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ABSTRACT

Organometallic halide perovskites (OHPs) are a class of materials that are
currently being heavily investigated as an absorber material for thin-film photovoltaic
devices due to their favorable optoelectronic properties and flexible fabrication
options. The first report of an OHP PV device was published in 2009 with a
conversion efficiency of only 3.9% (Kojima et al. 2009; Snaith 2013) and the current
most efficient research cell, certified by National Renewable Energy Laboratory
(NREL), has an efficiency greater than 22.1% (NREL 2016). However, the technology
is not without its challenges. The material properties of films depend on the processing
conditions and the deposition technique, compromising reproducibility (Du et al.
2015). Films deposited using solution-based techniques, are especially unreliable.
Solution deposition, namely one-step spin coating, is the most prominent choice due to
easy accessibility for laboratory scale experiments and operation at ambient
conditions. However, challenges with reproducibility, control over film thickness and
uniformity, manufacturing scalability, and the lack of environmental control make it a
less desirable choice for commercialization (Petrovi¢ et al. 2015). Characterization of
films spun cast in this investigation were consistent with these shortcomings,
exhibiting poor surface coverage, non-uniform composition, and acute sensitivity to
humidity.

In contrast, vapor deposition techniques provide better control over film
morphology and deposition environment, minimizing degradation of OHP films and
ensuring reliable data on their material properties (Ono et al. 2016). Close space vapor
transport (CSVT) is a novel, highly controllable vapor deposition technique for

fabricating OHP films, originally developed for manufacturing of CdTe thin-film solar

Xi



devices. The potential of CSVT as a scalable technique for OHP PV fabrication was
demonstrated in this thesis through the development of a mass transport model for
predicting the deposition flux of sublimated reactants methylammonium iodide (MAI)
and Pbl in an assembled pilot plant system. These two materials were sequentially
deposited to fabricate CH3sNH3Pbls thin-films. Flux values calculated at various source
temperature and system pressures overestimated actual values obtained under the same
conditions by at least an order of magnitude. Some of the assumptions used to develop
the model attributed to the large deviation from the actual flux, namely a constant
temperature gradient and isolation of deposition to only the designated deposition
region. Furthermore, more accurate diffusivities for MAI and Pbl, vapor are needed.
Future research should focus on obtaining better estimates for reactant diffusivities
through empirically instead of theoretically, quantifying the actual temperature
gradient during system operation, and confirming if convective heat transport is in fact

applicable to this system.
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Chapter 1

ORGANOMETALLIC HALIDE PEROVSKITES (OHPs) IN
PHOTOVOLTAIC (PV) TECHNOLOGY
Identifying alternatives to fossil fuels has been a demanding topic for a number

of decades, as renewable sources hold the promise of minimizing the negative
environmental impact and dependency associated with fossil fuels. Prominent
examples of renewable energy include hydroelectric, geothermal, wind, and solar.
Solar energy, namely photovoltaic (PV) technology, has gained a significant amount
of attention within the past few years given its versatility and rapid technological
advancements. PV technology can generate electricity in applications as small as
handheld devices to residential/commercial rooftop arrays to megawatt-scale projects,
offsetting peak electricity demand and dependence on grid power. Monocrystalline
and multi-crystalline silicon PV are the most mature technologies, a culmination of
decades of R&D and extensive financial ventures (Green 2005). Record research cell
efficiency is 25.6% while the best commercial modules achieve 20% with a
degradation rate in performance of about 1% per year over the course of their
operational lifetime of twenty years (Jordan and Kurtz 2013; Green et al. 2015). The
performance and durability of silicon PV has set the standard criteria for the
commercialization of upcoming PV technologies, particularly thin-films. Thin-film
PV cells are comprised of layers of semiconductor materials with thicknesses on the
order of nanometers to microns, lowering material consumption and costs per unit watt

of generated power while maximizing power-to-weight ratio. Some of the more



notable examples are cadmium telluride (CdTe), copper-indium-gallium-diselenide
(CIGS) and amorphous silicon (Hegedus 2006; L. Chen et al. 2014; Soltanmohammad
et al. 2014). Upcoming technologies include dye-sensitized and organic PV, though
these have yet to reach their full potential.

Organometallic halide perovskites (OHPs) are a recently introduced class of
materials that have gained extensive recognition within the PV community as an
upcoming contender to that of successful CIGS and CdTe. Close space vapor transport
(CSVT) is a simple yet novel vapor deposition technique for OHPs. Originally
developed for the deposition of CdTe solar cells, this thesis will document the use of
CSVT to deposit methylammonium lead tri-iodide OHPs or CH3sNH3sPblz (MAPDI3).
This thesis will also discuss the novelty of CSVT and how the fundamentalshave been

adapted to optimize the film quality of OHPs.

Background on OHPs

Defining a Perovskite
The term “perovskite” is associated with any compound that has the same
structure as that of the titular perovskite, calcium titanium oxide (CaTiOs), named
after Russian mineralogist Lev Perovski (1792-1856) (Snaith 2013). While there are a
multitude of compounds under this designation, they all share the same basic chemical
composition and crystal structure of AMXs, where A is a cation, M is a metallic ion,
and X is an anion (Mitzi 2001). The figure below shows the basic structure of a

perovskite.



Figure 1 Unit perovskite structure depicted as a) a ball and stick model and b) a
three-dimensional model, where the octagonal units are formed from the
metallic ions. Reproduced from (Mitzi 2001) with permission of The
Royal Society of Chemistry.

For OHPs, the cationic (A) groups are usually methylammonium (CH3sNHz)*
and formamidinium (NH.CH=NH)* compounds, though larger variations have also
been considered, including ethylammonium (CH3CH2NHa3)" , imidazolium [C3N2Hs],
and hydroxylammonium [HsNOH]" (Boix et al. 2015 Feb). Divalent lead or tin ions
are normally chosen for the metallic (B) group. Finally, the anion is at least one of
three members from the halide group: chloride (CI"), bromide (Br’), or iodide (I")
(Jung and Park 2014). The most notable phases are MAPbI3, MAPDCI3, and
MAPbBr3 along with mixed-halide variants, including MAPb(I,CI), MAPb(1,Br), and
MAPbBrsxClyx (Bretschneider et al. 2014).



Application of OHPs in Photovoltaic Technology

The first investigations incorporating OHPs into semiconductor devices were
in the 1990s, where they were embedded into light-emitting diodes and transistors.
The application of OHPs to PV did not occur until around 2006, when MAPDI3
perovskites were introduced into dye-sensitized solar cells (DSSC) in an effort to
produce thinner cells with better performance. The major turning point was in 2009
when the first peer-reviewed journal article involving these perovskite DSSCs was
published by Miyasaka et al. However, the devices they produced quickly degraded
due to the perovskite’s solubility in the polar electrolyte of the cell (Snaith 2013).
Later investigations uncovered the potential of OHPs for absorbing materials for solar
cells. Sufficient modifications made to the DSSCs established the meso-
superstructured or mesoporous solar cells (MSSC) perovskite-based PV architecture,
one of the most complex designs, shown in the figure on page 5. The main feature of
this design is that the electron transporting material (ETM) is embedded within the
hole-transporting layer (HTM), comprised of TiO2 or AlO2 nanoparticles coated in the

perovskite suspended in the medium.



Cathode

Soda-lime glass

Figure 2 Diagram of an MSSC, depicting the ETM nanoparticles coated in the
perovskite absorber layer, suspended in the HTM. Reprinted by
permission from Macmillan Publishers Ltd: [Nature Materials] (Loi and
Hummelen 2013), copyright (2013).

By 2012, perovskite solar cells with conversion efficiencies around 9.3% had
been developed (Kim et al. 2012) . A year later, Snaith developed perovskite PV cells
through vapor deposition techniques reaching efficiencies around 15.6% (Liu et al.
2013), exhibiting the more simplified planar heterojunction design where a continuous
layer of perovskite was sandwiched in between the HTM and ETM materials,

illustrated below.



Cathode

Perovskite absorbing layer

Electron-transporting material (ETM)
Anode

Soda-lime glass
Figure 3 Diagram of a planar heterojunction photovoltaic cell featuring the

continuous perovskite, HTM, and ETM layers. Reprinted by permission
from Macmillan Publishers Ltd: [Nature Materials] (Loi and Hummelen

2013), copyright (2013).

In 2015, researchers at Ecole polytechnique fédérale de Lausanne (EPFL)
obtained National Renewable Energy Laboratory (NREL) certification for a device

exhibiting 21 % conversion efficiency. The current record is 22.1% (NREL 2016).
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Figure 4 NREL-certified conversion efficiencies for perovskite thin-film PV
versus CIGS and CdTe from 2000 to present. The first certified
perovskite PV cell was not recorded until five-years after its initial debut
in the publication by Miyasaka et al. (NREL 2016).

This rapid development is primarily attributed to the optoelectronic properties
of the material. The band gap of these perovskites can be tuned between 1.5 and 3.1
eV, depending on the A, B, and X site (Bretschneider et al. 2014). Furthermore, OHPs
exhibit fast separation and high mobility of charges formed from photon absorption,
resulting in minimal recombination (Ponseca et al. 2014; Stranks et al. 2014). These

compounds also benefit from a manufacturing standpoint since they can be



synthesized at temperatures as low as 100°C, prompting versatile processing
conditions and deposition onto different substrates. In fact, films have been generated
using a variety of deposition techniques, including spin coating, spray-coating,
airbrushing, and thermal evaporation under both ambient and vacuum (Liu et al. 2013;
Chiang et al. 2014; Ma et al. 2014; Sessolo et al. 2015; Zhou et al. 2015; Ramesh and
Boopathi 2015; Boopathi et al. 2015 Feb 19).

Research opportunities stem from efforts to commercialize OHPs as PV
absorbers, elucidating their material properties, extending their operational lifetimes
and exploring alternative formulations. Long-term stability is a concern since OHPs
are soluble in polar solvents, making humidity a major issue. Degradation from
temperature, atmosphere, and UV radiation has also been documented (Leijtens et al.
2013; Avristidou et al. 2015; Murugadoss et al. 2015; Hailegnaw et al. 2015; Conings
et al. 2015 Jun 1). Lead poses a toxicological issue, given its detrimental
environmental and health impacts. Tin is popular alternative but devices incorporating
the tin-based perovskites are inferior in performance due to the chemical instability of
element in the desired +2 oxidation state (Jung and Park 2014; Noel et al. 2014). The
knowledgebase on OHP thermodynamic, optoelectronic, crystallographic, and
chemical properties is still limited. Standardized references on basic parameters, such
as reaction rate constant, heat of sublimation, and melting point have yet to be
published. Consequently, the lack of a reliable library of material properties and
sensitivity to changes in deposition processing variables has spurred little consensus in

published characterization data (2015).



The minimal conditions for synthesizing OHP films has resulted in the
development of variety of solution and vapor-based deposition techniques. Solution-
based techniques introduce the OHP reactants dissolved in a solvent at different
stoichiometric ratios simultaneously or sequentially. Notable techniques include spin

coating, spray coating, and dip coating (Petrovi¢ et al. 2015).

Deposition of OHPs using Solution-Based Techniques

Spin coating is a notable deposition technique that is used in the electronics
industry for applications like dispensing photoresists onto silicon wafers and
protective coatings on compact and digital versatile disks (Krebs 2009). The technique
is one of the most prominent choices for depositing OHPs (Burschka et al. 2013;
Chiang et al. 2014; Sadhanala et al. 2014; Boopathi et al. 2015 Feb 19; Smecca et al.
2016). Spin coating involves depositing a minute amount of solvent onto a surface.
The surface is then spun at a high speed for a short period of time, applying large
levels of centrifugal forces to spread out the material, forming a thin-film. Afterwards,
the film is thermally annealed, removing excess solvent. The thickness and
morphology of the film are influenced by multiple factors, including spin speed,
temperature, and the solvent’s viscosity (Krebs 2009). Spin coating of OHPs is
normally performed in one step using a solution that contains both reactants. The
perovskite film is formed upon driving off the excess solvent during the annealing
stage (Petrovi¢ et al. 2015). Efforts to optimize the morphology of films have
prompted the deposition of dissolved reactants individually. This two-step spin coating
technique has shown promise to produce higher quality films and better performing

devices (Burschka et al. 2013; Bi et al. 2014).



Spray pyrolysis deposits uniform layers from uniformly sized droplets of a
dilute solution through ultrasonic or electrostatic methods. Ultrasonic spray pyrolysis
utilizes carrier gases while electrostatic spray pyrolysis relies on a high voltage to
generate a solution aerosol, establishing a potential difference between the nozzle and
the substrate to ensure uniform distribution (Petrovi¢ et al. 2015). Film properties,
such as film morphology and crystallinity, are influenced by substrate temperature,
solution concentration, solvent type, and deposition rate (Mooney and Radding 1982).
Barrows et al. formed 1-Cl mixed-halide OHP films using ultrasonic spray coating.
Homogeneous films were deposited from dilute solutions with minimal material loss,
but moderate surface coverage (> 85%). Planar heterojunction PV cells incorporating
these films as absorber layers displayed a maximum conversion efficiency (n) of
11.1%, short-circuit current (Jsc) of 16.8 mA/cm?, open circuit voltage (Voc) of 0.92
V and fill factor (FF) of 72% (Barrows et al. 2014).

Dip coating involves submerging a substrate into the solution. After a period of
time, the solvent is slowly removed and dried, producing a uniform film. The nature of
the film is governed by gravitational forces, inertia along with the surface tension and
viscous drag of the solution along the substrate (Petrovic¢ et al. 2015). Dip coating is
usually employed as a second step in sequential deposition of reactants using spin

coating (Kulkarni et al. 2014; Zhu et al. 2014).

Depositing OHPs using Vapor-Based Techniques
Vapor deposition is a scalable process that operates under more stringent
environmental conditions, producing higher purity films with nominal control over
stoichiometry, ability to deposit multiple layers, and flexibility in substrate selection

(Ono et al. 2016). The technique usually operates under high vacuum conditions,

10



increasing the rate of deposition and uniformity without relying in more extreme
processing temperatures. Deposition can occur either under the presence of an inert
gas, minimizing the intrusion of moisture, or with ambient air (Luo et al. 2015; Peng
et al. 2015). Properties of the final perovskite film are closely governed by substrate
temperature, system pressure, the stoichiometric ratio of the reactants, and
morphology of the metallic halide precursor film (Wang et al. 2015; Yang et al. 2015).
Unlike solution-based deposition, an annealing step is not mandatory. While the
annealing primarily aids in sublimating excess organic reactant, such as
methylammonium iodide, it appears to make negligible changes to the crystallinity of
the OHP film or the performance of the PV device, potentially eliminating an energy
intensive step that is necessary for solution-deposited films (Wang et al. 2015).
Elimination of solvents results in OHP PV cells that exhibit better stability and
performance than counterparts containing solution-deposited absorber layers. For
instance, Leyden and colleagues fabricated planar heterojunction PV devices
incorporating formamidinium perovskites that exhibited stable performance for 155
days (Leyden et al. 2015). This is most likely due to the ousting of impurities from
high temperature processing and no solvent usage to accelerate moisture-induced
degradation (Wang and Chen 2015). Liu and colleagues conducted a comparative
study between the morphology, crystallography, and performance of planar
heterojunction devices incorporating one-step spun-cast versus vapor-deposited
MAPDI3.«Clx films. Films fabricated through dual-source deposition were highly
uniform in terms of texture and thickness. However, spun-cast films consisted of
discontinuities where the underlying TiOz layer could be seen. Additionally, spun-cast

films exhibited varying film thickness. For instance, SEM cross-section noted
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thicknesses between 50 to 410 nm. Devices incorporating solution-deposited films
exhibited a Voc of 0.84 V, Jsc of 17.6 mA/cm?, FF of 0.58, and 1 of 8.6%. In contrast,
the best performing devices with vapor deposited OHP films had a Voc, Jsc, FF, and n
of 1.07 V, 21.5 mA/cm?, 0.67, and 15.4 %, respectively (Liu et al. 2013). Du
compared MAPDI3 films formed from reacting Pbl> precursor films, deposited via one-
step spin coating, with MAI sublimed into a vapor versus dissolved into a solution.
Spun cast films exhibited discontinuous arrangement crystals, sporting obvious voids.
Films produced from vapor deposition resulted in denser, more uniform films
comprised of vertically oriented crystalline columns, ideal for charge transport. As a
result, the corresponding devices displayed a Voc, Jsc, FF, and n of 0.89 V, 15.7
mA/cm?, 0.58, and 8.1%, respectively. In contrast, the solution-based devices only
obtained Voc, Jsc, FF, and n of 0.80 V, 11.8 mA/cm?, 0.61, and 5.8%, respectively
(Du et al. 2015). In both instances, the highest performing solar cell devices

incorporated vapor deposited absorber layers.

Physical vapor deposition (PVD) and chemical vapor deposition (CVD) are the
two general categories of techniques. Mattox in the Handbook of Physical Vapor

Deposition defines PVD as:

...atomistic deposition processes in which material is vaporized from a
solid or liquid source in the form of atoms or molecules and transported
in the form of a vapor through a vacuum or low pressure gaseous (or
plasma) environment to the substrate, where it condenses (Mattox
2010).

He further distinguishes CVD as:
...deposition of atoms or molecules by the high temperature

reduction or decomposition of a chemical vapor precursor species,
which contains the material to be deposited (Mattox 2010).
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PVD can also involve reactions of thermally sublimated materials with other
substances already deposited onto the substrate, present in the vapor phase, or with the
deposition atmosphere (Mattox 2010). However, some attribute this characteristic to

define CVD. For instance, Kern and Schuegraf introduce the technique as:

...materials synthesis process whereby constituents of the vapor phase
react chemically near or on a substrate surface to form a solid product
(Kern and Schuegraf 2001).

This interpretation of CVD is applied to some deposition techniques that have
been developed for OHPs. For example, Leyden and colleagues arranged a deposition
system where PbCl>-coated substrates heated to an optimal temperature of 130 °C are
exposed to sublimated MAI transferred via inert carrier gas. The technique is coined
as “hybrid CVD” given that the product is presumed to be a solid solution of two
halides, formed from a heterogeneous reaction between the MAI vapor and PbCl; film
(Leyden et al. 2014). However, based on Mattox’s definition of CVD, MAI has not
been reduced or decomposed only stimulated to undergo a physical phase change, a
quality that is more attributed with PVD. For the purposes of this discussion, the
Mattox definitions will be applied. Despite differences in the interpretation of what
constitutes PVD versus CVD, the design of their respective systems share similar
components. A basic schematic of a vapor deposition system is shown below on page
15. The major components include a chamber pumped down to low pressures (< 100
Torr) with the source heated by a coiled filament. The sublimed material then travels
to the substrate that is maintained at a lower temperature through a cooling system,

minimizing the risk of re-sublimation of the condensing material.
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Alluded to by Leyden’s technique, vapor deposition of OHPs can also be
performed in one-step/co-evaporation or two-step/sequential sequences. Co-
evaporation involves simultaneously releasing of the OHP reactants into the
deposition chamber, prompting formation of the perovskite once the sublimed
materials make contact with the substrate kept at a lower temperature than that of the
sources. The alternative approach is to introduce the reactants in succession,
depositing the metal halide precursor layer, followed by an organic halide reactant
while the substrate is heated around 100°C. Otherwise, the organic precursor would
decompose or re-sublimate if deposited first (Ono et al. 2016).

Both approaches have produced higher performing devices compared to that of
solution-based deposition. However, reproducibility is a challenge with co-
evaporation without precise initial calibration to control film thickness, which is more
difficult for organic compounds, like the ammonium halides. Deposition of MAI is
particularly difficult to control due to its lower molecular weight and volatility
compared to the metallic halide precursor (Yang et al. 2015). Sequential deposition
usually results in more uniform films exhibiting larger grain sizes by decoupling the
processes, allowing for optimization of processing variables pertaining to each

reactant (C.-W. Chen et al. 2014).
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Figure 5 Basic schematic of the major components of a vapor deposition system

CSVT is a sequential physical vapor deposition process that occurs over a
deposition length on the order of millimeters. The main components of the system,
shown in the figure on page 16, are: 1) two susceptors used to independently heat the
source and substrate, allowing greater control over the mass transport of the
sublimating material and properties of the fabricated film, 2) masks and spacers made
out of an insulating material to govern the deposition area and deposition height,
respectively. The insulating spacers placed in between the susceptors also thermally
isolate the two regions, maintaining the substrate at a lower temperature than that of

the source without relying on a coolant system. The independent variables that govern
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deposition rate in this system are the source temperature, substrate temperature,
deposition height, deposition time, and system pressure.

CSVT was originally developed for depositing CdTe and is also referred to as
close-space sublimation. Depositing CdTe films requires the source to be heated to
temperatures above 500 °C, decomposing the material into Cd and Te, vapors. The
sublimated product then reforms on the surface of the substrate, forming a film at a
specified thickness, grain size, and texture, which influence optoelectronic properties,

notably conductivity.

Thin-Film
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Substrate Susceptor
Substrate

Spacers

Deposition Mask

Source Material

Source Susceptor

Sublimated
Material

NN NN

Figure 6 Cross-sectional schematic of a CSVT system. Dashed lines correspond to
open region of deposition mask.
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CSVT shows potential as a novel, scalable approach for rapid fabrication of
continuous, uniform, homogeneous OHP films. Akin to the advantages of vapor
deposition, films deposited using CSVT are much more resilient to the ambient
environment, unlike their solution-deposited counterparts. Independent temperature
control over the source and substrate allows for simultaneous deposition and annealing
without breaking vacuum, simplifying the fabrication process and lowering the risk of
moisture intrusion. Furthermore, close-proximity between the substrate and source
minimizes material losses due to mass transport. As a result, films can be fabricated on
the order of a few minutes with minimal material consumption, maximizing the
number of deposition runs before replenishing stock. Other vapor fabrication
procedures are usually either extensively long to compensate for untargeted deposition
onto the substrate or include an additional annealing step between 20 to 60 minutes
(Liu et al. 2013; Gao et al. 2015; Liang et al. 2015; Jung et al. 2016). For instance,
while Liang and colleagues fabricated MAPDI3 perovskite films using a simultaneous
vapor deposition approach in only 15 minutes, they added an additional 20 minutes for
annealing for a total fabrication time of 35 minutes, not including start-up and cool-
down procedures (Liang et al. 2015). The remainder of this document will expand
further on the advantages of CSVT with respect to other popular techniques, notably
spin coating, and how is adapted for fabricating OHPs. Chapter 2 will delve into the
disadvantages of spin coating OHPs documented both in literature and empirically,
reinforcing the advantages of vapor deposition. Chapter 3 will follow-up with a
detailed discussion on the novelty of CSVT as a vapor deposition technique for OHPs
and establish a theoretical model for predicting deposition flux. Chapter 4 will

evaluate the accuracy of the model, comparing actual deposition data to computed
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values and overview potential sources of error. Finally, chapter 5 will summarize the

major topics of the thesis and suggestions for future work.
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Chapter 2

SPIN COATING DEPOSITION OF ORGANOMETALLIC HALIDE
PEROVSKITES

Overview of Spin Coating OHP Films

The discussion of spin coating in Chapter 1 noted its establishment in the
semiconductor industry, general operation, and as a popular choice for depositing
OHPs. The foundation of fabricating OHP films for solar cells is marked by spin
coating, making it a technique worthy of discussion, especially to reinforce the
notoriety of CSVT. The technique, depicted on page 20, involves depositing a minute
amount of a solution containing the precursor solute onto a substrate that is attached to
a fixture that rotates at a high speed, usually on the order of 3000 to 10000 revolutions
per minute (RPMSs). As the substrate spins, the solution spreads out creating a thin film
across the surface. Afterwards, a post-annealing step is included to evaporate any
excess solvent and generate a crystalline film. The thickness and morphology of spin-
cast films are subject to a number of variables, including spin speed, solution

viscosity, and volatility of the solvent (Krebs 2009).
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Figure 7 Schematic depicting standard spin coating technique

Spin coating has been a popular choice for depositing OHP thin-films due to its
simplicity and accessibility for conducting bench top experiments (Ono et al. 2016).
Spin coating deposition of OHPs is divided into two major classes: simultaneous and
sequential deposition techniques. Simultaneous or one-step spin coating is the more
preferable of the two, due to its obvious simplicity, depositing a solution containing
both reactants usually dissolved in dimethyl sulfoxide (DMSO), dimethylformamide
(DMF), or gamma-butyrolactone (GBL). The films are then incorporated into planar
heterojunction or mesoporous PV architectures. For instance, Liu et al. developed
planar heterojunction devices incorporating a MAPbIs.xClx perovskite absorber

deposited using the simultaneous approach. The cells exhibited a 1 of 8.6%, Jsc of
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17.6 mA/cm? Voc of 0.84 V and FF of 0.58 (Liu et al. 2013). Gonzalez-Pedro et al.
fabricated a similar architecture, producing cells with 1 of 8.5%, Voc 0f 0.95 V, Jsc of
17.5 mA/cm?, and FF of 0.51 (Gonzalez-Pedro et al. 2014). In contrast, sequential or
two-step spin coating involves depositing the dissolved reactants independently.
Normally, the metallic halide is initially dispensed, followed by the organic halide.
Afterwards, the film is annealed, inducing the reaction to form the OHP (Jung and
Park 2014). Two-step spin coating has been documented to produce higher quality
films and subsequent devices versus its counterpart (Im, Kim, et al. 2014). Burschka et
al. first reported the use of sequential OHP formation involving MAPDI3 absorber
layers deposited by first spin coating a solution of 462 mg/ml Pbl, in DMF heated at
70 °C on the TiO2 mesoporous layer and then dip-coating the Pbl2/TiO> coated
substrate into a 10 mg/ml solution MAI dissolved in 2-propanol. An immediate color
change was indicative of an instant conversion of the Pblz into MAPbIs. The best
devices attained a certified 1) of 14.1%, Jsc of 21.3 mA/cm?, Voc of 1.0 V and FF of
66% (Burschka et al. 2013). Ko et al. also generated MAPDI3 mesoporous devices
with the best cells performing at an average n of 15.31% with an Voc of 1.01 V, Jsc of
20.71 mA/cm?, and FF 0.73 (Ko et al. 2015 Mar 16). Unlike one-step spin coating, a
majority of similar investigations employ two-step deposition to produce mesoporous
PV devices (Bi et al. 2014; Im, Kim, et al. 2014; Im, Jang, et al. 2014; Ko et al. 2015

Mar 16). But, planar heterojunction devices have also been produced (Ito et al. 2015).

Shortcomings of Depositing OHPs Using Spin Coating
Despite its simplicity, spin coating is not an all-encompassing technique. Spin
coating is not compatible with industry-level continuous processes, thwarting

prospects of low-cost commercialization of OHP PV devices. Furthermore, generating

21



stable, uniform, continuous films is a challenge. As mentioned before, the properties
of the resulting film depend on a number of factors, including the viscosity and
volatility of the solvent used to generate the precursor solution. A very volatile solvent
can evaporate prematurely during deposition, compromising proper film formation
and introducing deleterious defects (Krebs 2009). Also, incomplete solvent
evaporation may interfere with the formation of a continuous perovskite layer,
subsequently decreasing performance of the assembled device. For instance, Donggin
and colleagues synthesized MAPbIs films using a sequential approach, dipping spun-
cast Pbl films into a solution of isopropyl alcohol (IPA) and MAI. Unreacted Pbl>
was observed in x-ray diffraction (XRD) patterns of MAPDIs films and was attributed
to the incomplete conversion due to residual IPA (Bi et al. 2014). The impact of the
residue was evident when comparing the characteristics of mesoporous PV devices
incorporating perovskite layers that were subsequently rinsed with dichloromethane.
Devices with rinsed films reached an average n of 12.4%, Voc of 0.97 V, Jsc of 21.1
mA/cm?, and FF of 0.64. In contrast, those without the additional rinsing step achieved
an average n of 11.5% when heated to 100 °C to drive off excess IPA, but only 8.8%
when left to dry at room temperature. Voc also decreased to 0.91 and 0.84 V,
respectively, likely due to residual IPA still present in the film.

One-step spin coating, arguably the most popular choice for depositing OHP
films, is no exception. Films suffer from poor surface coverage and film non-
uniformities. In terms of devices, poor surface coverage introduces shunt paths that
deviate charge carriers from successfully converting captured photons to electricity,
hereby diminishing conversion efficiency (Eperon et al. 2014). Thickness non-

uniformities can also interfere with efficient charge separation.
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Minimizing these complications is a challenge. Some investigators have
attempted to improve film morphology and surface coverage by adjusting processing
parameters, such as spin speed and post-annealing conditions. For instance, Sailba and
Dualeh studied the impact of annealing on MAPbI3xCly films. Sailba’s films were
deposited under a nitrogen atmosphere at ambient pressure using a one-step spin
coating technique from a 40 wt% solution comprised of a 3:1 molar ratio of PbCl> and
MAI, respectively, dissolved in DMF. The films were then annealed on a hot plate at a
ramp rate of 5 °C/5 min to a final temperature of 100 °C. Afterwards, the final step of
the annealing process was split into two approaches. The first was maintaining 100 °C
for 45 minutes. The second approach was heating at 100 °C for an additional 5
minutes and then immediately ramping to 130 °C for 5 minutes. Films were then
incorporated into a planar heterojunction and alumina nanoparticle mesoporous PV
architectures. Grazing-incidence x-ray diffraction (GIXRD) and SEM unveiled that
films rapidly heated to 130 °C exhibited more uniform micron-sized grains than those
that were continuously heated at 100 °C, observed to contain grain sizes ranging from
100 to 1000 nm. However, the planar heterojunction devices outperformed the
mesoporous devices. This is most likely due to higher surface coverage (> 95%)
compared to that of the mesoporous films (75-85%). Planar heterojunction devices
that included flash-annealed absorber layers performed marginally better than their
moderately heated counterparts. On average, the Jsc was 19.0 versus 17.9 mA/cm?,
Vocwas 0.91 V versus 0.92 V, FF 0.63 versus 0.61, and ny was 10.7 versus 9.9 for
flash-annealed versus moderately-annealed devices, respectively. In contrast, amongst
the nanoparticle alumina mesoporous devices, those with perovskite layers that had

been continuously heated at 100 °C performed better than their flash-annealed
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counterparts. On average, the Jsc was 17.5 versus 17.7 mA/cm? Voc was 0.91 V
versus 0.92 V, FF 0.44 versus 0.53, and n was 6.9 versus 8.4 for flash-annealed versus
moderately-annealed devices, respectively (Saliba et al. 2014).

Dualeh and colleagues systematically adjusting annealing parameters for the
MAPDI3.«Clx films they deposited using one-step spin coating. They documented the
impact of annealing temperature, from ambient to 200 °C on films deposited onto
mesoporous TiO> layers. Film morphology and subsequent impact on device
performance was documented using SEM, UV/Vis spectroscopy, and XRD. A
minimum temperature of 80 °C was required to successfully form the perovskite.
Below this threshold, there is insufficient energy to drive off excess solvent and send
the reaction to completion. The optimum region for annealing was between 80 °C and
100 °C. However, surface coverage was consistently poor at all temperatures. At
higher temperatures, the product forms islands that do not converge into a continuous
film and exhibit higher levels of Pbl», suggesting temperature-induced degradation.
The best device performance recorded had a Voc 0.938 V, Jsc 18.37 mA/cm?, FF of
0.68, and n 11.66% (Dualeh, Tétreault, et al. 2014).

Eperon et al. also reported difficulties from optimizing surface coverage of
OHP films studying of MAPDbI3.xClx by changing deposition parameters, such as types
of solvents, solute concentrations, and spin speeds, and annealing conditions. Films
generated from more volatile solvents, such as DMF, exhibited higher surface
coverage than those fabricated with lower volatility solutions, for example using
DMSO or n-methyl-2-pyrrolidone. Optimal coverage of approximately 90% was
noted between annealing temperatures of 90 °C and 100 °C. Increasing the annealing

temperature above this range decreased the frequency of pinholes but resulted in the
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formation of larger agglomerates. Film thickness also played a role, governed by
solute concentration and spin speed. Films greater than 500 nm and annealed at 95 °C
corresponded with a surface coverage above 90%. But even with optimization of
fabrication conditions, the best cell generated had a n of only 11.4%, FF of 0.64, Voc
of 0.89 V, and Jsc of 20.3 mA/cm? (Eperon et al. 2014). To expand on these findings,
additional empirical studies were conducted on both MAPbI3.xClx and MAPDIs, the

two most studied OHPs, deposited using one-step spin coating.

Optimizing the Spin Coating Processing Variables for Depositing MAPDbI3-xClx
Films

Attempts were made in this investigation to adjust the solution stoichiometry
and deposition parameters of MAPbIsxClx films to improve in film quality, notably
surface coverage, with marginal success. The compound is normally synthesized from
a precursor solution comprised of 2.64 M MAI to 0.88 M PbCl,, where the iodide and
chloride are provided by the organic and inorganic reactants, respectively (Lee et al.
2012). However, the halide does not necessarily need to be introduced through that
route. MACI can be substituted for PbCl2 and Pbl, for MAL. In fact, both lead halides
and organic halides can be combined in solution, as shown in the table on page 26,
adjusting the precursor chloride to iodide ratio while maintaining the same overall
composition. Four trials, each consisting of two replicates, were generated for each
experimental group by depositing 0.20 mL of the corresponding solution onto soda-
lime glass coated with a fluorinated tin-oxide (FTO) and spinning at 1000 RPM for
60s. Afterwards, the films were immediately placed on a hot plate and annealed at 100
°C for 60 minutes. The entire fabrication was performed at ambient atmospheric

conditions. Images of the films formed from each experimental set are depicted below.
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Films belonging to set A exhibited the most striking color distinction, exhibiting a
reddish orange hue versus the anticipated dark greyish hue normally associated with
MAPDI3 and MAPbI3.xClx. Sets B and D, both containing high chloride to halide ratio,

displayed film non-uniformities through the patches of yellowish-green against grey.

Table 1 Precursor solution conditions to monitor effects chloride to iodide ratio in
OHP thin film processing by spin coating

Set Condition Mmar  Mwmact Mpoi2

A 50% PblI2 + 50% PbCI2 | 2.64 | --- 0.44
B 50% PbI2 + 50% PbCI2 | --- 2.64 0.44
C 50% MAI +50% MACI | 1.32 1.32 0.88
D 50% MAI +50% MACI | 1.32 1.32 ---

Figure 8 Depiction of films generated from solutions sets A through D. The labels
in the top left-hand corner of each image correspond to the respective set.
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The resulting films were then observed through SEM imaging and their
elemental composition analyzed using Energy dispersive spectroscopy (EDS).
Unfortunately, non-continuous films sporting distinct disconnected aggregates were
formed, regardless of the solution composition. The corresponding figure on page 29
illustrates films produced based on the variations in precursor stoichiometry.
Furthermore, the precursor stoichiometry between chloride and iodide was not
maintained in the final product. EDS of films, tabulated on page 27 for each set,
revealed that none of the groups produced films with the same chloride to halide ratio

as their respective solutions. Sets A and C deviate the furthest from their respective

precursor chloride to halide ratios, where chloride is virtually non-existent in the final

film.

Table 2 EDS analysis of films. Note that the detection limit is £1 atomic %.
Element MAPDI3 Set A SetB SetC SetD

Atomic %  Atomic %  Atomic %  Atomic%  Atomic %

Pb 25 21 21 22 21
I 75 78 24 77 34
Cl 0 1.3 55 0.61 45
Cl/(I+Cl) |0 0.02 0.70 0.01 0.57

However, annealing MAPbIz.«Clx films in different atmospheres significantly
improves film formation but at the expense of stability. Refer to the figure on page 31.
MAPDI3«Clx films illustrated here were synthesized from solutions of 2.64 M MAI to
0.88 M PbCl; dissolved in DMSO, spun-cast at 1000 RPM for 60 s onto FTO-coated

SLG substrates and annealed in a vacuum oven that was double pump purged with
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nitrogen gas before being evacuated to a pressure of 76 Torr at the temperatures and
times shown in the figure on page 30. All films exhibited uniform grain size, texture,
and high surface coverage but were acutely sensitive to brief drastic fluctuations in
humidity. The films shown in the next figure on page 31 were exposed to relative
humidity above 70% for approximately 60 seconds before housed in an argon
environment maintained at less than 16% relative humidity. Evidence of that exposure
manifested within 24 hours and continued until a significant portion of the film had
degraded. A day later the films began to change in appearance, sporting colorless,
slightly transparent regions against their original grayish hue. However, control
samples kept in an inert environment retained their pristine state. Overall, adjusting
the spin coating parameters, solution composition, and annealing conditions of

MAPDI3«Clx films made minimal improvements in their quality or stability.
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Figure 9 SEM images of MAPbI3«Clx perovskite films generated from DMSO
solutions based on the precursor compositions described in the table
above. The labels in the top left-hand corner of each image correspond to

the respective set.
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Figure 10 SEM images of MAPDbIz«Clx films annealed under a vacuum of 76 Torr.
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Figure 11  Aging and stability of two MAPDI3xClx films were annealed at 76 Torr at
100 °C for 20 (left) and 60 (right) minutes.

Optimizing the Spin Coating Processing Variables for Depositing MAPbIs Films
Poor film formation is not solved by simply adjusting processing variables for
MAPbIs films deposited through one-step spin coating either. Two replicate sets
comprised of 16 MAPbI3 films each were deposited onto 1” x 1” FTO-SLG substrates
from a precursor solution of 2.64 M MAI and 0.88 M Pbl; dissolved in DMSO,
adjusting the following spin coating and annealing parameters in a % factorial
screening test listen in the table on page 32. Both deposition and annealing were

performed under ambient conditions.
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Table 3 1/2 factorial screening test of parameters that impact the surface coverage
of MAPDI3 spun-cast films

adClo O O
pala el
Annealing time (minutes) A 30 90
Annealing temperature (°C) B 90 110
Spin coating speed (rpm) C 3000 6000
Spin coating time (seconds) | D 30 60
Amount of coating (mL) E 0.2 0.4

Each sample was then divided into a grid as illustrated in the figure on page
33. Images of the films were taken at the sites of interest labeled 1-5 using bright field
optical microscopy imaging at 400X magnification captured through a PixeLink PL-
A662 Digital Camera attached to an Olympus VANOX optical microscope. The
surface coverage of each image was determined using the imaging analysis software
ImageJ (Yang Yu et al. 2011). The average of these five obtained values was
calculated and designated as the overall surface coverage for that sample. The results
are organized into a histogram on page 34. The mean coverage was 67.8 £ 3.1%,
within 95% confidence, with the minimum, median, and maximum levels of coverage

at 46.9%, 67.8%, and 85.7%, respectively.
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Figure 12  Grid lines and numbers were labeled on the back of each substrate in
accordance to this schematic prior to image capture using optical
microscopy.

Performing analysis of variance or ANOVA, with 95% confidence, generates a
plot depicting the differences between the mean surface coverage of samples with
respect to the high and low values of each independent variable or main effect, shown
on page 35. The dashed line at the mean 67.8% is a reference point for comparing the
magnitude of each main effect line. The largest changes in surface coverage
correspond to the most significant factors for controlling surface coverage: spin speed,
annealing temperature, and spin time. The best films, with greatest surface coverage,
were generated at 3000 RPM for 30s and subsequently annealed at 110 °C.
Unfortunately, the surface coverage of those optimized films only averaged 80.0 +
9.8%, with 95% confidence. Full experimental design and ANOVA details are located

in the Appendix.
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Figure 13  Histogram of surface coverage data from the 32 MAPbI3; samples. More
than three-fourths of the films were 60 to 80% covered.
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Main Effects Plot for Surface Coverage

Spin Speed (RPM) Spin Time (s) Amount Deposited (ml)

3000 6000 30 60 0.2 0.4

Annealing Temperature (Celsius) Annealing Time (min)

Mean Surface Coverage (%)

90 110 30 90

Figure 14  Main Effects Plot of surface coverage of MAPDI3 films

Spin coating is a simple and easily accessible deposition techniqgue commonly
used for the deposition of OHPs, particularly the one-step spin coating processes.
Unfortunately, the technique provides little control over surface coverage,
morphology, film thickness, and chemical composition of films, making
reproducibility and optimization of the performance of subsequently assembled PV
devices a challenge. For these reasons vapor deposition has gained momentum as a
favorable approach to depositing OHP films, particularly due to its commercialization
potential versus that of spin coating. CSVT is especially unique in this aspect given
that it is already utilized to deposit more mature thin-film PV technologies. The next
chapter of this thesis will delve into the fundamentals of CSVT and is benefits

compared to that of other vapor based deposition techniques.
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Chapter 3

CSVT GROWTH OF MAPbI3 FILMS

Introduction

CSVT, also called close-space sublimation (CSS), is a physical vapor
deposition technique in which a material is sublimated onto a substrate over a distance
on the order of millimeters. The technique was originally developed for depositing
CdTe absorber and CdS window layers for CdTe thin-film PV devices. CdTe is one
of the most mature and commercially successful thin-film PV technologies,
particularly for large-scale energy projects (Schmidtke 2010). For instance, First Solar
constructed the 58 MW Copper Mountain Solar 1 in Las Vegas is comprised of
1,000,000 FS 272, 275, and 277 CdTe modules (First Solar 2016a). Another example
is the Avra Valley Solar project in Tuszon, AZ, a 25 MW array comprised of
approximately 400,000 modules (First Solar 2016b). CSVT of CdTe and CdS layers
can take place at temperatures below 300 °C, where CdTe dissociates into Cd and Te>
vapors when sublimated but reforms upon condensing onto the substrate. The CdTe
and CdS layers are then exposed to CdCl;and Oz at higher temperatures while in the
reactor (~500 °C) to increase the grain size and induce an inter-diffusion between the
two layers that improves device performance (McCandless I.; Birkmire, R. W. 1999;
Kumar and Rao 2014). CSVT growth conditions, such as deposition rate and substrate
temperature, influence the optoelectronic properties of the deposited films, namely the
hole carrier concentrations and mobility of minority charge carriers (McCandless 1.;
Birkmire, R. W. 1999).

As discussed in the previous chapter, OHP films formed using solution-based

deposition are plagued with wettability issues, poor surface coverage, poor control
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over reaction chemistry, non-uniform film thickness, residual solvent contamination,
and the inability to scale-up into a continuous process (Liu et al. 2013; Bi et al. 2014;
Eperon et al. 2014). In contrast, vapor deposition techniques, like CSVT, are able to
deposit multiple layers of high purity films on a variety of substrates with nominal
control over reactant stoichiometry (Ono et al. 2016). Moreover, CSVT has a number
of advantages over other vapor deposition techniques that have been used to deposit
OHPs. The primary advantage is the aforementioned fact that CSVT is a technique
that has already been developed for commercial manufacturing of CdTe modules
(Schmidtke 2010). Furthermore, CSVT allows temperature control over the source and
substrate allowing for simultaneous deposition and annealing without breaking
vacuum, which simplifies the fabrication process and lowers the risk of moisture
intrusion. In addition, close-proximity between the substrate and source minimizes
material losses due to mass transport. As a result, films can be fabricated on the order
of a few minutes with minimal material consumption, maximizing the number of
deposition runs before replenishing stock. Other demonstrated vapor fabrication
procedures for OHP films are usually either extensively long to compensate for
untargeted deposition onto the substrate or include an additional annealing step
between 20 to 60 minutes (Liu et al. 2013; Gao et al. 2015; Liang et al. 2015; Jung et
al. 2016). For instance, while Liang and colleagues fabricated MAPDI3 perovskite
films using a simultaneous vapor deposition approach is only 15 minutes, they added
an additional 20 minutes for annealing for a total fabrication time of 35 minutes, not
including start-up and cool-down procedures (Liang et al. 2015).

CSVT harbors the advantages of being a highly controlled deposition

technique with fast fabrication times. Its degree of control translates to predictable
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mass transport rates. Modeling the deposition rates of MAPDI3 reactants would greatly
aid in optimizing processing variables to produce thin films exhibiting complete
surface coverage, smooth film texture, and comprised of large, uniform grains that
result in high performing PV devices. The remainder of this chapter will be devoted to

developing this model and how its accuracy will be evaluated.

Development of Fundamental Model for Deposition of OHPs by CVST
Before discussing the mass transfer mechanism in CSVT deposition, it is
imperative to identify the relevant physical and thermodynamic properties of all

materials involved in the deposition process that are needed to establish the model.

Physical and Thermodynamic Properties of Pbl
Molecular Weight (Mpy,;,): 461.01 g/mol
Density (pppy,): 6.16 g/cm®
Melting Point (T,,;) (Knacke et al. 1991): 683 K
Density at Melting Point (p,,) (Lide 2005): 5.691 g/cm?®
Std. Enthalpy of Sublimation (AH,,,;) (Knacke et al. 1991): 140.08 kJ/mol

Clausius-Clapeyron Equation for Vapor Pressure (Ppp;,) (Knacke et al. 1991;

Konings et al. 1996):

(2.00 + 0.02)E04
T

In(Pppr,) = — +(31.8 +0.3) 3.1

Where Ppy,, is in Pascals and T is in degrees Kelvin.

Physical and Thermodynamic Properties of MAI
Molecular Weight (M, 4;): 158.97 g/mol
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Density (pu4;) (Yamamuro et al. 1986): 2.22 g/cm?®
AH.,,, (Dualeh, Gao, et al. 2014): 1055 kJ/mol

Clausius-Clapeyron Equation for Vapor Pressure (Py4;) (Dualeh, Gao, et al. 2014):

1.26E04

In(Pyap) = - +24.3 3.2

Where Py, isinPaand T is in K.

Physical and Thermodynamic Properties of Argon
Molecular Weight: 39.95 g/mol
Heat Capacity (C,,) (National Institute of Standards and Technology 2016): 20.8 J/mol
K

Density (py4,-) (National Institute of Standards and Technology 2016):
par = —1x1072T3 + 1x107°T% — 7x1077T + 2x10~* 3.3

Where p is in kg/m3and T is in °C.

Viscosity (1) (National Institute of Standards and Technology 2016):
p=5x10"8T + 2x1075 3.4

Where pisinPa*sand T is in °C.
Thermal Conductivity (k) (National Institute of Standards and Technology 2016):
w
K (—) = 4x107°T + 2x1072 35
mK

Where k is in W/m*K and T is in °C.
The maximum deposition flux based on thermodynamic limitations can be calculated
using the Hertz-Langmuir relationship, originally proposed by Irving Langmuir in the

early 20" century(Langmuir 1913). The relation is reproduced below.
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1

Jmax = Pvap (M—
w

Where Jmax is in kg/m?s, Pygp is in Pa, R is the universal gas constant (8.314 J/mol K),

Tisin K, and Mw is in kg/mol.

With the above thermodynamic data, the next step is to develop the model for
predicting the deposition flux of MAI and Pbl in the CSVT deposition region,
depicted in the figure below, using Fick’s first law of molecular diffusion (Equation

3.6).
]‘4;) = —DypVey 3.7

Where Dag is the diffusivity of the diffusing species, A, traveling through the bulk

species, B and ca is the concentration of species A.

L.

Argon Carrier
Gas

(Vavg)

y=H

Argon Carrier

Deposition Length
(H)

Reactant Source

Figure 15  Schematic of the deposition region of the CSVT system, portraying the
coordinate system with respect to the source.
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Modifying Fick’s Law of Molecular Diffusion for CSVT
Fick’s law can be modified to accommodate modeling deposition region by applying

the following assumptions:

1.  The deposition length corresponds to the sum of the depth of the source
well, the thickness of the deposition masks and spacers.

2. Deposition is isolated to control volume.

3. Since the deposition of the reactants is sequential, no reactions are
occurring between the carrier gas and each reactant.

4.  Overall argon carrier gas trajectory is in the x-direction.
5. Both the carrier and sublimated reactants behave like an ideal gas.
6.  No re-sublimation of reactant once it deposits onto the substrate.

7.  Heat transfer between the source and substrate occurs through
conduction only.

8.  Pressure inside and outside of deposition region are in equilibrium.

9.  Deposition flux is at steady-state and only occurs in the y-direction
since the x-dimension is infinitely long with respect to H.

10.  Temperature and vapor pressure gradients between the source and
substrate are constant.

Assumptions 4 and 9 aid in establishing the boundary conditions, which have been
added to the schematic of the deposition region shown on page 40 and reproduced

below.
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Gas Gas
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(Vavg)
Reactant Source y=0
T(O) = TSOUFCB
Pa(0) = Py

Figure 16  Reproduction of the deposition region with boundary conditions,
highlighted in red, fashioned from the model’s assumptions.

The addition of assumptions 5 and 7 restrict Fick’s law to its one-dimensional form,

equation 3.8.
Jag = —Dyp (_> 3.8

Where the concentration of diffusing species A is calculated using the ideal gas law,

where Pa is the partial pressure of species A.
fa Pa 3.9

PAV:nART _)VZCA:RT

The concentration gradient is then expanded in equation 3.10 to include a temperature

and pressure gradient for species A.
dcy dcy (dPA> dcy (dT) 1 (dPA> Py (dT)

—— (=) = — )+ == |— 3.10
dy JdT \dy dy RT? \dy

~dy 0P,

" RT

As a result, equation 3.7 also expands into the relationship depicted in equation 3.11.

_RIY)‘A(?)) (il?) Rl[);lg(%l]z (;l_;) 311

Jap =
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Where the vapor pressure gradient, (dP,)/dy, and dT /dy are simplified to equations

3.12 and 3.13, respectively, based on assumption 10.
dT _ AT _ Tsource = Tsubstrate

dy Ay H

3.12

dPy _ AP, _ Pa(H) = P4(0) _ P4(0)

3.13
dy Ay H H

Therefore, the modified form of Fick’s law for modeling CSVT is depicted below.
_ DAB (PA(O)) DABPA (0) (Tsource - Tsubstrate)

Jas =~ gry)\"H R[T(0)]? H 314

The deposition flux is a function of five processing variables: Tsource , Pa, their
respective temperature and pressure gradients, and H. The diffusivity, Dag, changes

based on the selected Tsource and sum of the system and vapor pressures, Piotal.

Calculating Diffusivity of MAI and Pbl,

One of the most critical aspects of accurately modeling the deposition flux of
each reactant is the calculation of Dag, which in this case is the diffusivity of
sublimated MAI or Pbl through the bulk argon gas. Unfortunately, published data is
unavailable for these two binary systems. Therefore, Dag must be either determined
theoretically or empirically. There are two widely accepted approaches for calculating
Dag for an unknown binary-systems: the Chapman-Enskog model and the Fuller,
Schettler, and Giddings method.

The Chapman-Enskog (CE) model, was originally derived by Sidney Chapman
and David Enskog in the early 1900s for monatomic non-polar binary gas systems by
solving the Boltzmann equation, assuming that the intermolecular forces between the

molecules can be represented by the Lennard-Jones function (Geankoplis 2003).
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However, the CE model is applicable to polyatomic non-polar gases and can be
modified to accommodate polar and polar/non-polar gas systems. (Poling et al. 2000;
Bird et al. 2002). Fortunately, all substances involved in the deposition process are

non-polar. Equation 3.14, depicts the CE model.

11 1
D,p = 0.0018583 T3 (—+—) — 3.15
A j M, My <PajBQDAB>

Where Ma and Mg are the molecular weight of species A and B, respectively in g/mol,
P is the total pressure in atm, T is in K, and the resulting Dag is in cm?/s. a5 is
collision diameter or the characteristic length of the intramolecular force described by
the Lennard-Jones function for the molecular pair AB, measured in A. The term @,
is the collision integral for diffusion, a ratio noting the deviation between the
interactions between the actual gas molecules versus if they were rigid, non-
interacting spheres. Q. is a dimensionless term that is a function of dimensionless
temperature, kT /e,5 Or T*, Where g, is the characteristic energy or the maximum
attractive energy of the AB molecular pair and k is the Boltzmann constant. Neufeld,
Jansen, and Aziz generated a regression equation (equation 3.15) for Q. asa
function of T* that is applicable when applying Lennard-Jones function to the CE

model (Bird et al. 2002; Geankoplis 2003).
1.06036 0.193 1.035887 1.76474

AB = 7+0-15610 + 2047635T" + 2 1.52996T" + 23-89411T"

3.16

Qp .z 045, @nd kT /€45 must be calculated using the individual o and /k

values of the carrier gas and sublimated reactants. For argon, ¢ and &/k are 3.504 A
and 117.7 K, respectively (Sandler 2010). Unfortunately, at the time of writing this

dissertation, ¢ and &/k can only be estimated for Pbl,. Therefore, the CE model will be
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used to evaluate the Dag of Pbl2 in argon only. Joseph O. Hirschfelder and Charles F.
Curtiss derived empirical relations for estimating ¢ and &/k using either the critical
point, melting point, or normal boiling point and corresponding specific volume of the
material (Bird et al. 2002). Equations 3.16 and 3.17 are the relations for estimating ¢

and e/k at the melting point of Pbly, respectively.

&
- =1.92Ty 3.17

Where T, in K.
o=1222V)3 3.18

V' is the molar specific volume at the melting point in cm®/mol and can be easily

calculated from p,, and Mp,,, (Lide 2005).

M
7, = —2k 3.19
Pm

The resulting estimates for £/k and o, for Pbl, are 1310 K and 5.287 A, respectively.
For non-polar molecular pairs, a4z is then calculated to be 4.396 A and 45 /k is 392.7

K using combining rules in equations 3.19 and 3.20, respectively.

1
Oup = > (o4 + 0B) 3.20
fap _ |24 (S_B) 3.21
k k \k

Unfortunately, the CE model is relatively complex, and in the case of MAI,
estimating the necessary parameters is difficult. Fuller, Schettler, and Giddings
developed a semi-empirical correlation of Dag to temperature and pressure. The
Fuller, Schettler, and Giddings (FSG) method is less accurate than its more theoretical

counterpart but is equally as versatile for calculating Dag for both nonpolar and polar-
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nonpolar gas systems (Poling et al. 2000; Geankoplis 2003). The relationship, as
presented by Fuller, is reproduced below (Fuller et al. 1969).

N =

1 1
1.00x1073T175 (— + =
(MA MB) 392

Dy =

P[un’ + @on|

Where computed value for Dag is in m?/s, Maand Mg are in g/mol, T is in K, and P in
atm. Values v, and vy are the diffusion volume increments for substances A and B,
respectively, in cm?, listed for a number of compounds by the Fuller, et al (Fuller et al.
1966; Fuller et al. 1969). Unfortunately, this tabulation is limited to a select number of
substances that are commonly studied in their gaseous state, such as Xe and He. So
equation 3.21 is only applicable to MAI, where Y v, and ¥ vy are 64.1 and 16.2 cm?®
for MAI and argon, respectively. But, from this relationship a simple proportionality

arises that is applicable to both reactants:

T1.75
Dyp N 3.23

Hence, if the diffusivity is known at one temperature and pressure, the value can be

extrapolated to a different pair of conditions using equation 3.23.

Pl T2 1.75
Dyp, = DAB’lp_Z( T_1> 3.24

Assessment of the Deposition Model for Pblzand MAI Vapors
Both aforementioned approaches were used to calculate the diffusivity of
sublimated MAI and PDbl vapors in argon, the CE model was applied to Pbl> and the

FSG approach to MAI. From there a number of CSVT deposition case studies were
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conducted exploring different combinations of processing variables with the measured
deposition flux. This data was used to evaluate how accurate the diffusivity models
were at predicting the deposition flux of each reactant under the same processing
conditions. A properly developed model will be an essential aid in when conducting
optimization studies to locate CSVT processing conditions that form optimal MAPDI3
films for PV devices. The next chapter will introduce the operation of the CSVT
system and the experimental design of the deposition case studies. The results will be

compared with the corresponding calculated values.
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Chapter 4
EVALUATING THE MASS TRANSORT MODEL FOR DEPOSITION OF
MAPDI3 USING CSVT
The high degree of control in depositing OHP films using CSVT can be

demonstrated by developing a computational model to predict deposition flux of each
reactant. The accuracy of this mass transport model, originally introduced in Chapter
3, was assessed through the deposition the MAPbI3 reactants MAI and Pbl..
Information on the design of the system used in this investigation and general

experimental procedure for each deposition run are discussed below.

CSVT System Layout and Components

An overall schematic of the CSVT system used in this investigation is located
on page 50 accompanied with an image of the assembled system on page 51. A more
detailed illustration of the deposition zone on page 52 highlights the main components
of the system: 1) two graphite susceptors used to independently heat the source and
substrate for greater control over the mass transport of the sublimating material and
properties of the fabricated film, 2) mica masks that establish the deposition area and
3) mica spacers to set the deposition height and thermally isolate the two regimes,
establishing the thermal driving force that directs the sublimed material. The entire
deposition apparatus is suspended on a glass holder and encapsulated in a 5.3 cm
diameter quartz tube that is 45.7 cm long, with 5.1 cm and 3.8 cm diameter inlet and
outlet custom-sized rounded ends that connect to the inert gas feed and vacuum outlet
fixtures. The substrate and source susceptors are heated using 650 W General Electric
Quartzline® lamps set in fixtures that are positioned above and below the deposition

region, respectively. The lamps are controlled by two Eurotherm® 2404 temperature

48



controllers, equipped with Omega® KMQSS-020U-12 K type thermocouples that are
threaded from the vacuum outlet side into the system and embedded into wells drilled
in each susceptor. To prevent overheating, a water coolant loop passes through each
lamp into a retention bath kept at ambient temperature. Pressure is maintained
through a dynamic vacuum system and measured using a Hastings VT-6 thermocouple
vacuum gauge with analog display and DV-6 gauge tube. The flow of inert gas
supplied from a compressed gas cylinder is controlled using a MKS 247D four-
channel readout with a 1000 SCCM range mass flow controller (MFC) (model #
1179A13CR1BV-S). The MFC was calibrated with argon gas. Under constant flow,
the desired pressure within the quartz tube is set by adjusting the orifice valve leading
to an IVS 6XJ20BB roughing vacuum pump. A tinted shield is erected during
deposition to protect the operator’s vision when operating the system due to the high
intensity of the illuminated bulbs. Based on these features, the relevant variables that
govern deposition flux in the system are the source temperature, substrate temperature,

deposition height, deposition time, deposition area, and system pressure.
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Figure 18  Photo depicting major components of the CSVT system used in this
investigation. The details of the deposition region in between the
susceptors, located at the center of the image, are presented in more detail
in the following figure on page 52.
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Figure 19  Cross-sectional schematic of a CSVT deposition region. Dashed lines
correspond to open region of deposition mask.

Sample Preparation and Standard Operating Procedure

The SLG substrates were scrubbed with a glass-cleaning brush and a solution
comprised of 1 g of sodium tripolyphosphate detergent from Sigma Aldrichand 1 g
Triton X-100 surfactant (Sigma) dissolved in 100 mL of 18.2 MQ-cm NanoPure water
and subsequently rinsed in NanoPure water. Substrates were then dried and stored in
an exclusive desiccator cabinet for later.

Pblz was supplied by Sigma Aldrich and MAI was synthesized based on a
commonly published procedure (Eperon et al. 2014). First, 19 mL of a 33 wt %
solution of methylamine in ethanol (Sigma) was deposited into a flask under constant
argon flow. Next, 20 mL of a 57 wt % aqueous solution of HI was introduced in a
drop wise fashion using a Pasteur pipet. Afterwards, the solution was stirred for
approximately two hours before heating between 100 and 110°C for one to three hours

until the first sign of MAI precipitation is noted. At that point the container harboring
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the solution was immediately removed from the heat source and allowed to cool to
room temperature in a secluded location overnight.

Purification of the synthesized MAI is critical since the product is
contaminated with unreacted HI, methylamine solution, water, and ethanol. The
product was recrystallized using a minimal amount of ethanol (ThermoFisher
Scientific). After 24 hours, the material is then vacuum filtered through a fitted glass
or ceramic Buchner funnel and washed with diethyl ether (Sigma). Upon introducing
diethyl ether, the solubility of any residual product in the distillate decreases, forcing it
out of solution. Thus, a second pass of the distillate was performed to recover as much
of this material as possible. After completely drying the material, the recrystallization
and filtration steps were conducted two more times before the material was used.

Powder XRD confirmed the synthesis of the product seen in the figure on page 54
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Figure 20  Powder XRD pattern of a) synthesized MAI compared to b)powder
diffraction file (PDF) 00-010-0037 obtained from the International
Centre for Diffraction Data (ICDD, 2013).

A source and substrate susceptor was assigned to each reactant. Pbl> and MAI
were finely ground using a mortar and pestle and then tightly packed into the
susceptor well using a piece of SLG cut to the same size as the area of the well. New
sources were sintered to ensure a uniform surface for deposition. Another SLG piece
was placed, securing the well-fitted glass in place and minimize unwanted sublimation

of the source while sintering, followed by the substrate susceptor. The susceptor
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apparatus was then loaded into the system. MAI sources were sintered at 150 °C and
Pbl. sources at 375 °C for fifteen minutes at ambient pressure.

Prior to the start of any run, the temperature controllers were set to their
desired set points and the corresponding temperature recording software was initiated.
This was followed by a single system pump purge to remove moist contaminated
ambient air. Under the constant flow of inert gas, the vacuum orifice was then adjusted
until the desired system pressure is observed. After the pressure stabilized, the UV
shield was erected and the source temperature controller activated. The deposition
time began when the source temperature reached the set point. Once the process
began, the pressure, source temperature, and substrate temperature were documented
by the operator at 1 minute intervals onto a deposition run sheet that documented
observations and results. Source and substrate temperature were also recorded over the
entire course of the run by the monitoring program. Upon completion, the temperature
recording software was stopped, controller was shut off, and the vacuum orifice was
closed. The inert gas flow rate was then gradually increased to maximum rate to purge
the system back to ambient pressure and stop the deposition process. The amount of
material deposited onto the cleaned substrates was determined from the average of
three measurements taken before and after deposition using a Mettler Toledo AT261
DeltaRange® scale with a sensitivity limit of 1-0.1 mg.

In between blocks of replicate runs, and before switching sources, the quartz
tubing and glass susceptor holder were cleaned with a dilute solution of Alconox

Liquinox® detergent in DI water and a glass-cleaning brush.

55



Modeling Deposition Flux of MAPbIs Reactants

Pbl, Deposition

The Pbl, deposition case study was conducted using a full-factorial
experimental design comprised of three factors, including one hard-to-change (HTC)
factor, listed in the table below. Pressure was designated as the HTC factor not
because it was difficult to adjust but because the proportional-integral-derivative (P1D)
tuning parameters of the temperature controllers were dependent on both temperature
and pressure. During the development of the experiments, slight adjustments to either
parameters without retuning resulted in unstable temperature profiles. Thus, the
controllers were tuned to one set of PID parameters at 0.6 Torr and another at 1.0 Torr
to ensure that the temperature profile behavior remained the same. The substrate
temperature was not controlled. The deposition time was held at five minutes to
primarily demonstrate how quickly films could be produced. The rate of mass change
in the source and the plain SLG substrate were documented. Due to limited materials
for producing different sized masks, the deposition area was held constant at 4 cm?.
The argon carrier gas flow rate was set to 70 SCCM. The experiment contained two
replicates, separated into two blocks for a total of 16 runs. As a result, the experiment
is of a Resolution 111 design. Despite the existence of confounded effects other than
that of the main factors, the purpose of employing this design was not to determine the
most significant factors that impact deposition flux since all processing variables are
either directly or indirectly included in the model. Ignoring one of those factors may
compromise the model’s accuracy. The full factorial design in this case allows for
efficient use of time and resources to explore the impact of multiple processing

variables on deposition flux.
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Table 4 Deposition variables explored in the Pbl> deposition case study (* = HTC

Factor)
Depo 0 ariaple acto 0 0
Psys (Torr)* A 0.6 1.0
Tsource (OC) B 375 385
H (mm) C 2.83 | 3.83

The empirical deposition flux was calculated by dividing the rate of mass loss
from the source by the deposition area. The arithmetic mean and corresponding
standard deviation for each experimental condition is summarized in the table below.
Where, Psys is system pressure, H is deposition height, Tsource IS the temperature of the
source material, Tsubstrate is the temperature of the substrate, Amsource iS the change in
the mass of the source, and Jag is the deposition flux. Note that the deposition flux is
assumed to be steady state so the negative sign corresponds to the fact that the
deposition flux was calculated with respect to the source. Full tabulation of the results

is available in Appendix A.

Table 5 Summary of Results for Pbl, Deposition Case Study

P 0 e bstrate A 0 e AB

0 ° ° 0 0
0.6 2.83 375 104.4 -(1.2+£0.5)E-02 -(9.8+4.5)E-06
0.6 2.83 385 109.0 -(2.8+£0.7)E-02 -(2.4£0.6)E-05
0.6 3.83 375 98.0 -(1.6£0.5)E-02 -(1.3+£0.4)E-05
0.6 3.83 385 99.5 -(1.7£0.5)E-02 -(1.4£0.4)E-05
1.0 2.83 375 115.3 -(7.9+£3.6)E-03 -(6.5+£3.0)E-06
1.0 283 385 1198 |-1.0E-02 -(8.5+0.2)E-06
1.0 3.83 375 102.5 -(2.9+£0.6)E-03 -(2.4£0.5)E-06
1.0 3.83 385 103.8 -(5.7£2.6)E-03 -(4.7£2.2)E-06
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In comparison, the CE model estimates for the diffusivity and deposition flux are

listed in the table below.

Table 6 Comparison of Empirical (EMP) and Calculated (CE) Deposition Flux

for Pbl,

Psys H

Tsource Tsubstrate Amsource JAB—EMP JAB—CE

(Torn)_(mm)_ (°C) _ (°C) __(0) (g/cm?s) (9/cm?s)
06 283 375 1044 |-(1.2+0.5)E-02 | -(9.8+4.5)E-06 | 280.4 |-3.3E-04
06 283 |38 |109.0 |[-(2.8+0.7)E-02 | -(2.4+0.6)E-05 |282.7 |-5.2E-04
06 383 375 980 |-(1.6£0.5)E-02 | -(1.3+0.4)E-05 | 280.4 | -2.7E-04
06 383 |38 |995 |-(1.7+0.5)E-02 | -(1.4+0.4)E-05 |282.7 |-4.2E-04
10 283 [375 1153 | -(7.9+3.6)E-03 | -(6.5+3.0)E-06 | 170.6 | -2.0E-04
10 283 [385 [119.8 | -1.0E-02 -(8.5£0.2)E-06 | 1735 | -3.2E-04
10 383 375 1025 | -(2.9+0.6)E-03 | -(2.4+0.5)E-06 | 170.6 | -1.6E-04
10 383 |385 1038 | -(5.7+2.6)E-03 | -(4.7+2.2)E-06 | 1735 | -2.6E-04

The model successfully accounted for the direct correlation between deposition
flux and temperature while H and Psys were held constant. However, the estimated
values are at least an order of magnitude higher than the actual flux. Reasons for this

discrepancy are discussed below.

MAI Deposition
The experimental design for the MAI deposition case study was a simpler two-
way classification design, focusing on only adjusting the system pressure and source
temperature, the explored parameters tabulated below. The experiment was comprised
of two replicates, separated into two blocks for a total of 12 runs. Pressure was not an
HTC factor in this case since the challenges with PID tuning that were faced during

the Pbl> case study were resolved by decreasing the power output from the lamps to
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25% their maximum output. This approach minimized the likelihood of overshoot
upon startup and fluctuations about the set point. The variable H was not adjusted in
these studies due to the fact that MAI is much more volatile than its lead counterpart,
resulting in poorer control over its trajectory even at such close proximity between the
source and substrate. The amount of material that resides within the deposition region
is inversely related to H. Therefore, it is best to keep H as low as possible to retain the
maximum amount of material while providing enough clearance for the deposition
region to reach equilibrium with its surroundings. In this case, the deposition height
has held constant at 2.33 mm along with the deposition time at five minutes and
deposition area at 4 cm?. Again, the argon carrier gas flow rate was set to 70 SCCM.
The empirical deposition flux was also calculated based on the rate of mass loss from
the source. A summary of the results is tabulated below with the details of the

individual runs stored in Appendix A.

Table 7 Deposition variables explored in the MAI deposition case study

Deposition Factor  Values

Psys (TOIT) 0.6,1.0
Tsource (°C) 155, 165, 175

Table 8 Summary of Results for MAI Deposition Case Study

Psys Tsource Tsubstrate AmMsource Jas

(Torr)  (°C) (°C) (9) (9/cm2s)

0.6 155 42.3 -(4.6+0.6)E-03 -(3.80.5)E-06
0.6 165 43.3 -(6.2+2.3)E-03 -(5.1+£1.9)E-06
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0.6 175 44.1 -(8.1+0.6)E-03 | -(6.8+0.5)E-06
1.0 155 45.4 -(3.8+t1.3)E-03 | -(3.2+1.1)E-06
1.0 165 48.5 -(4.0+0.4)E-03 | -(3.30.3)E-06
1.0 175 50.9 -(6.2+1.9)E-03 | -(5.1+1.6)E-06

In comparison, the FSG method estimates for the diffusivity and corresponding

deposition flux are listed in the table on page 60.

Table 9 Comparison of empirical (EMP) and calculated deposition flux (FSG) for

MAI

Psys Tsource Tsubstrate AMSource JAB-EMP DaB-Fsc  JaB-FsG

(Torr) (°C) (°C) (9) (g/cm?s) (cm?/s)  (g/cm?s)

06 | 155 |42.3 -(4.6£0.6)E-03 | -(3.8+0.5)E-06 | 8.0 -1.1E-03
06 | 165 |433 -(6.2£2.3)E-03 | -(5.1+1.9)E-06 | 4.6 -1.2E-03
06 |175 441 -(8.1#0.6)E-03 | -(6.8+t0.5)E-06 | 2.6 -1.2E-03
10 |155 | 454 | ~(3.8+1.3)E-03 | -(3.2+1.1)E-06 | 7.5 -1.0E-03
10 | 165 |485 -(4.0£0.4)E-03 | -(3.3t0.3)E-06 | 4.3 -1.1E-03
10 |175 | 50.9 -(6.2+1.9)E-03 | -(5.1+1.6)E-06 | 2.5 -1.2E-03

Unlike with Pbly, the model estimates a majority of deposition flux values

within the same order of magnitude as the measured quantities. However, a negative

correlation between of the calculated Dag to temperature was observed at both system

pressures. Furthermore, the change in the calculated Jag is virtually stagnant while the

empirical values clearly display a direct relation with temperature under isobaric

conditions.
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Discussion on Accuracy of Deposition Flux Model
In both instances the model exhibits inaccuracies, overestimating the
deposition flux of Pbl, by at least an order of magnitude and incorrectly depicting the
relationship between the mass transfer of MAI and temperature. The main causes of
these inaccuracies may stem from the assumptions used to develop the model, the
methods used to estimate the diffusivity of each reactant in the bulk phase, or various

systematic errors.

Validating Model Assumptions

One of the most critical model assumptions, originally introduced in chapter 3,
is that the only means of heat transfer between the source and substrate occurs through
conduction. Otherwise, the form of Fick’s law that was used to develop equation 3.13
would have to be modified to accommodate the addition of convective mass transfer.
Recall that there are two general forms of heat transfer: convection and conduction.
Conduction is the transfer of heat through random interactions between molecules or
atoms that make up a substance. Hence, the primary means of heat transfer through
solids. In contrast, convection occurs through both the transfer of heat through
diffusion and the resulting bulk transport of material, a phenomenon normally
associated with fluids. Convection can further be classified as forced or natural
convection. Forced convection is the transfer of heat through the motion of a fluid
directed by an external force, such as a pump or fan. Natural convection is the transfer
of heat through differences in buoyancy due to the presence of a temperature gradient
(Geankoplis 2003). If convection exists within the deposition region, it would most
likely be natural since a temperature differential is maintained between two locales

would induce bulk movement of the argon carrier gas, enhancing the deposition flux.
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The Peclet and Rayleigh numbers can be calculated for the argon gas, ignoring
the concentration of the sublimed reactant, in order to determine if mass transfer is
governed by conduction. The Péclet (Pé) number is a ratio of heat transfer originating
from convection versus that of conduction calculated from the product of the Reynolds
(Re) and Prandtl (Pr) numbers. If the Pé is less than 1, the system is governed
primarily by conduction. Otherwise, the dominant heat transfer mechanism is
convection. In addition, the onset of natural convection can be determined by
calculating the Rayleigh (Ra) number, a dimensionless value named after John
William Strutt or Lord Rayleigh. Ra is the product of the Grashof (Gr) and Pr
dimensionless numbers. By principle natural convection does not manifest as long as
Ra is less than the critical value, which in this case is 1708. Beyond this value, the
deposition region would behave like a Poiseuille-Bénard system, featuring Poiseuille
flow through a rectangular channel maintaining a temperature gradient between the
top and bottom locales. Temperature differential within this arrangement can induce
Rayleigh-Bénard convection, where the carrier gas is heated from below by the higher
temperature source inducing the convective forces (Nicolas et al. 1997). The
relationships for calculating both dimensionless numbers are shown in equations

4.1and 4.2 (Bird et al. 2002; Hauke 2008).

cpUH
Pé=RePr=pP 41
Ra = Gr Pr = ngzgﬁ (TSourLeK_ Tsubstrate)CP 4.2

Where g is the acceleration of gravity (9.81 m/s?), B is the volumetric coefficient of

expansion calculated from the inverse of the average of Tsource and Tsubstrate IN K.

ﬁ — [(Tsource + Tsubstrate)]_1 43
2
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Pé and Ra values were calculated at the minimum and maximum operating
pressures, 1.0E-3 and 760 Torr, respectively, from 100 to 400 °C to determine if there
is a pressure-temperature combination that would generate convective forces, namely
natural convection. These Pé trends calculated for argon at temperature differences
between 50 to 200 °C is plotted below show that the primary heat transfer mechanism

throughout the entire operating pressure range is conduction.
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Figure 21  Pé values for the argon carrier gas calculated at multiple temperature drops between the source and substrate at

1.0E-3 and 760 Torr as the source temperature is increased from 100 °C to 400 °C.



Moreover, Ra trends calculated at the same temperature differences reinforce that
natural convection is unable to be sustained at any of the system conditions studied in
this investigation. These plots are shown below. Therefore, the primary heat transfer
mechanism in the CSVT deposition region has been confirmed to be conduction based

on dimensionless number calculations.
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However, some of the other assumptions utilized to develop the deposition flux
model were not observed during the case studies. The validity of assumptions 9 and 10
are called into question because the temperature driving force was observed to change
as a function of time. Hence, the deposition flux was not at steady state. The mica
insulation was unable to completely eliminate conduction between the source and
substrate susceptors, due to their close proximity and additionally, conduction through
the carrier gas, even at low pressures (~1 Torr). As a result, the temperature of the
substrate increased within the time-scale of the deposition. This transient phase could
take up to 30 minutes to stabilize, as illustrated by a selected number of Pbl>

deposition runs at ambient pressure featured in the figure on page 68.
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Substrate temperature profile during deposition of Pbl> for 30 minutes at 760 Torr with a deposition area of
8.55 cm?.



Mica is an ideal choice as an insulating material, having a very low thermal
conductivity, high melting point, and is chemically inert and resistant to most
substances. For instance, the results for the Pbl, case studies show that the temperature
difference between the source and substrate was on the order of 100 °C. But its
inability to completely isolate heat emitted from the source susceptor results in a
diminished driving force to the substrate. Instead, the sublimed material gradually
defuses outside the deposition region. The material then deposits onto the cooler inner
walls of the quartz tubing or is carried away by the cooler carrier gas.

Adjusting processing variables does not alleviate the issue. For instance,
increasing the deposition height to further isolate the two sources only offsets the

magnitude of the gradient, as shown in the figure below for Pblo.
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Based on the above, experimental times were set as short as five minutes to not
only demonstrate fast deposition but also minimize the change in the temperature
gradient. Thus, the substrate temperature shown in the result tables for Pbl> and MAI
is actually the median substrate temperature of the source selected as the
representative value in the model. This approach was more successful with MAI due
to the lower source temperature, hence smaller deviation in temperature gradient.
Though, the application of the median source temperature in the model may have
contributed to the overestimation in the deposition flux calculated for Pbl. Since the
temperature gradient between the source and substrate decreases over time, the
deposition flux also decreases over that same period. However, by calculating the flux
using a fixed value for the substrate temperature, the calculated gradient is larger than
that of the empirical gradient, resulting in the calculated flux being greater than the
actual flux.

The existence of a time-dependent temperature gradient also invalidates
assumption 2 since material is diffusing outside of the deposition region. The mass
change in the substrate was not equal to that of the source. The case study results for
Pbl. are reproduced in the table on page 72 with the arithmetic mean for the mass
change in both sites. No consistent trends with temperature and pressure were
observed in the discrepancy between the changes in the mass of the source versus that

of the substrate.
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Table 10  Reproduction of Pbl case study results with mass change in source and
substrate according to each experimental condition

P ource bstrate  AIMsource A b
0 © © 0 0

0.6 2.83 375 1044 | -(1.2+0.5)E-02 (1.1+0.4)E-02
0.6 283 385 [109.0 | -(2.8+0.7)E-02 (2.6+0.8)E-02
0.6 383 375 | 980 -(1.620.5)E-02 (1.1+0.5)E-02
0.6 3.83 385 |995 -(1.70.5)E-02 (1.740.6)E-02
1.0 283 375 | 1153 | -(7.9+3.6)E-03 (5.9+4.2)E-03
1.0 2.83 385 119.8 -1.0E-02 (9.3+0.5)E-03
1.0 383 375 1025 | -(2.90.6)E-03 (3.2+0.1)E-03
1.0 383 385 1038 |-(5.7+2.6)E-03 | (4.6+0.6)E-03

For MAI, even lower amounts of material reached the substrate, shown in the table on
page 73. Unlike Pbl., the discrepancy between the source and substrate increases with
temperature under isobaric conditions. The empirical deposition flux was determined
using the rate of mass loss from the source due to two observations: 1) the discrepancy
in the mass change of the source and substrate observed in the Pbl, deposition runs
and 2) the proximity of the change in the mass of the substrate in the MAI case studies
to the sensitivity limits of the balance. Though, theoretically the diffusion flux should

be at steady state.
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Table 11  Reproduction of MAI case study results with mass change in source and
substrate according to each experimental condition

Tsource Tsubstrate Amsource Amsubstrate
°C)  (°C) (9) (9)
0.6 155 42.3 -(4.6£0.6)E-03 (4.0£1.0)E-04
0.6 165 43.3 -(6.2+2.3)E-03 1.1E-03
0.6 175 44.1 -(8.1+0.6)E-03 (1.9+0.1)E-03
1.0 155 45.4 -(3.8+1.3)E-03 (5.0+1.0)E-04
1.0 165 48.5 -(4.0+0.4)E-03 (1.1+0.1)E-03
1.0 175 50.9 -(6.2+1.9)E-03 (1.3+0.6)E-03

Alternative Approaches to Estimating Diffusivity of MAI and Pblzin Argon

Based on the Pbl> case study results, the CE model overestimated the
diffusivity of Pblz in argon. The cause of the overestimation most likely originated
from the inaccuracies in estimating o and &/k using equations 3.16 and 3.17. But,
estimating these constants using different thermo-physical parameters, such as the
molar volume data at the normal boiling point or critical point, would be even more
challenging since that information is difficult to locate for Pbl,. The best alternative
would be locate experimental data of a Pbl. vapor with another inert gas or for a
compound with similar structure to Pbl. in argon. But, limited availability to this type
of data is the reason why the theoretical route was taken. Other options would be to
select another estimation method, or measure the value empirically.

However, alternative methods are closely related to the CE model. For
instance, the Hirschfelder, Bird, and Spotz (HBS) method is essentially the CE method
modified with the inclusion of a collision integral data calculated by the Hirschfelder
and colleagues (Wilke and Lee 1955). In fact, the collision integral relationship shown

in equation 3.16, which was developed by Nefeld, Jansen, and Aziz, is based on an
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improved calculation of the HBS values performed by Monchick and Mason (Bird et
al. 2002). Hence, the CE and HBS methods will most likely produce similar results.
Wilke and Lee also proposed a correction factor for the molecular weight term in the
HBS method (Wilke and Lee 1955). However, this method is also a modification of
the CE model, still harboring the same challenges with estimating ¢ and ¢/k.

Other options closely follow the FSG method. For example, the relationship
for the Arnold method is similar to that of the FSG method, introducing the Sutherland
constant as a correction term to improve the model’s response to temperature (Wilke
and Lee 1955). Another alternative, the Gilliland method, has a format that is also akin
to the FSG method, shown in equation (Gilliland 1934). Again, the similarities in the
alternative models would not make a significant difference in the calculated Das

Overall, the challenges with theoretically calculating Dag reinforces the need
for empirical validation. Some commonly employed techniques for measuring Das
include closed tube, evaporation tube, two-bulb apparatus, point source, and gas
chromatography approaches, which are elaborated on by Marrero and Mason (Marrero
and Mason 1972). However, a majority of these techniques require specially designed
experimental apparatus which may not be readily available to an investigator,
especially for the closed tube and two-bulb apparatus methods. Also, most approaches
have temperature restrictions given the operating limitations of working mechanisms
in the experimental apparatus.

The evaporation tube approach is the most applicable to measuring the
diffusivity of the reactants studied in this investigation due to its well-documented
application to a large number of binary systems with a diffusing species evaporating

from a solid or liquid. This technique consists of a vertical tube of uniform cross
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sectional area being filled with the solid or liquid state of the diffusing material, to a
known height, while the remainder of the tube is filled with the bulk gas. Outside of
the tube, the gas passes by at a flow rate that quickly dissipates any of the evaporating
species as it leaves the tube, setting the boundary condition for the concentration of
diffusing species at the top of the tube to zero. A schematic of the experimental design

is shown on page 75.

Vpurge gas
A
Xy {z=H):0 v A
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Xa (Z = 0) : xA,sur‘face S v Z
~— X

Figure 25  Evaporation Tube experimental apparatus

However, the approach is extremely sensitive to temperature and pressure
fluctuations and requires accurate recording of initial sample height, meaning that a

highly precise measurements would be necessary to ensure reproducibility (Marrero
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and Mason 1972). Siddiqi and Atakan, adapted the evaporation tube approach for use
with a TGA to perform measurements on the diffusivity of a number of organometallic
compounds used in CVD applications, including ferrocene (Siddigi and Atakan 2007).
In their technique, a measured amount of material was packed, to a particular height,
in a sample pan of known dimensions. The rate of mass loss was then recorded at a
number of isothermal steps, held for a long period of time while the bulk gas passed
over the pan at rates on the order of 100 cm®/min. Since the experiments were
conducted under ambient pressure, any deviation in the mole fraction of the bulk gas
from unity was assumed to be negligible due to the significantly lower vapor pressure
of the subliming material. This assumption simplified the materials balance on the
diffusing species from the surface of the source to the top of the tube. The resulting
relationship calculated Dag as the product of the vapor pressure and actual value,
shown in equation 4.4. The actual Dag was then determined by measuring the vapor
pressure of the material using the Knudsen effusion method. A similar approach is

recommended for measuring the Dag of MAI and Pbls.

Am 2 RTp,
PiDsp ={(=—+H) — H? 4.4
ATAB {(SpA * ) }ZMWt

Where Am is the change in the mass in kg, S is the surface area in m? t is the
measurement time in s, and T is the measurement temperature in K.

Another approach is to estimate PaDag from the Jag case study data. However,
this route produces values that are dependent on processing conditions that Dag is
normally not a function of, such as deposition height and the temperature gradient, and
are subject to systematic errors associated with the CSVT deposition apparatus. Below

is a tabulation of PaDag calculated from the Pbl> and MAI case studies using the mass
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transport model (equation 3.13). The values are then compared to the product of Dag
calculated through respective theoretical models and Pa based on the Clausius-

Clapeyron relations shown in equations 3.1and 3.2, respectively.

Table 12  Ppoi2Dag values calculated based on Pbl> case study results versus CE
method

Tsource  Tsubstrate Ppbi2Das-emp  PpbizDas-ce

®) ®) (Pa*cm?/s) (GERED)

0.6 2.83 | 375 104.4 24.0£7.9 8.1E02
0.6 2.83 | 385 109.0 58.7+10.7 1.3E03
0.6 3.83 | 375 98.0 40.748.3 8.1E02
0.6 3.83 | 385 99.5 44.2+9.4 1.3E03
1.0 283 | 375 115.3 16.0+5.2 5.0E02
1.0 2.83 | 385 119.8 21.3+0.3 8.0E02
1.0 3.83 | 375 102.5 7.2+1.1 5.0E02
1.0 3.83 | 385 103.8 14.6+4.8 8.0E02

Table 13 PwmaiDag values calculated based on MAI case study results versus FSG
method. Pmai

Tsource  Tsubstrate PmaiDag-emp  PmaiDaB-FsG

(°C) (°C) (Pa*cm?/s)  (Pa*cm?/s)
0.6 155 42.3 15.6£1.4 1.0E03
0.6 165 43.3 21.5+5.8 1.4E03
0.6 175 441 29.1+1.4 1.9E03
1.0 155 45.4 12.9+£3.1 6.9E02
1.0 165 48.5 13.84£0.9 9.8E02
1.0 175 50.9 22.1+4.9 1.4E02
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The theoretical product for Pbl> and MAI under each set of process parameters
is at least an order of magnitude greater than the corresponding values calculated out
of equation 3.13. The cause in the discrepancy between the theoretical and empirical
values could be associated with either Dag or Pa. The inaccuracies originating from
calculating or measuring Dag have already been discussed. In terms of Pa, the
likelihood of Ppui2 being an issue is low since its vapor pressure data is well-
documented (Knacke et al. 1991; Konings et al. 1996). But Pmai data is in need of
verification, responsible for the large discrepancies in PmaiDag-rsc, the inverse
relationship between Dag values calculated using the FSG method, and virtually no
change in the corresponding flux. Dag is directly related to temperature and inversely
related to pressure, a relationship that is present in all the theoretical and empirical
models that have been showcased to this point. But, in the case study data the change
in Dag-Fsg Was inversely related to temperature under isobaric conditions.
Furthermore, the corresponding Jas-rsc trends were stagnant under the same
conditions. MAI has not been studied as extensively as Pbly, resulting in few sources
for reliable thermos-physical and mass transport property data. The Pmai data used in
this investigation originates from the only known published source from Dualeh and
colleagues (Dualeh, Gao, et al. 2014) and suggests that MAI volatility is higher than
what was observed. The MAI case study results are reproduced below with the
corresponding Pmai data. If Pmar was as high as Dualeh’s suggests, then the decrease
in Dag-rsg With temperature and the minimal change in Jasrsc Would be justified since

the overall pressure of the system would increase.
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Table 14

MAI case study results with corresponding vapor pressure data predicted

from Dualeh and colleagues (Dualeh, Gao, et al. 2014)

TSOU rce

Tsubstrate

Pvap

AMsource

(°C) _ (°C) (Torr) _ (9)
0.6 155 42.3 4.1 -(4.6+0.6)E-03 -(3.8+£0.5)E-06
0.6 165 43.3 8.1 -(6.2+2.3)E-03 -(5.1+1.9)E-06
0.6 175 44.1 15.4 -(8.1+0.6)E-03 -(6.8+0.5)E-06
1.0 155 45.4 4.1 -(3.8+1.3)E-03 -(3.2+1.1)E-06
1.0 165 48.5 8.1 -(4.0+0.4)E-03 -(3.3+0.3)E-06
1.0 175 50.9 15.4 -(6.2+1.9)E-03 -(5.1+1.6)E-06

The conflict between the trends in the observed and calculated deposition
parameters prompts validation of Pmai. Thermogravimetric analysis (TGA) was
employed to quantify the sublimation properties of MAI, starting with differential
scanning calorimetry (DSC) to analyze the material’s stability from room temperature
to 300°C, the maximum temperature Dualeh and colleagues studied their MAI
samples. These measurements were performed on approximately 40 mg material
housed in a 90 pL alumina sample pan under a 100 cm®/min of nitrogen flow in a TA
Instruments SDT Q600 TGA/DSC system with calibrated mass flow controller. The
results revealed that the material undergoes two thermodynamic phase changes, shown

in the figure below.
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Figure 26  DSC temperature survey of MALI in nitrogen gas noted two
thermodynamic phase changes. Significant weight loss was not seen until
temperatures reached above 200 °C.

The first phase change was observed around 150°C corresponds with sintering.
Dualeh calculated the temperature at which the vapor pressure of MALI is 760 Torr, or
the Tsub, to be greater than 250 °C (Dualeh, Gao, et al. 2014). In the DSC results, mass
loss was observed at that temperature but its proximity to the second phase transition
at 275 °C calls into question if that temperature truly corresponds to sublimation since
the material was observed to rapidly deteriorate and melt. If degradation does occur or
the melting point is reached over the temperature ranges Dualeh studied, it may have

impacted the vapor pressure data. Dualeh employed TGA but did not disclose enough
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details on experimental design, particularly the pressure at which they operated their
TGA system. Based on the inclusion of Tsub, the experiments were most likely
conducted at ambient pressure but that is never explicitly stated. While utilizing TGA
to measure Pa is a simple technique, the experimental design is critical to obtaining
accurate results. Lack of full details of their procedure is a concern since their values
cannot be reproduced and elements of the design could result in measuring inaccurate
values, such as the sample decomposition and measuring values at ambient pressure.
The rate of mass loss will be suppressed within this diffusion-limited regime due to
the pressure of the surrounding atmosphere being significantly higher than the Pa of
the material. Further analysis is required to determine the exact melting point of the
material, what the MAI decomposes into, and if the behavior varies with the source of
the MALI But, based on Dualeh’s published experimental procedure, the discrepancy
observed in the case study data, and degradation of MAI observed during DSC, the
accuracy of the vapor pressure data and corresponding AH.,,, published by Dualeh
and colleagues requires validation.

Experiments for validating the vapor pressure of a material like MAI are well-
documented. Please refer to selected references from Gillan and Vieyra-Eusebio for
further details (Gillan et al. 1997; Vieyra-Eusebio and Rojas 2011). The vapor
pressure of MAI was also estimated using TGA in this investigation. Vapor pressure
determination using TGA involves measuring the rate of mass loss of the material at
selected temperatures below the melting point for an extended period of time under
vacuum. The desired trend is linear, translating to no degradation in the material or
change in the surface area of the material over that period of time. The data can then

be incorporated into the Hertz-Langmuir relation (equation 3.6) to calculate the vapor
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pressure. Linear regression of the natural logarithm of the vapor pressure data versus
the inverse of the temperature, in K, will compute the constants for the Clausius-
Clapeyron equation, including AH.,,, (Gillan et al. 1997). The Hertz-Langmuir
relation was originally developed for calculating Pa using mass loss data collected
under vacuum due to the possibility of underestimating the rate of mass loss. Thus, Pa
determination of TGA should be performed under the same conditions even though
the common approach is to conduct the experiments at ambient pressure.
Unfortunately, such facilities were not available to illustrate this concept in this
investigation but an alternative approach was explored. The CSVT system was
employed to collect rate loss data under 200 °C. A preliminary experiment was
conducted, assuming that the rate of mass loss would be linear. These experiments
predated the case studies, when the change in the mass of the source and substrate
were assumed to be equal. Hence, only the rate of change in the mass of the substrate
was recorded. Deposition runs were conducted for 15 minutes at 150, 160, and 170 °C
at 0.5 Torr and argon flow rate of 70 SCCM. The results are shown in the table below.
Vapor pressure was calculated using equation 3.6 and used to derive Clausius-
Clapeyron coefficients. The fit and corresponding equation displayed in the figure on
page 84. The AH_,,;,, was calculated to be 55.8+1.6 kJ/mol, approximately half of that
published by Dualeh. Note that at this point in the time temperature control within this
range was a challenge so actual Tsource Values fluctuated around 2 °C from the set point
and changes in the mass were close to the sensitivity limits of the mass balance. Future
replicates should be conducted under much more accurate temperature profiles and
performed under deposition times that are at least twice as long to ensure a change in

the mass that is well above the sensitivity limit of the balance.
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Table 15  Preliminary data from CSVT system for empirically determining Pyap ,
calculated using the Hertz-Langmuir (HL) relationship

Tsource Tsubstrate Mgy bstrate

(°C) _ (°C) (9/s)
150 | 68.6 (5.6£1.6)E-07 | -(1.4+0.4)E-07 | 5.2E-04

160 74.0 (7.8+2.5)E-07 -(1.9+0.6)E-07 7.3E-04
170 80.0 (1.1+0.3)E-06 -(2.8+£0.6)E-07 1.1E-03
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Clausius-Clapeyron curve fit for MAI based on preliminary data collected using CSVT system, displaying the
95% confidence interval (Cl) and prediction interval (PI) from 150 to 170 °C. The linear model is In (P2/P1) = -
(6.7£0.2)E3/T+4.0+0.5, where P1 = 0.5 Torr and the uncertainty values for each constant are the standard error
of the estimate, which is calculated in a similar fashion as the standard deviation. Full regression analysis is
located in the appendix.



To show the result of collecting mass loss data at ambient pressure the
measurements were also conducted in the same Q600 SDT system employed for the
DSC measurements. A sample of 0.20 g of MAI was packed and sintered at 150 °C for
15 minutes in a 90 pL alumina sample pan prior to analysis. The rate of mass loss was
recorded under argon gas flow rate of 5 cm*/min from 75 to 200 °C with isothermal
step times of 15 minutes each at ambient pressure. The temperature and rate mass loss
profiles are shown in the figure on page 86, accompanied by a table of the results and
calculated Pmai values. The Clausius-Clapeyron coefficients were generated in the
same manner, the empirical data along with the corresponding fit displayed in the
figure on page 87. The AH.,,,was calculated to be 71+5.5 kJ/mol, a higher value than
that of the preliminary results but still lower than published by Dualeh.

The comparison of Jag calculated with both the preliminary and TGA derived
Pmai data is tabulated on page 88. The values calculated from the TGA data are about
two orders of magnitude lower than that of the actual flux. In contrast, the preliminary
measurements are closer in agreement to that of the empirical results. Again, while the
approach of determining Pa at ambient pressures has been adopted as a common
practice, based on the vapor pressure data collected in this investigation, any further
validation of these values should be conducted under vacuum (Langmuir 1913; Siddiqi

and Atakan 2007).
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Figure 28 TGA results for MAI, depicting mass loss at each programmed
isothermal step
Table 16  TGA data for empirically determining Pvsp , calculated using the Hertz-

Langmuir (HL) relationship

D
0 AB ap

0 0 Pa
80 -1.7E-09 -7.1E-09 2.4E-05
104 -4.7E-09 -2.0E-08 7.1E-05
128 -1.6E-08 -6.9E-08 2.5E-04
153 -6.1E-08 -2.6E-07 9.8E-04
177 -2.7E-07 -1.2E-06 4.5E-03
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Figure 29

Regression
16 — — - 95% I
Thel 95% PI

LN (P2/P1)

0.0022 0.0023 0.0024 0.0025 0.0026 0.0027 0.0028 0.0029
1/T (1/K)

Derivation of Clausius-Clapeyron relationship for TGA mass loss survey of MAI, displaying the 95%
confidence interval (Cl) and prediction interval (P1) from 80 to 177 °C. The linear model is In (P2/P1) = -
(8.5+0.7)E3/T+1.6x1.7, where P1 = 760 Torr and the uncertainty values for each constant are the standard error
of the estimate. Full regression analysis is located in the appendix.
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Table 17 Reproduction of MAI case study results in comparison to that generated using Pvap measured from both
preliminary (PRE) and TGA methods.
P 0 b A 0 AB D Pyan AB A Pvan-PR AB-PR
0 0 0 Pa 0 P2 0
0.6 155 42.3 -(4.6£0.6)E-03 -(3.8+0.5)E-06 0.12 -1.9E-08 | 6.0E-04 -1.4E-05
0.6 165 43.3 -(6.2£2.3)E-03 -(5.1£1.9)E-06 0.20 -3.0E-08 | 9.0E-04 -2.0E-05
0.6 175 44.1 -(8.1+0.6)E-03 -(6.8+0.5)E-06 0.30 -4.7E-08 | 1.2E-03 -2.9E-05
1.0 155 45.4 -(3.8+1.3)E-03 -(3.2+1.1)E-06 0.12 -1.1E-08 | 6.0E-04 -8.5E-06
1.0 165 48.5 -(4.0+£0.4)E-03 -(3.3+0.3)E-06 0.20 -1.8E-08 | 9.0E-04 -1.2E-05
1.0 175 50.9 -(6.2+1.9)E-03 -(5.1+1.6)E-06 0.30 -2.8E-08 | 1.2E-03 -1.7E-05




Sources of Systematic Errors
Variability in replicated results and inaccuracies in Jag calculated by the model
may have also been due to a number of systematic errors, including lack of control in
adjusting the vacuum valve orifice to counteract fluctuations in the extraction rate of
the carrier gas, the transient temperature gradient, and accuracy of the analog readout

of the pressure gauge.

Overall, the mass transfer model developed for predicting the diffusion flux of
Pbl2and MAI in argon overestimates actual values based on case study results.
However, the values are within the same order of magnitude. Sources of inaccuracies
may originate from the assumptions applied to the model, the method used to calculate
Dag and, in the case of MALI, the accuracy of vapor pressure data. Counteracting the
impact of the transient temperature difference during deposition will be a challenge.
But, further investigation to compute more accurate diffusivities is feasible. The final
chapter of this discussion will elaborate more on suggested future experiments

generate more accurate constants for evaluating the model.
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Chapter 5
CONCLUSIONS AND FUTURE WORK

OHP PV devices have gained momentum in the past few years as a potential
contender to more mature PV technologies, particularly CIGS and crystalline silicon.
Part of their success has been attributed to their minimal requirements for synthesis,
making them applicable with a versatile range of solution-based and vapor-based
deposition techniques. Initially, solution-based deposition, particularly spin coating,
was the most commonly employed approach to generating OHP films. However, work
presented in this thesis reinforced issues regarding spin coating films: the lack of
control over processing variables, challenges with reproducibility, and poor
scalability. In contrast, vapor deposition techniques generate films in highly-controlled
environments and have better potential for upscale manufacturing. CSVT is one
notable example that has already been employed in the PV industry to manufacture
CdTe cells which is a highly controllable vapor deposition technique that is potential
scalable technique for depositing OHP films for PV applications. To demonstrate its
capabilities, a model was developed based on Fick’s law of molecular diffusion to
predict the deposition flux of the sequentially deposited reactants used to make
MAPDI3, MAI and Pbl,. This model will aid in optimizing the processing conditions

of the system to generate high-quality MAPDI3 films to be incorporated into devices.

Overall, the mass transport model demonstrates the high degree of control for
synthesizing MAPDI3 films using CSVT but some assumptions used to develop it
require reevaluation. Notably, the transient temperature gradient in the actual system

corresponds to a diminishing deposition flux and a portion of the sublimating material
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depositing outside of the deposition region. This observation calls in to question two
major assumptions: 1) a constant temperature gradient and 2) diffusion of material is
isolated to the deposition region. Consequently, the model will always overestimate
the deposition flux since its calculations are based on the maximum amount of
available material is being transported to the substrate. Also, the model needs to be
modified to better incorporate additional aspects of the deposition system. For
instance, the bulk gas is not purely argon and is moving, two factors that were ignored
when calculating the Ra for determining the primary mechanism for heat transfer. The
Ra calculations may reach a different conclusion upon incorporating those aspects of
the system. Furthermore, a more accurate calculation of the diffusivity of MAI and
Pblz in argon is required to improve the model’s accuracy. The empirical route may be
the most appropriate approach given challenges with calculating these constants,
discussed in chapter 4, but will require reliable Pvap data in order to determine the
diffusivity of MAI. Other aspects include the need to identify the maximum pressure
which deposition is feasible and the maximum source temperature for heating MAI to
set clearer operational limits based on the thermodynamic properties of each reactant
and not just based on that of the limits of the system. The remainder of this chapter

will further discuss these shortcomings and suggestions on how to rectify them.

Understanding system limitations will also aid in improving the accuracy of
the model. The thermally isolating the source and substrate is a challenge due to the
applicable scale for the deposition height. As a result, a transient temperature gradient
is generated that impacts the deposition flux. Quantifying this discrepancy under

different operating conditions would help minimize one of the major challenges with
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adjusting the model to accurately portray the deposition system. This would be done
by measuring the change in the rate of mass loss of each reactant when subject to a
diminishing temperature gradient using TGA, similar to that observed during
deposition in the CSVT system. This would quantify the magnitude by which the
deposition flux decreases with respect to if the CSVT system maintained a constant

driving force.

Identifying the primary method of heat transfer during CSVT was determined
by analyzing dimensionless numbers, assuming that the composition of the carrier gas
was strictly argon. However, the inclusion of another species may lead to a different
results. Further investigation is needed to identify how to modify the calculations of
Ra and Pé for gas mixtures. Also, though the carrier gas moves at a very slow rate
through the system, comparing the arrangement of the deposition region to that of the
Poiseuille-Bénard system would be more valid if the carrier gas was stagnant. Hence,
the method used to calculate Ra needs to be re-evaluated to account for a system
where the bulk gas is moving. Overall, these follow-up calculations would provide a
more accurate depiction of how heat is transferred throughout the deposition region of

the system.

Of the options for empirical methods discussed to determine the diffusivity of
MAI and Pbl in the previous chapter, the evaporation tube technique was cited as the
most appropriate approach to implement given available resources and ease of
experimental design. But in order to employ the evaporation tube method on MAI,

Pmaidata is necessary. Unfortunately, the accuracy of current available data for this
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material is debatable based the observed discrepancy between empirical and calculated
deposition flux trends and independent evaluation of Pmai versus the data published by
Dualeh, et al. (Dualeh, Gao, et al. 2014). The preliminary rate mass loss data collected
using the CSVT system under vacuum suggested the Pmai and AH.,,;, published by
Dualeh were overestimated. Conducting a similar approach as Dualeh employed by
utilizing TGA to measure rate mass loss data under ambient pressure also lead to the
same conclusion. But, the TGA studies would need to be conducted under vacuum to
ensure that the MAI sublimates unhindered. Therefore, an appropriate follow-up
investigation would be to perform TGA studies under high vacuum to measure vapor
pressure of MAI and properly validate Dualeh’s data. Also, additional data needs to be
obtained on the physical properties of MAI, particularly its melting point and thermal
decomposition route to set a maximum threshold for heating the material and
distinguish impurities originating from the synthesis procedure from that of the

decomposed product when analyzing films, respectively.

From a processing standpoint, the maximum pressure for depositing films
needs to be determined. The system pressure can be changed by adjusting the carrier
gas flow rate or the degree the vacuum orifice valve is opened. However, adjusting the
carrier gas flow rate also influences the fluid dynamics and heat transfer within the
deposition system. Based to the dimensionless number analysis, the system operates in
a laminar flow regime, which corresponds to conductive heat transfer through the
susceptor apparatus and the carrier gas. However, the transfer of sublimed material
from the source to the substrates ceases above a certain flow rate, which may still

correspond to laminar flow. In fact, flooding the system with carrier gas is the
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standard procedure for ending a deposition run. This carrier gas flow rate threshold
translates to the maximum operational system pressure, which unfortunately could not
be located in the time allotted for this study but should be identified for future

investigations.
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Appendix A

DETAILED EXPERIMENTAL DESIGNS AND RESULTS

Surface Coverage of Spun-Cast MAPDbI3xClx OHP Films

Table 18  Reproduction of explored parameters and alias structure generated by

MINITAB statistical analysis software.

Annealing time (minutes) A 30 90
Annealing temperature (°C) B 90 110
Spin coating speed (rpm) C 3000 6000
Spin coating time (seconds) D 30 60
Amount of coating (mL) E 0.2 0.4
Fractional Factorial Split-Plot Design
Factors: 5 Whole plots: 8 Resolution:
Hard-to-change: 2 Runs per whole plot: 4 Fraction:
Runs: 32 Whole-plot replicates: 2
Blocks: 2 Subplot replicates: 1

v
1/2

Design Generators: E = ABCD
Hard-to-change factors: A, B
Whole Plot Generators: A, B

Alias structure

I + ABCDE
A + BCDE
B + ACDE
C + ABDE
D + ABCE
E + ABCD
AB + CDE
AC + BDE
AD + BCE
AE + BCD
BC + ADE
BD + ACE
BE + ACD
CD + ABE
CE + ABD
DE + ABC
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Table 19

Run order, results for the 32 random experiments

R =1[e A A 0 D D A e
Orde e peed overage
1 1 30 90 3000 30 0.4 63.7
2 1 30 90 6000 30 0.2 64.8
3 1 30 90 6000 60 0.4 61.1
4 1 30 90 3000 60 0.2 74.8
5 1 90 90 6000 30 04 60.3
6 1 90 90 6000 60 0.2 62.3
7 1 90 90 3000 60 04 69.1
8 1 90 90 3000 30 0.2 76.4
9 1 30 110 6000 30 04 69.8
10 1 30 110 3000 60 0.4 75.1
11 1 30 110 3000 30 0.2 85.7
12 1 30 110 6000 60 0.2 76.0
13 1 90 110 6000 30 0.2 78.5
14 1 90 110 6000 60 0.4 63.7
15 1 90 110 3000 30 0.4 80.0
16 1 90 110 3000 60 0.2 73.5
17 2 30 90 6000 30 0.2 69.3
18 2 30 90 3000 30 0.4 74.1
19 2 30 90 3000 60 0.2 64.0
20 2 30 90 6000 60 0.4 54.9
21 2 90 90 3000 60 04 58.5
22 2 90 90 6000 30 0.4 61.9
23 2 90 90 3000 30 0.2 75.2
24 2 90 90 6000 60 0.2 46.9
25 2 30 110 3000 30 0.2 71.8
26 2 30 110 6000 60 0.2 60.2
27 2 30 110 6000 30 0.4 64.8
28 2 30 110 3000 60 0.4 70.1
29 2 90 110 3000 60 0.2 66.4
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30 2 90 110 3000 30 0.4 81.3

Sill 2 90 110 6000 60 0.4 65.3

32 2 90 110 6000 30 0.2 58.5
Analysis of Variance for Surface Coverage

Source DF Adj SS Adj MS F-Value P-Value
Blocks 1 262.549 262.549 8.70 0.060
Annealing Time 1 15.810 15.810 0.52 0.521
Annealing Temp 1 334.023 334.023 11.07 0.045
Annealing Time*Annealing Temp 1 3.0098 3.0098 0.10 0.770
WP Error 3 90.485 30.162 0.82 0.506
Spin Speed 1 625.840 625.840 17.08 0.001
Spin Time (s) 1 277.388 277.388 7.57 0.018
Amount (mL) 1 28.648 28.648 0.78 0.394
Annealing Time*Spin Speed 1 18.918 18.918 0.52 0.486
Annealing Time*Spin Time (s) 1 45.859 45.859 1.25 0.285
Annealing Time*Amount (mL) 1 39.006 39.006 1.06 0.322
Annealing Temp*Spin Speed 1 1.555 1.555 0.04 0.840
Annealing Temp*Spin Time (s) 1 6.013 6.013 0.16 0.693
Annealing Temp*Amount (mL) 1 27.413 27.413 0.75 0.404
Spin Speed*Spin Time (s) 1 11.595 11.595 0.32 0.584
Spin Speed*Amount (mL) 1 0.053 0.053 0.00 0.970
Spin Time (s) *Amount (mL) 1 9.869 9.869 0.27 0.613
SP Error 12 439.608 36.634

Total 31
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Pbl2 Deposition

Table 20  Reproduction of explored parameters in Pbl, deposition case study and
alias structure generated by MINITAB statistical analysis software (* =
HTC Factor)

epo 0 ariaple acto 0 0
Pressure (Torr)* A 0.6 1.0
Source Temperature (°C) | B 375 385
Deposition height (mm) c 2.83 | 3.83
Factors: 3 Whole plots: 4
Hard-to-change: 1 Runs per whole plot: 4
Runs: 16 Whole-plot replicates: 2
Blocks: 2 Subplot replicates: 1

Hard-to-change factors: A

Whole Plot Generators: A

All terms are free from aliasing.

Design Table (randomized)

Run Blk WP A B C
1 1 2 + - -
2 1 2 + + 4+
3 1 2 + - 4+
4 1 2 + + -
5 1 1 - + -
6 1 1 - - +
7 1 1 - - -
8 1 1 - + +
9 2 3 - - +

10 2 3 - 4+ -
11 2 3 - - =
12 2 3 - 4+ +
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14
15
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Table 21

Full Results for Pbl, Deposition Case Study with standard deviation included for mass loss and deposition flux

60T

Run Blocks Psys Tsource H Tsubstrate AT Source Substrate Difference Jas
Order (Torr) (°C) (mm) (°C) (°C)  Mass Mass (9) (g/cm?s)
Loss Gain
)] (9)

1 1 1.0 375 2.83 | 115.50 260.5 | -(5.3£0.1)E-03 | (2.9£0.1)E-03 | (2.4+0.1)E-03  -(4.4+0.1)E-06
2 1 1.0 385 3.83 |106.80 279.2 | -(3.8£0.2)E-03 | (4.1£0.1)E-03 | -(3.0+0.2)E-04 | -(3.2+0.1)E-06
3 1 1.0 375 3.83 | 105.30 271.0 | -(3.3£0.1)E-03 | (3.1+0.3)E-03 | (2.0+3.0)E-04 | -(2.8+0.1)E-06
4 1 1.0 385 2.83 | 121.35 264.6 | -1.0E-02 (9.6+£0.1)E-03 | (5.0+1.0)E-04 | -(8.4+0.1)E-06
5 1 0.6 385 2.83 | 110.00 279.0 | -3.3E-02 3.2E-02 (1.7£0.2)E-03 | -2.8E-05

6 1 0.6 375 3.83 |98.95 276.4 | -1.9E-02 1.7E-02 (2.3£0.1)E-03 | -1.6E-05

7 1 0.6 375 2.83 | 107.50 268.8 | -1.5E-02 1.4E-02 (1.7£0.2)E-03 | -1.3E-05

8 1 0.6 385 3.83 | 102.65 283.1 | -2.1E-02 2.1E-02 -(1.0+£2.0)E-04 | -1.7E-05

9 2 0.6 375 3.83 | 97.10 278.5 | -1.3E-02 1.0E-02 (2.6£0.1)E-03 | -1.1E-05

10 2 0.6 385 2.83 |108.00 278.4 | -2.3E-02 2.1E-02 (2.2£0.1)E-03 | -1.9E-05

11 2 0.6 375 2.83 | 101.35 274.6 | -(7.9£0.2)E-03 | (8.7£0.2)E-03 | -(8.0+3.0)E-04 | -6.6E-06

12 2 0.6 385 3.83 |96.30 288.9 | -1.4E-02 1.2E-02 (1.4+0.1)E-03 | -1.1E-05

13 2 1.0 375 3.83 | 99.65 276.2 | -(2.4£0.1)E-03 | (3.2£0.2)E-03 | -(8.0+2.0)E-04 @ -(2.0+0.1)E-06
14 2 1.0 385 3.83 | 100.70 285.5 | -(7.5£0.1)E-03 | (5.0+0.1)E-03 | (2.5+0.1)E-03 | -(6.3+0.1)E-06
15 2 1.0 385 2.83 | 118.20 267.9 | -1.0E-02 (8.9+0.1)E-03 | (1.5+0.1)E-03 | -8.7E-06

16 2 1.0 375 2.83 | 115.15 261.2 | -1.0E-02 (8.9+0.1)E-03 | (1.5+0.1)E-03 | -8.7E-06




MAI Deposition

Table 22  Full Results for MAI Deposition Case Study with standard deviation included for mass loss and deposition flux

Block Pesys Tsubstrate AT Source Substrate Difference Jas

TSOU rce

0Tt

(Torr) (°C) °C) Mass Ma_ss (9)

1 1 10 155 | 426 1125 | -(4.7+0.1)E-03 | (6.0+1.0)E-04 | (4.1£0.1)E-03 | -(3.9+0.1)E-06
2 1 06 |175 |428 132.3 | -(7.7+0.1)E-03 | (2.0+0.1)E-03 | (5.7+0.1)E-03 | -(6.4+0.1)E-06
3 1 06 | 165 | 427 1225 | -(7.8£0.4)E-03 | 1.1E-03 (6.7+0.4)E-03 | -(6.5:0.3)E-06
4 1 10 |175 | 522 123.2 | -(4.8+0.1)E-03 | (1.7+0.2)E-03 | (3.10.2)E-03 | -(4.0+0.1)E-06
5 1 06 | 155 | 428 112.3 | -(4.2+0.1)E-03 | (3.0+3.0)E-04 | (3.9+0.3)E-03 | -(3.5¢0.1)E-06
6 1 10 | 165 | 485 116.6 | -(4.2+0.1)E-03 | (1.2+0.1)E-03 | (3.0£0.1)E-03 | -(3.5+0.1)E-06
7 2 06 | 165 | 439 121.3 | -(45£0.2)E-03 | (1.1#0.1)E-03 | (3.4£0.2)E-03 | -(3.8+0.2)E-06
8 2 06 |175 |455 129.6 | -(8.5:0.2)E-03 | (1.8+0.1)E-03 | (6.7+0.2)E-03 | ~(7.1+0.2)E-06
9 2 10 155 | 482 106.8 | -(2.9+0.1)E-03 | (4.0+0.1)E-04 | (2.5£0.1)E-03 | -(2.4+0.1)E-06
10 2 10 |165 | 485 116.6 | -(3.7+0.2)E-03 | (1.0£0.2)E-03 | (2.70.3)E-03 | ~(3.1+0.2)E-06
11 2 06 | 155 417 1134 | -(5.020.1)E-03 | (4.0+1.0)E-04 | (4.6£0.1)E-03 | -(4.2+0.1)E-06
12 2 10 |175 | 49.7 1258 | -(7.520.1)E-03 | (8.0+4.0)E-04 | (6.7+0.4)E-03 | -(6.3+0.1)E-06




Appendix B

DETAILED REGRESSION ANOVA RESULTS FROM MINITAB

Regression Analysis Report for MAI Preliminary CSVT Data

Analysis of Variance

Source DF Adj SS Adj MS F-Value P-Value
Regression 1 0.256343 0.256343 1156.48 0.019
1/T (1/K) 1 0.256343 0.256343 1156.48 0.019
Error 1 0.000222 0.000222
Total 2 0.256565
Model Summary
S R-sg R-sg(adj) R-sg(pred)
0.0148882 99.91% 99.83% 98.83%
Coefficients
Term Coef SE Coef T-Value P-Value VIF
Constant 4.093 0.456 8.98 0.071
1/T (1/K) -6713 197 -34.01 0.019 1.00

Regression Equation

1In (P2/P1l) = 4.093 - 6713 1/T (1/K)

Regression Analysis Report for MAI TGA Mass Loss Data

Analysis of Variance
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Source DF
Regression 1

1/T (1/K) 1
Error 3
Total 4

Model Summary

S R-sg
0.318214 98.23%

Coefficients
Term Coef
Constant 1.64

1/T (1/K) -8500

Adj SS Adj MS F-Value
16.8873 16.8873 166.77
16.8873 16.8873 166.77
0.3038 0.1013
17.1911
R-sg(adj) R-sqg(pred)
97.64% 92.17%
SE Coef T-Value P-Value
1.66 0.99 0.396
658 -12.91 0.001

Regression Equation

LN (P2/P1l) = 1.64

- 8500 1/T (1/K)
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visit http://www.macmillanmedicalcommunications.com for more
information.Translations of up to a 400 words do not require NPG approval.
The translation should be credited as follows:

Translated by permission from Macmillan Publishers Ltd: [JOURNAL NAME]
(reference citation), copyright (year of publication).

Note: For translation from the British Journal of Cancer, the following credit
line applies.

Translated by permission from Macmillan Publishers Ltd on behalf of Cancer
Research UK:

[JOURNAL NAME] (reference citation), copyright (year of publication)

We are certain that all parties will benefit from this agreement and wish you the best
in the use of this material. Thank you.

Special

Terms: v1.1

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US)
or +1-978-646-2777.
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