursor powders likely contain organic impurities and are
favored by the QCM side of the debate while Sigma-Alrich/GreatCell powders likely do
not. Rob et al discussed how organic contaminants improve the sticking coefficient and
likelihood that MAI stays together during vacuum deposition'”". Additionally, Kim et. al.
developed an understanding of the MAI sticking coefficients as a function of the species
present during a co-deposition process with Pbly*. In general, these discussions
surrounding basic MAI control under vacuum highlight the transport and film growth

processes that still need to be understood.

As a result of these depositional difficulties, many different techniques have been
developed to deposit MAI for perovskite films under vacuum. While researchers using
thermal evaporation debate using a QCM vs chamber pressure, others focus on
developing other methods. Some separate the precursors into a sequential deposition
process, usually referred to as a hybrid technique. Either half of the hybrid technique can

be vapor- and/or solution-processed. Similar to previous organic solar cells, Sahli et. al.
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developed the showerhead deposition method to convert a Pbl> film to MAPbI3™.
Meanwhile, Moser et. al. used a bidirectional carrier gas flow to grow perovskite films and
found that controlling temperature conditions within the reactor was key to proper
perovskite conversion'’?. In our new co-deposition system, one of the goals is to study

the MAI precursor and understand how to control it in our specific deposition process.

To begin, we first investigate the thickness and morphology dependence of MAI films
using a variety of sublimation temperatures and carrier gas flow rates. As fully explained
in Chapter 3, using a sublimation temperature as high as 170°C would cause partial MAI
degradation including decomposition products in the final film. Therefore, the
sublimation temperature is varied from 135°C to 155°C to minimize degradation. The

results are shown in Figure 52.
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Figure 52. Atomic force microscopy of MAI films deposited under different sublimation temperatures and carrier gas flow rates.

While all films exhibit roughness, some conditions maximize islanding film growth.

Measured via AFM, there is a wide range of morphologies present within these deposition

parameters. The grain structure changes dramatically with both sublimation temperature

and carrier gas flow rate even with the same deposition pressure. The grain size does not

appear to trend with neither sublimation temperature nor carrier gas flow rate, however

the same cannot be said for the film roughness. This wide range of morphologies

additionally necessitates using different ranges for each image's Z axis, across all images

the maximum z value ranges from 207nm to 1.23um. Even with a 0 — 207nm Z axis range

(found in 155°C, 7sccm) the variation in thickness across the film is likely showing

islanding-style growth. To further investigate, cross-sectional images were taken across

the 135°C condition using different carrier gas flow rates.
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Figure 53. SEM cross-sectional images with 135°C sublimation temperature across three different carrier gas flow rates. The islanding

style film growth is present within each film, however, an increase in film roughness is exhibited with higher carrier gas flow rates.

The cross-sectional SEM confirms an islanding film growth structure with “grain
boundaries” going all the way to the substrate. In addition, there seems to be an increase
in the height of these structures with an increase in carrier gas flow rate even with keeping
all other deposition parameters (including pressure) the same. It is important to note, this
islanded-style film structure may not be important to the final perovskite film
morphology. It is more likely a result of the poor sticking coefficient of MAI to silicon and
it's preferential growth on Pbl, or MAPbI3'%® . However, this film characterization is still of
critical importance because it gives a starting point for co-deposition of the perovskite
film. Therefore, the full range of MAI films was deposited and characterized for thickness

via cross-sectional SEM and roughness via AFM.
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Figure 54. Film thickness and roughness as a result of varying the sublimation temperature and carrier gas flow rate. A. MAI film mildly
increasing with an increase in the carrier gas flow rate while decreasing with an increase in the sublimation temperature. B. MAI film
roughness increasing as a result of carrier gas flow rate. An increase in the sublimation temperature causes an overall decrease in the

film roughness, potentially due to the thinness of the higher sublimation temperature film.

Interestingly, in Figure 54 there is a trend downwards in thickness with all carrier gas rates
depending on the MAI sublimation temperature. With an increase in sublimation
temperature there is a downward trend in film thicknesses, even with substrate
temperature kept constant. This could be indicative of an increase in degradation even
with a 20°C change in sublimation temperature. As the MAI precursor material degrades,
as shown in Chapter 3, it preferentially forms gaseous byproducts such as methylamine
gas. Therefore, this would not deposit on the substrate and cause a thinner film. However,
within each of these sublimation temperatures there is a mild trend similar to the
equilibrium/kinetic regime theory used in organic vapor phase deposition'’®. There, an
increase in the carrier gas flow rate causes an increase in deposition rate only to a certain
extent. After a certain carrier gas flow rate, the deposition rate is determined by the
sublimation rate which for MAI can be difficult to determine, as mentioned earlier. Based
on this graph, the lowest sublimation temperature should be used with a carrier gas flow
rate below about 11sccm in order to get both the highest deposition rate possible and

control via the carrier gas.
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Then, in Figure 54.B, we track the MAI film roughness depending on sublimation
temperature and carrier gas flow rate. Once again, we see a general trend downwards
with sublimation temperature and upwards with carrier gas flow rate for the 135°C and
145°C curves. Based on both the graphs presented in Figure 54, the 155°C sublimation

temperature seems to indicate an upper, deposition parameter limit.

In conclusion, for use in our co-deposition process, it will be important to remember that
the MAI deposition rate will be inversely proportional to sublimation temperature and

limited in the carrier gas influence.

5.2.b Lead lodide

Current understanding is that Pbl, forms the first layer on most substrates during a co-
deposition process with MAI* and is the controlling factor throughout the deposition.
Therefore, the goal of studying the Pbl, precursor alone is to identify a good material

base.

Decoupling the deposition process and looking first to sequential deposition methods,
various crystallinities and deposition parameters have been cited to be important to the
perovskite conversion process. Specifically, to control the film growth, deposition
parameters such as deposition rate'’*, pressure, and substrate temperature’”® can dictate
crystallinity'® and density of film grains'&'77. These features then dictate conversion to
perovskite once the organic precursor is introduced'”®. Finally, the defects that originate

from the Pbl, can propagate and damage the MAPbI3'7.

Exactly how baseline morphology and crystallinity of the Pbl; film will influence perovskite

performance in our process is debatable, therefore we will focus on depositing a
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reproducible base layer with a wide range of deposition parameters such that we can

study the influence during co-deposition.

To start, we work on depositing a complete and uniform film of Pbl, and positively

identifying it as such.
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Figure 55. Thickness uniformity and transmission for Pblz films in the VTD system. A. UV-Vis transmission spectrum of an example

Pblz film with a film image inset. B. Ellipsometry of an example Pbl: film with thickness variations.

Pbl> should show its absorption onset around 510nm, as confirmed in Figure 55.A. Even
though most films by eye show a uniform deposition, some of the films can exhibit large
thickness non-uniformities as shown in Figure 55.B. While most of these non-uniformities
were addressed with substrate thermal pad engineering shown in Section 4.6.b, non-

uniformities can still be present on some of the Pbl; films.
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Figure 56. Atomic force microscopy images of Pbl. at different sublimation temperatures and carrier gas flow rates.

AFM confirms the presence of a complete film absent of obvious pinholes at a variety of
deposition parameters. This is enough for now because the conversion process during co-
deposition may add an additional smoothing or roughness factor to the film. Therefore,
just knowing we can lay down a base layer of Pbl; that is relatively complete and smooth
is enough. Additionally, we know that roughly we can have a sublimation temperature
range at least 325°C-345°C with a carrier gas flow rate ranging from 10sccm to 100sccm.

Next, we look to the crystallinity of these deposited Pbl; films.
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Figure 57. X-ray diffraction patterns of Pblz films grown under a variety of different deposition conditions.

Each of the Pbl> films in Figure 57 is grown with different deposition parameters.
Interestingly, not all deposition parameters give the same phases. Each film shows the
characteristic peak at 12.7° but to different extents. In Film B the peak at 25.4° dominates
compared to the peak at 12.7°. Additionally, at the higher sublimation temperatures and
carrier gas flow rates there is an increase in the background noise from around 22° — 33°.
It is only Film A that shows only a clear peak at 12.7° and no other features. This might be
significant as we move forward. We will have to keep track of the presence of these other,
normally less dominant peaks to see how they influence the perovskite film growth under

co-deposition. If they are significant and bad, then depositing the Pbl, layer at slower
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carrier gas flow rates and lower sublimation temperatures may give us an overall more

fully converted perovskite film.

5.3 Co-Deposited MAPDI; Films

With control over the individual precursors, we can start to co-deposit full MAPbI;s films.
For the VTD system to be useful and in order to optimize film performance, identical
deposition parameters need to produce similar films. There are a number of ways to
assess reproducibility, either to deposit a whole series of identical films or to repeat

conditions after a whole series of experimental films.

A ~ Film #1

N

f

Figure 58. Scanning electron microscopy images of two different films grown under identical deposition conditions. A and B are images

over two different areas of the same film while C is a secondary film.

In the first perovskite film, we measure SEM over 2 large areas to compare grain structure.

We find a compact and complete grain structure with individual grains much smaller than
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the 1um scale bar. Each portion of the film shown in Figure 58.A and B exhibit similar
morphologies which in turn are comparable to another film deposited on a second
substrate shown in C. Both the film uniformity across one substrate and across two
independently deposited substrates is a positive indication for the reproducibility of
future experiments. However, in order to fully understand the structure of the perovskite

films we also need to look at the phases present.
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Figure 59. Three films deposited with identical conditions, one right after the other. X-ray diffractions shows the presence of a variety
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of phases within each film.

Noticeably, there is a changing significance of the Pbl, peak at 12.7° across the three films.
Additionally, each film has the same peaks of perovskite but with varying amounts. For all
films the 110 phase is dominant, with the other phases decreasing in intensity from 220,
310, to 224 across all three films. The excess MAI peak is present but only slightly in all

three films while the moisture ingression peak is significant.
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Consequently, we can routinely deposit perovskite on our substrates, however the precise
chemical and crystalline composition may vary slightly with identical conditions. This is
something we will need to continue to work on. But for now, we have enough confidence
in our system, since the proportions of different perovskite peaks are relatively consistent,

to move forward.

5.4 Substrate Influence

Although film growth is dictated by the presence of colder surfaces, quality film growth
even under vacuum is determined by deposition conditions and the substrate. As a result,
much thought has been placed on determining optimal transport layer substrates for
perovskite film growth'. The two broad categories of transport layer substrates used in
solar cells are organics (such as C60 or PTAA) and inorganics (such as metal oxides SnOa,
TiOz, and NiOx). Olthof et al. investigated perovskite growth on a variety of substrates,
finding both the interface formation and work functions depended on the underlying
substrate'®'. Building on this chemical-based knowledge, Abzieher et. al. developed a
framework for crystal growth on different types of substrates, including metal oxides and
organics, and finding specifically that different substrates determine vertical grain

growth#,

Organic transport layers have been used to deposited conventional and inverted devices
with ease and similar efficiencies'®?. However, even within organic materials, recent
research has revealed that differences between even organics cause differences in device

performance by modifying the interface and inducing a different morphologyé:.

To investigate the influence of film growth in the new VTD deposition system, we use
three different substrates, glass, inorganic, and organic films. For an inorganic film, SnO>

is chosen to be the representative transport layer substrate. SnO2 has been demonstrated
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to be a useful vapor-processed electron transport layer (ETL) for efficient and stable

perovskites's4185,

For an organic option, C60 has been demonstrated to improve metal oxide ETLs via either
vapor-processing'® or solution-processing'®’. Therefore, for the organic film, a thin layer
of C60 was used to modify a SnO> film. This was done partially because of the success of
C60 modifying SnO, surfaces for perovskite film growth'-189 but also so that the

substrates were quite similar for the comparison, only differing by a thin organic layer.
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Figure 60. SnO and Sn0,/C60 films to be used for perovskite deposition. A. The configuration and resulting surface scanning electron
microscopy image of the SnO: substrate. B. The configuration and resulting surface scanning electron microscopy image of a SnO2/C60

substrate. C. UV-Vis spectra of both SnO> and SnO>/C60 substrates.

Both films show a uniform and compact underlying film structure under SEM. The
additional organic layer appears to have a smoothing effect. Furthermore, for wavelengths
between 500-800nm the films are around 80% transmissive. Therefore, since both films
are relatively smooth with minimal absorption, both could be used as a trial ETL in our

devices.
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Figure 61. Perovskite film growth on both SnOz and SnO,/C60 substrates. A. MAPbI; films grown on a SnO: substrate. Compact and
complete but small grains are shown over the entire substrate. B. MAPbIs films grown on a SnO2/C60 substrate. In contrast to the SnO.

substrate, these films are flaky and exhibit large voids that may or may not go down to the substrate.

Its only when we deposit perovskite films on the different substrates do the differences
start to appear. The C60 substrate shows a feathery, platelet style growth which is
incompatible with traditional planar perovskite structures. In contrast, the perovskite film
on SnO; shows a surface morphology similar to films deposited on glass but with larger,
more well-defined grains. Similarly, when we look to absorption profiles we see that the

films grown on SnO; perform the best.
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Figure 62. UV-Vis spectra of MAPbI3 perovskites growth on glass, SnOz, and SnO2/C60 substrates. All exhibit MAPbI3 absorption onset

a little below 800nm and no Pblz absorption peak around 510nm.
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All 3 substrate types show the onset of perovskite absorption and no clear indication of
overly Pbl> rich films. The two glass spectra are from two different substrates but
deposited with the same deposition parameters as the other substrates. It is promising
that they show very similar absorption profiles and give us confidence in our different
substrate results. The SnO,/C60 substrate shows the lowest absorption which is surprising,
since an integrating sphere was not used in the measurement. Without an integrating
sphere, the scattered light appears as absorbed light in the measurement overall the
absorbed light is overestimated. However, due to either unfavorable film formation
conditions on this substrate or another mechanism, the SnO,/C60 substrate shows the

least absorption.

Due to the poor grain structure and low absorption with similar deposition parameters,
the SnO,/C60 transport layer was not pursued further and instead we focused solely on

the SnO; transport layer.

5.5 Post-Deposition Film Treatments

One of the key “tricks” to getting the highest efficiency and stability for perovskite devices
is through a plethora of post-deposition treatments. While annealing is nearly universal
for most solution-processed perovskites, vapor-processed perovskites mainly focus on
other post-deposition treatments. For example, post-deposition solvent treatments can
either use solvents to deliver a surface-modifying molecule or modify the surface
themselves'®9', In contrast vapor post-deposition treatments frequently are using the
gas to treat the surface and the bulk of the perovskite. Methylamine gas, for example, has
been found to partially redissolve the perovskite crystal and heal defects within both the

bulk and at the surface’?2193,
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A post-deposition treatment that is rather unique to vapor-processed perovskites is an
IPA wash after deposition. Other than improving conversion to perovskite, post-
deposition treatments in the vapor field are concerned with improving stability through
removing MAI and MAI degradation products. One reason why this is a common problem
is because MAI has an extremely high diffusion coefficient and will stick around a chamber
between depositions. Additionally, MAI will preferentially stick to perovskite over Pbl, and
therefore there is commonly a thin layer of MAI on top of perovskite films acting as a

starting point for moisture ingression'3,

To study the potential stability improvements, we deposited two identical films and
cleaved them into quarters, knowing that likely the precursor ratios in the films varied only
slightly, and exposed both to 50%RH after post-deposition treatments, specifically to

target the potential moisture ingression.
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Figure 63. IPA treatments to improve the short-term film stability of MAPbIs perovskite films deposited on glass under identical

deposition conditions.

As shown in Figure 63, even with identical deposition parameters one of the films turned
white upon exposure to 50%RH. Only the IPA rinse post-deposition treatment prevented

the film from turning white, annealing did not prevent moisture ingression.

The ineffectiveness of annealing in this instance calls into question why researchers use
annealing in the first place. In the solution-processing field the solvents drive the
perovskite formation process'®. Therefore, annealing the films can influence
crystallization and remaining solvents left in the film. In vapor-processing the annealing
influence is trickier, given there is no solvent during the deposition process. It is known

that the substrate temperature will influence perovskite formation during deposition.
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Temperatures lower than room temperature will inhibit perovskite formation'? while
temperature above 110°C will cause MAI to leave the substrate surface. If precursors are
balanced it has been hypothesized that post-deposition annealing is not required for co-
deposited perovskites'®, however it has proven useful in determining final perovskite
phase’®. Therefore, while in this case it was not useful for preventing moisture ingression,

it could still be a tool for fine tuning film crystallinity.

Meanwhile, the other film stayed brown no matter whether it had a post-deposition
treatment or not. Since both films were deposited using the same conditions this points
to inconsistencies in the film growth process that can be significant to short-term film

stability.

To further investigate the post-deposition treatment on the absorption profile of each
film, we took the films to UV-Vis. Each post-deposition treatment does not vary the
absorption profile significantly from the baseline, untreated film. Either these treatments
do not influence the film in a way discernable via UV-Vis or these films were already

optimized in such a way that the post-deposition treatments no longer had any influence.

Further investigations into the influence of IPA post-deposition treatments reveals a

dramatic influence for certain perovskite films.
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Figure 64. X-ray diffraction patterns before and after IPA treatments.

In Figure 64, the initial, pre-IPA rinse film shows no perovskite peaks. Rather, it shows an
intense Pbl, peak and fuzziness oftentimes related to MAI excess. Then after an IPA
treatment, the film no longer exhibits the intense Pbl, peak and rather shows the
perovskite phases 110, 220, 310, and 224. Therefore, the IPA treatment turned the

unreacted precursors in the film to perovskite!

XRD measures the entire film so although we know that there is both MAI and Pbl; in the
film, we do not know the relative locations of each material even though it has been co-
deposited. Potentially, even with the low formation energy to perovskite under vacuum,

IPA mediates MAI diffusion to Pbl, locations or conversion to perovskite.
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5.6 Initial Solar Cells

Although these perovskite films need further investigation into deposition parameters
and undergo a resulting optimization, we integrate the films into solar cells as they are as
an initial assessment. The device architecture used is FTO/SnOy/perovskite/Spiro-

OMeTAD/Au as it is a common and reproducible option.
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Figure 65. Initial integration of co-deposited VTD perovskite films into solar cells. A. Device architecture used in this work. B. JV

curves averaged over ~10 solar cells.

Integrated into solar cells, the initial co-deposited perovskite films give an average of 2.1%
power conversion efficiency. In some of these solar cells, there is the presence of an
energy barrier at voltages above Voc and an increase in current around 0.3V with the
current dropping again around Jsc. There could be multiple processes going on that
inhibit the free motion of carriers through the device stack. Interfaces are frequently
points of energy barrier formation. If we split one JV curve into forward and reverse scans

we may see more about the movement of charges or energy barriers within the device.
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Figure 66. Decoupling averaged JV curves by analyzing the forward/reverse scans and highlighting all the different parameters.

When we do forward and reverse scans on a singular device, we see significant hysteresis.
Hysteresis is due to the movement of ions within the device that are influenced by

197 and device architecture. It is likely that ionic motion within the

interface morphology
device is also the cause of current decreases around Jsc. A small voltage across the device
could be breaking down an energy barrier that is preventing effective charge flow. It is
also notable that the Voc shifts if in forward or reverse scanning. That means that the built-
in electric field of the device or the bandgap of the material is shifting with JV scans. We
know from previous XRD measurements that there is a large portion of unreacted
precursors (both Pbl, and MAI) present in some films. These unreacted precursors could
be influencing interfaces and bulk perovskite structure as they potentially migrate due to
the voltages during JV testing causing carrier recombination. It seems that the best path

forward for better device performance is improving films via controlling the conversion

to perovskite. Specifically in this case, to convert all the precursors within the film.
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5.7 Conclusion

Now that we have seen VTD perovskite films under a variety of situations, we can start to
summarize common features across conditions. The morphology of the films on glass and
SnO; is quite similar and devoid of the large grains frequently targeted in high performing
solar cells. Rather, the structure is granular and hard to distinguish stereotypical
perovskite grains. This could indicate a need to study perovskite film growth under these

conditions and on more optimal substrates such that large grain boundaries form.

This unusual film morphology translates into interesting features within the crystalline
structure. While we frequently see perovskite peaks in the 110, 220, 310, and 224 phases,
we also see a large quantity of unreacted precursor peaks. The unreacted precursors in
the film could be at separate film locations or require a perovskite formation energy
greater than what is provided during VTD. However, the presence of these unreacted

precursors could be one of the root causes of hysteresis and low solar cell performance.

Moving forward, now that we have tracked film progression at all stages of the

optimization process, there are clear paths forward for improvements.

139



Conclusion

Summary of Key Findings

This thesis focuses on work done to develop a vapor transport deposition system and to
start understanding the co-deposition process within it. Initial work focused on
developing a VTD system with the widest range of decoupled deposition parameters
available, such that the full promise of VID could be studied. With a focus on co-
deposition, it was also necessary to also explore MAI's compatibility to be co-deposited
with higher temperature metal halide precursors. We found that MAI sublimation
temperatures were most influential to instigating film degradation for deposition
chamber temperatures below 350°C. Above 350°C, the MAI would also start to degrade

as a result of transport through the deposition chamber.

Concentrating on co-depositing MAI and Pbl; to form MAPbIs perovskite, we laid the
groundwork for future perovskite film optimization by assessing film absorption,
structure, and morphology. We evaluated the reproducibility of film deposition and found
that the presence of unreacted precursors is greatly dependent on deposition parameters.
Additional work started to consider film growth on different substrates and paved the way

for initial integration into solar cells.
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Future Directions

From here, there are two potential paths forward. One focuses on the fundamental
understanding of the co-deposition process. The other focuses on this technique as a
potential manufacturing method. The manufacturing path would fixate on deposition
speed and would potentially lead towards relying heavily on post-deposition treatments
to ensure high quality perovskite. In contrast, concentrating on the fundamental
understanding of the co-deposition process would disregard the deposition speed in
favor of explaining material transport processes within the chamber, film nucleation and
growth, and/or control over organic precursor degradation. There is value and use in both
research focus strategies. The need for higher efficiency and easily deposited solar cells
dictates an urgency to renewable energy research that produces consumer products.
However, taking the time to understand the basics of VTD and publishing for the world
to see would assist in many different deposition techniques beyond VTD. Therefore, that
is what this thesis focuses on while attempting to remain relevant to commercialization.
By continuing to merge both the fundamental and the practical, renewable energy

research as a whole can continue to re-imagine the energy consumption of the world.

141



Materials and Methods

Perovskite Film and Solar Cell Fabrication

Substrate Cleaning
Substrates were cleaned either by:

1. Sonication in acetone (Sigma-Aldrich) followed by sonication in IPA (Sigma-
Aldrich), each for 10min. After each sonication the substrates are blown dry using
nitrogen.

2. Scrubbing each substrate with detergent followed by sonication in acetone
(Sigma-Aldrich) for 5min. Then the substrates are boiled in an IPA (Sigma-Aldrich)

beaker twice for 5min each. Finally, the substrates are blown dry using nitrogen.

Substrates with ITO or FTO were both purchased pre-pattern from TFD.

SnO: Deposition
For the SnO:; electron transport layer, start by dissolving KCI (Sigma-Aldrich) in DI water
to make a 3mg/mL solution. Dilute the SnO2 nanoparticle stock solution (Alfa Aesar, 15%
wt% in water) in the KCI/DI to make a 3% (wt/wt) solution. UV/Ozone treat the substrate
for 20 minutes before spin coating in air at 3000rpm for 30 seconds. Clean off the

electrodes and anneal the films in air at 150°C for at least 30 minutes.

Perovskite Precursors
MAI powders unless noted otherwise were purchased from Luminescence Technology
Corporation. The other manufacturers used were Sigma-Aldrich and GreatCell. Pbl,
powders were from either TCl Chemicals or Alfa Aesar. All precursor powders were stored

under nitrogen until loaded into the chamber.
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C60 Deposition
C60 was purchased from Luminescence Technology Corporation and deposited using a

thermal evaporator designed by Victory Engineering.

Spiro-OMeTAD Deposition
Dilute to 520mg/mL lithium bis(triflouromethane) sulfonamide (Li-TFSI) (Sigma-Aldrich)
in acetonitrile (Sigma-Aldrich). Take care to protect the solution from light exposure and
moisture. Mix a solution of 72 mg Spiro-OMeTAD (Luminescence Technology
Corporation), 1000 uL chlorobenzene (Sigma-Aldrich), 17.5 uL Li-TFSI solution, with 28.8
uL tetraphenyl butadiene (tpb) (Sigma-Aldrich). Make sure you add the Li-TFSI to the
solution before tpb. Filter the resulting solution through a 0.45 um PTFE solution and spin
at 4000rpm in dry air for 30 seconds. Store in dry air overnight before depositing next

layer.

Post-Deposition Treatments
IPA Post-Treatments
For the static spinning version of IPA post-deposition treatment: In IPA is dripped all over
the substrate and left to sit for 10 seconds. Then the substrate spins at 2000 rpm for

another 30 seconds.
For the dynamic spinning version of IPA post-deposition treatment: In dry air IPA is

dripped all over the substrate as it spins at 4000 rpm for 30 seconds. The solution is

administered after the substrate is spinning at speed and takes less than 5 seconds.
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Annealing

The films were annealed in dry air at 100°C for 30min.

Electrode Deposition

The electrodes were deposited in a custom thermal evaporator, starting the deposition at 0.5A/s for
the first 20-30nm and then at 1A/s for the rest of the deposition. The final electrode thicknesses range

from 70-100nm and are noted in the text.

PbS QD Deposition and Solar Cell Fabrication

Materials were purchased from Sigma Aldrich for all the solvents and ligands, Kurt J.
Lesker for all the evaporation materials, and Plasmaterials for all sputtering targets. QDs

were fabricated through Hines and Sholes PbS QD hot-injection synthesis method*.

Pre-patterned 150nm thick ITO was purchased from TFD. ZnO was then deposited
through sputtering at 0.5A/s and 20mTorr in a pure argon environment. The PbS QD
active layer was built up via layer by layer spin coating in air. First, a 50mg/mL PbS QD
(first exitonic peak around 920nm) in octane was deposited at 2500rpm for 15s making
around a 20nm thick film. Next, for ligand exchange, the ligand solution covered the QD
layer and allowed to sit for 30s before spinning off at 7500rpm for 15s. Finally, the newly
ligand exchanged films were washed in the ligand's solvent three times. For TBAI the
solution used was 10mg/mL TBAI powder in methanol. For EDT the solution used was
0.02% EDT in acetonitrile. After depositing 10 TBAI layers (~200nm total) and 2 EDT layers
(~40nm total) the PbS QD absorbing layer and PbS QD HTL were complete.

NiOx was then deposited through sputtering at 0.1A/s and émTorr in a pure argon

environment. AlOx was deposited through sputtering at 0.2A/s and 3mTorr in a pure

argon environment. The ITO buffer layer was deposited via sputtering at 0.6A/s and
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émTorr in a pure argon environment. Finally, the chromium buffer layer and all metal

electrodes were deposited via thermal evaporation at 0.5-1A/s.

Tube Furnace Experiments

A standard quartz tube was used for the tube furnace depositions. The tube furnace was
pumped down to 10-2torr and a copper stage for the substrate was set to 15°C. Nitrogen
at a 1sccm flow rate (as determined by a mass flow controller) was used for the carrier
gas. Around 0.3g of MAI (GreatCell Solar) was loaded in humidity ranging from 5-35%
into a quartz boat for deposition. Zone 1 and 2 were allowed to stabilize at temperature
before a quartz rod moved the quartz boat into Zone 1. Depositions lasted for around 20

minutes.

Film and Solar Cell Characterization

X-Ray Diffraction (XRD)
X-Ray Diffraction was performed on a Rigaku Smartlab Multipurpose Diffractometer in
the MIT Materials Research Laboratory. The settings were PB-PSA GIXD with 0.02 step size

and a rate of 0.6s/step.

Fourier Transform - IR (FTIR)
The FTIR-ATR used primarily was a Thermo Fisher Nicolet iS50 Fourier Transform Infrared
Spectrometer with diamond-based Attenuated Total Reflection crystal and infrequently
with a Bruker FT-IR system at the Harvard Center for Nanoscale Sciences. ATR
measurements were used due to the ability to measure multiple characteristics off of the
same set of samples with minimal preparation and ATR's usefulness in measuring

coatings.
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However, current literature is a collection of transmission and absorption curves and ATR
measurements are directly output as absorbance. Absorbance is a unit of attenuation
(commonly in log scale) which is the direct consequence of interaction with the ATR
crystal. If we were to switch to either absorption or transmission then we would need to
assume film qualities such as scattering or reflection. Then the conversion between
absorbance and transmission, for example, come from the dependence on wavelength
and refraction index and are reflected in the peak intensities. For this work, we will stick
with using the direct absorbance measurement so we do not need to assume anything
about the amount of scattering/reflection in our different samples. This means that our

relative peak intensities and exact positions will vary from some literature results.

X-Ray Photoelectron Spectroscopy (XPS)
X-Ray Photoelectron Spectroscopy was performed on a Thermo Scientific K-Alpha+
system at the Harvard Center for Nanoscale Sciences. Fits were found on the Avantage
software and graphs were charge corrected via the adventitious carbon line at 248.8eV.
Overall composition was found by integrating the area of each element and significant
peak values were assigned corresponding to their literature values'°2%". Each sample had

two spots measured.

Scanning Electron Microscope (SEM)
For SEM, the films were measured either with a Zeiss Gemini 450 SEM in MIT.nano or a

Zeiss Merlin High-Resolution SEM in MIT Materials Research Laboratory.

Atomic Force Microscope (AFM)
The Atomic Force Microscope used was an Asylum Research Cypher VRS AFM in tapping

mode at MIT.nano.
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Current Density — Voltage Measurements (JV)
Current-voltage measurements were conducted using a Newport solar simulator and

either a custom solar cell holder or one from Mutovis.
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Appendix A: Evaporation Theory

Assumptions:
e Can use ideal gas approximation — since most gases trend towards being ideal at
low pressures and the sublimed precursor amount is minimal this should be a

valid assumption.

Theories Used:
Ideal Gas Law
PV = nRT
P : pressure (Pa)
V : volume (m?3)
n : amount of gas molecules (mol)
R : gas constant

T : temperature (K)

Hertz-Knudsen

Tevap . P?f’lcfltt — Peent
Aerr J2TMRT ¢

Tevap - €Vaporation rate (mol/s)

A.ss - effective precursor surface area (m?)

a : sticking coefficient for re-adsorption (unitless)
P32 - saturation material pressure (Pa)

P,.1 - pressure of source cell (Pa)

M : molar mass of precursor (kg/mol)
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Tpnat - Material temperature (K)

Langmuir Evaporation vs Effusion

Clausius-Clapeyron

AHygy 1 1
Feq =5, eXp( RT (T_O_ Tma))

P, : Partial Pressure (Pa)
P, : Base pressure (Pa)
AH, 4, : Enthalpy of vaporization

With R and T defined same as above.

Derivation for Evaporation Rate from Precursor Material Inside Source

Cell:
The evaporation rate is given by the Hertz-Knudsen Equation:

Tevap . P?f’lcfltt — Peent
Aerr J2TMRT gt

Where P32 is given by the Clausius-Clapeyron relation:

AHyqp (1 1
P, exp < RT (T_O - Tmat)> — Peey

T, = ad
evap eI J2TMRTg

Derivation for Output Rate from Source Cell:

We are looking for output rate (given in mol/s)

We know from the Ideal Gas Law:

_ VP
" RT

Since n is mol of material, dividing both sides by time gives a rate:

n
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n VP
s  SRT

Additionally, g is the volumetric flow rate, for this case, the carrier gas flow rate (different

from the flow rate read by MFCs). This leaves only the precursor pressure within the
chamber as an unknown. From Hertz-Knudsen and Clausius-Clapeyron we previously

solved for the evaporation rate:

AHyep (1 1
F, exp < RT (T_o - Tmat)) — Peent
T, = aA
evap eI 2TMRT, o,

Which should be equivalent to the total output of the source cell and gives us a second

equation for the second unknown:

AHpep 1 1
n 7P foexp <—RT (7; - Tmat)> ~ Feeu
= —-= — = = adA
Tout s RT revap a eff lzn.MRTmat

Where P,.;; = P, from the ideal gas law. Solving for P :

AHyap (1 1
(Bt ). P )
RT 2MRT, 0t 2TMRT ¢

And thus:
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Appendix B: VTD Operation and Loading Procedures

Chamber Operation

1. Close the gate valve and open the backing
line to the deposition chamber

2. Turn on the chiller and the heating element
for the substrate translation/rotation stage

3. Wait for the chiller to reach the baseline
temperature

4. Start the power controllers, previous ramp
powers and deposition powers are recorded
in the logbook

5. Wait for the quartz insert internal

thermocouples to reach the target value and
stabilize for 5min

Load the substrate

Open the gate valve and close the backing line to the deposition chamber

Translate the substrate stage to the deposition zone

© © N o

Turn on the carrier gas
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10. Wait for the pressure to stabilize

Pressure Sensors Loading Chamber Valve

/lEv_

3 N2 Refill Valves

“H

Gaté Valv: Auxi/él\ e

p—

-yt

11. Rotate the quartz insert arms to the “on” position. Do the MAI arm first and then

the Pbl, arm. Make sure you do a pure rotation and don't put any other torque on

it

12. Deposition

13. Rotate the quartz insert arms (Pbl; first then MAI) to the "off” position

14.Remove the substrate stage while the carrier gas is still flowing through the "“off”

position

15. Close the gate valve, open the backing line to the deposition chamber, and

quickly turn off the carrier gas

16. Replace the substrate
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Loading Flance

v \
Rotatior Poir t R *
b

Loading the Chamber

1.

2
3
4
)
6.
.
8
9

10.
11.
12.
13.
14.

15.

Open the gate valve

. Close the backing line to the loading and to the deposition chamber
. Open the loading door

. Vent the full system

Loading door will swing open when the chamber is fully vented

Lay down aluminum foil around the chamber

. Unlatch the KF flange from the quartz arm to the MFCs

. Open the KF blank to the loading zone of the quartz reservoir

Loosen the blue, compression flange

Pull out the quartz insert nitrogen arm and place on spare aluminum foil

Use a long hook to pull out the quartz insert reservoir and load with new material
Do 7-11 in reverse order to put the quartz insert back together

Close the chamber door

Slowly open the backing line to the deposition chamber and keep opening until
the valve is fully open

Open the backing line to the loading chamber
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16. Close the gate valve

17. Clean up after yourself
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