UC San Diego

UC San Diego Electronic Theses and Dissertations

Title
Addressing the Instability and Improving the Commercialization Prospects of Perovskite
Photovoltaics Through a Layer by Layer Approach

Permalink
https://escholarship.org/uc/item/01277687

Author
Kodur, Moses Nathaniel

Publication Date
2023

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/01277687
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA SAN DIEGO

Addressing the Instability and Improving the Commercialization Prospects of Perovskite
Photovoltaics Through a Layer by Layer Approach

A dissertation submitted in partial satisfaction of the
requirements for the degree Doctor of Philosophy

in

Chemical Engineering

by

Moses Nathaniel Kodur

Committee in charge:

Professor David Fenning, Chair
Professor Prabhakar Bandaru
Professor Darren Lipomi
Professor Oscar Vazquez Mena
Professor Ying Shirley Meng

2023



Copyright
Moses Nathaniel Kodur, 2023

All rights reserved.



The Dissertation of Moses Nathaniel Kodur is approved, and it is acceptable in

quality and form for publication on microfilm and electronically.

University of California San Diego

2023

il



DEDICATION

I dedicate my dissertation work to my family and friends who have supported me through this
whole journey.

v



EPIGRAPH

It is paradoxical, yet true, to say, that the more we know, the more ignorant we become in the
absolute sense, for it is only through enlightenment that we become conscious of our limitations.
Precisely one of the most gratifying results of intellectual evolution is the continuous opening up

of new and greater prospects.

Nikola Tesla
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a) Schematic energy band diagram of the semiconductor-electrolyte junc-
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couple in solution. b) Cyclic voltammograms (CV) of VTE-SnO, films
annealed between 180 and 200°C show the blocking nature of the wide-gap
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from the VTE-SnO,. For comparison, a CV of a bare FTO substrate, at
one third scale, is shown (gray). The flat-band potential of each film is
shown above the CV. c) The VOC of devices with varying VTE-SnO; is
correlated with the cathodic onset potential extracted from CV, with a 95%
confidence interval shown (device architecture in inset). The color bar indi-
cates the post-deposition anneal temperature. For devices, the perovskite
has a nominal stoichiometry of Csg osFA9.79MAq. 16Pb(Ig.84B1p.16)3. d) A
schematic alignment of the band edge positions of common perovskite
chemistries compared with the flat-band voltages of the VTE-SnO, tem-
perature series.>> The dotted line indicates the standard redox potential
of ferri-/ferrocyanide. From literature, this triple cation perovskite has a
nominal stoichiometry of Csg ogFAg78MA(.14Pb(Iy.86Bro.14)3. -« oottt

a) Cyclic voltammograms (CV) of SnOx films without post-anneal (as-dep)
and annealed from 180-200°C. Dashed lines are the averaged curve to
account for capacitance. b) The averaged CV curves showing two methods
of defining cathodic current onset—either by reaching a current threshold
(-20 pA/cm? in this case) or by fitting the linear portion and finding the
x-intercept. Extracted potentials are shown in Figure 3.4. ..............

Comparison between CV onset definitions as stated in Figure 3.3 (voltage
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Figure 3.7.

Figure 3.8.
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a) Charge carrier density as a function of the energy difference between
the conduction band minimum (Ecpy) and the Fermi level (Er). See a
Supplementary Note on Calculating Conduction Band Positions written
in the supplementary section. The dotted lines show how the carrier den-
sity (calculated from Mott-Schottky) is used to find the energy difference
between the Fermi level and conduction band minimum. b) Comparison
between the flat-band energy (Erp) calculated from electrochemical-based
Mott-Schottky and the conduction band calculated using Fermi-Dirac statis-
D1, e e

a) The current-time profiles of VTE-SnO, of varying thickness on FTO
held at 0.4 V vs Ag/AgCl. If anodic currents are assumed to be the result of
pinholes, the initial ratio of current between the tin oxide coated FTO and
a bare FTO (extracted as time t goes to 0) can be modeled in a diffusion-
limited regime to be proportional to the pore density of the films. Fitting
for pinhole fraction results in the solid lines.* b) The calculated surface
coverage compared to the anodic current at 1.5 V vs Ag/AgCl from cyclic
voltammetry. This estimate of surface coverage is inversely correlated with
the magnitude of anodic current measured in cyclic voltammetry. Lines
are guidestotheeye. ....... ..o i

The shunt resistance of final devices plotted against the anodic current at
1.5V vs. Ag/AgCl of a representative film from the same deposition and
annealing batch. The dotted line is the exponential decay fitting. ........

a) Cyclic voltammograms of VTE-SnO, films of the indicated thicknesses
annealed at 195°C. Sources of current leakage include: i-i1) pinholes, iii)
conductive filaments, iv) defects, and v) other inhomogeneities shown in
the inset schematic. b) Short-circuit current density of final devices plotted
against the anodic current at 1.5V vs. Ag/AgCl of a representative film
from the same deposition and annealing batch. The shaded grey region
is the 95% fit confidence interval. The devices are the same as those of
Figure 3.2b ... oo

a) Raw tin 3ds; (Sn 3ds ;) XPS spectra of a pristine film (30 nm, 200°C
anneal) and b) an electrochemically degraded film with contributions from
the tin oxide (SnO,) and metallic tin (Sn0) labeled. The FWHM for each
SnO—x feature is shown. Electrochemical degradation was induced by
holding for 5 minutes at -1.3 Ag/AgCl in 0.1M aqueous MALI electrolyte.
c) A closer look at the region of interest where no peak at 485 eV is
observed in the control film but d) after electrochemical degradation there
isformationof Sn0. . ... ... . . L
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Figure 3.12.

Figure 3.13.

Figure 3.14.

Figure 3.15.

The chronoamperometry data corresponding to Figure 3.19a with optical
images inset. The FTO control films exhibit no evidence of reaction though
current readily passes through the film due to its conductive nature. The
as-deposited films readily reduce to Sn” at every applied potential and
the reaction is accelerated at more cathodic voltages. The annealed films
exhibit no reaction until -1.3 V vs. Ag/AgCl is applied where a relatively
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are with respect to Ag/AgCL. ... .. .

Optical images of SnOx films after being held for 5 mins at -1.3 V vs.
Ag/AgCl in different 0.1 M aqueous electrolytes. As can be seen, while
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dissociates in water. Both the fact that we a) see different reactions to the
KI and KCl electrolytes, and b) see optically similar degrees of degradation
for the as-deposited and annealed films in MACI but no SnO peak in
the annealed films (with one in the as-deposited films) suggests different
degradation mechanisms between the two processes likely occur. . ... .. ..

a) Survey spectra of SnO, films on FTO with variations in post-deposition
anneal temperature. b) Carbon 1s (C 1s) spectra showing that the 190°C
annealed film has a relatively high level of carbon contamination compared
to the other films. ¢) Oxygen 1s (O 1s) spectra showing a general shift
from high to low binding energies which is consistent with an increase in
the SnO,:SnO ratio. d) Calcium 2p (Ca 2p) spectra showing significant
calcium contamination in the 190°C annealed film (confirming contami-
nation concerns from C 1s spectra) ) Sodium 1s (Na 1s) spectra showing
its variable presence in all films. f) Silicon 2p (Si 2p) spectra showing its
variable presence in all films. Note that all scans shown here are scaled by
the Sn 3ds, area for comparison purposes and that raw data is shown in
Figure 3.15-3.16. .. ..o

a) Survey spectra of SnO, films on FTO with variations in post-deposition
anneal temperature. b) Carbon 1s (C 1s) spectra showing that the 190°C
annealed film has a relatively high level of carbon contamination compared
to the other films. ¢) Oxygen 1s (O 1s) spectra showing a general shift
from high to low binding energies which is consistent with an increase in
the SnO,:SnO ratio. d) Calcium 2p (Ca 2p) spectra showing significant
calcium contamination in the 190°C annealed film (confirming contami-
nation concerns from C 1s spectra) ) Sodium 1s (Na 1s) spectra showing
its variable presence in all films. f) Silicon 2p (Si 2p) spectra showing
its variable presence in all films. Note that this is raw data with binding
energy axis scaled by the average position of the C-C bond in C 1s across
the sample set. . ... ...t
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Figure 3.16.

Figure 3.17.

Figure 3.18.

Figure 3.19.

Figure 3.20.

Figure 3.21.

Figure 4.1.

a) Tin 3ds/, (Sn 3ds ) spectra of SnOy films on FTO with variations in
post-deposition anneal temperature. b) X-Ray Valence Band Maximum
(XVBM) spectra. Note that this is raw data with the binding energy axis
scaled by the average position of the C-C bond in C 1s across the sample set.

X-Ray Valence Band Maximum (XVBM) spectra of as-deposited and
annealed SnO, corresponding to the batches from Figure 3.19b-c, 3.12,
and 3.14-3.16. Here, the integrations times were too low to observe a
distinct difference between the 4 conditions and longer integration times
were needed to improve the signal:noise (S/N) and confidence in differences
between the SnO and SnO; fingerprint regions. A comparison between
as-deposited and a film annealed at 190°C with good S/N is shown in
Figure 3.10c.. . ..o

Deconvolution of the carbon 1s (C 1s) peak for the as-deposited and
annealed SnO, samples to determine the level of oxygen-containing carbon
species, which were then subtracted from the oxygen 1s (O 1s) area to
more accurately calculate the O:Snratio. ...........................

a) Photographs of as-dep and 200°C annealed VTE-SnO, biased at the
indicated potentials (Ag/AgCl reference) in an aqueous 0.1 M methylam-
monium halide electrolyte visually indicating Sn” reduction originating
from Sn’/ (-1.1 to -1.2 V) and Sn’V (-1.3 V), inferred from XPS (Fig-
ure 3.11). b) Sn Sn 3ds; and ¢) X-ray valence band maximum scans (see
Figure 3.17 for VBM scans corresponding to Figure 3.19b,d). d) Sn Sn
3ds, core level shift and calculated O:Sn ratio as a function of annealing
(EMPETAtUTE. . ... e

a) Optical image of a 40 nm 10x10 cm? SnO, film deposited on FTO and
partitioned into six sections. b) Each section was tested individually via
cyclic voltammetry showing homogeneity across the film...............

Optical image of a 10 x 10 cm? SnO, film deposited on FTO and partitioned
into six sections a) before and b) after electrochemical stability testing in
aqueous 0.1M MALI solution, where the substrate was held at -1.3V vs.
Ag/AgCl for 5 minutes. c¢) UV-Vis spectroscopy from the six sections
before (blue) and after (red) electrochemical degradation. The SnO, film
was 25.2 nm and tested in its as-deposited state without post-deposition
annealing. ... ... ...
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The setup used to draw the small area (25 x 25 mm) freestanding films. . .

The setup used to transfer the small area (25 x 25 mm) freestanding films
onto correspondingly sized substrates. Note the presence of a vacuum line
on the carriage to hold the substrates in place as the transfer is performed.
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The setup used to draw and transfer the large area (10 x 10 cm) films
onto correspondingly sized substrates. The setup is shown in the drawing
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film can then be applied directly to a substrate. b) Photographs of a 10 x
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Thickness measurements by profilometry of the same P3BT film (left) as
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a) Atomic force microscopy of P3BT films that were deposited by SFT (top
row) and spin-coated (bottom row). Films were evaluated before solvent-
vapor annealing (SA) (left) and after SA (right). b) Root-mean-squared
and mean roughness of the various films, before and after SA. ¢) Scanning
electron micrographs of the same films. An InLens detector was used to
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Photovoltaic metrics of perovskite cells using one of several spin-coated
P3ATs as the HTL. While there is a trend towards higher V¢ for shorter
alkyl side-chains, the generally comparable performance of the P3ATs,
along with the improved wetting of P3HpT on the perovskite, led us to
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a) Photovoltaic metrics of perovskite solar cells using a P3HpT hole-
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Figure 5.4.

Figure 5.5.

Figure 5.6.

Figure 5.7.

Figure 5.8.

Figure 5.9.

Figure 5.10.

Figure 5.11.

Figure 5.12.

Figure 5.13.

Photoluminescence a) emission energy and b) intensity for perovskite thin
films across the tested compositional space. The dashed lines indicate a
change in trend along the chlorine axis. ............. ... ... ........

a) Example series of photoluminescence measurements and gaussian fits
used to evaluate emission photostability. b) Shift in emission center after

two minutes of exposure to intense (4 suns equivalent) 405 nm illumination.

Distribution of normalized photoluminescence intensity change of films
after two minutes of exposure to 4 suns equivalent 405 nm light. ........

a) Linear fit of photoluminescence emission energy shift against chlo-
rine fraction for all films, and b) fit statistics for the regression shown in
a). The points at each chlorine loading vary in bromine, chlorine, and
methylammonium content. . ............oiiiinin e

Shift in photoluminescence emission energy for films after exposure to 85
e i

Normalized photoluminescence intensity of films after 4.5 hours of expo-
sure to 85 °C under a nitrogen environment. Darker red here represents a
greater 10ss Of INteNSItY. . . .. ..ottt e

a) Photoluminescence intensity and b) change in emission energy for films
of various compositions undergoing thermal degradation at 85 °C in a
NItrogen eNVIrONMENT. . .. ...ttt ettt ettt e e e

Segmentation of the compositional space into four distinct behavior regions,
labeled on the colorbar. The broad behavioral trends for the four regions
are labeled in on the colorbar: the red, blue, and purple regions are distinct
in their response to photo and thermal stress, whereas the green region
displays uniquely high photoluminescence intensity. ..................

Scatterplots representing the 4 durability dimensions on which K-Means
Clustering was performed to segment the compositional space into four
distinct regions. Each point represents a unique absorber composition and
is colored by the cluster to which that composition is assigned. The top
plot displays emission energy shifts under thermal and photo degradation,
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Figure 5.14.

Distributions of coefficients of variation (CV) for features extracted from
measurements on the PASCAL characterization line. Each dot represents
the CV for five films fabricated and tested of a single composition. The box
plots therefore show the distribution of CV for each of the features labeled
on the y-axis. Features between the dotted lines are extracted from the same
characterization mode. From top to bottom, the features are: 1) intensity,
2) emission energy, and 3) full-width half max of the photoluminescence
spectra. 4) normalized intensity (I/Iy), 5) rate of intensity change (k
from an exponential decay fit I = Ipe /Ty, 6) change in emission energy
(E — Ey), and 7) rate of energy change across two minutes of exposure to 4
suns 405 nm light. 8) bandgap of the films, measured from Tauc analysis
of transmittance spectra. 9) a metric of film roughness from the darkfield
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The ascent of perovskite photovoltaics has been one of the most significant and exciting
developments in renewable energy research. The myriad of absorber composition blends and
compatible device structures offer a wide variety of applications and several paths towards full
commercial deployment. However, the rapid decrease in performance of perovskite photovoltaics
under operational conditions prohibits their ubiquitous distribution.

In this dissertation, a top to bottom approach is utilized to advance the commercial
viability of perovskite photovoltaics. Beginning with encapsulation schemes, large-area graphene

stacks with a polyisobutylene edge seal were investigated as potential moisture and oxygen
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barriers for perovskite films. These materials were found to provide a moderate but insufficient
protection from a damp heat environment. However, an all-glass encapsulation scheme enabled
over 1000 hours of exposure to damp heat (85 °C, 65% RH) without any loss in film quality
(validated by photoluminescence, UV-Vis spectroscopy, and X-ray diffraction). Attention was
then focused on the selective contact layers, beginning with a presentation of electrochemical
measurements that were adapted to study the optoelectronic properties, surface coverage, and
reactivity of transport layers. Tin oxide, commonly used as an electron transport layer in
perovskite photovoltaics, was highlighted as a case study to demonstrate the screening potential
of these tools by correlating cyclic voltammetry on a bottom selective contact to final device
performance once the device stack was completed. Chronoamperometry was also used to test
the reactivity of tin oxide, at the surface, to acidic perovskite precursors, which can potentially
be used to predict the reactivity of perovskites at buried interfaces within a device. Next, a
solvent-free dry transfer process was designed and highlighted for its ability to deposit a large,
uniform film of conjugated polymers which are frequently used as hole transport layers in
perovskite photovoltaics. This technique is especially useful for top selective contacts since it
eliminates concerns with solvent compatibility of the underlying perovskite film. Lastly, design
considerations of the absorber were comprehensiviely explored through the development of a
high throughput Perovskite Automated Solar Cell Assembly Line which was used, in combination
with active learning principles, to design and test wide bandgap perovskite absorbers for use in
silicon-perovskite tandem photovoltaics. Overall, this dissertation presents the steps that we have
taken to advances perovskite photovoltaics from an intriguing research project to an effective

and vital technology that aid in addressing the ever increasing global energy demands.
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Chapter 1

Introduction: The Rise of Perovskites

1.1 A History of Photovoltaics

Increases in technology and population across the globe have exponentially increased
energy consumption. To keep up with these demands, substantial improvements to energy
generation, transport, and storage will be required. Of sustainable options, solar energy represents
a particularly untapped source for energy generation. As a giant nuclear reactor, the sun radiates
an unfathomable amount of energy of which a small fraction enters our domain, the earth.
Sunlight keeps the earth warm and inhabitable and it is essential for agriculture, producing crops
and raising livestock. Energy from the sun is stored in organic species which eventually turn
into wood, coal, and oil. In other words, the vast majority of energy consumed by humanity has
ultimately come from the sun. But until recently, humans have not managed to collect energy
directly from the sun.

Our foray into the world of photovoltaics (PV), namely devices that collect light (photons)
and convert it into electricity (voltage and current), began when French physicist Antoine-César
Becquerel observed a light dependent voltage in an experiment involving a solid electrode in an
electrolyte solution in 1839. However, it wasn’t until 1883 that Charles Fritts, who used junctions
formed by coating selenium with gold, built the first genuine photovoltaic device with a power
conversion efficiency (PCE) of approximately 1%. After that, photovoltaics development stalled

until 1953 when physicists from the Bell Laboratories (Gerald Pearson, Calvin Fuller, and Daryl



Chapin) designed the first practical photovoltaic device made out of silicon.® Since then, silicon
photovoltaics have increased rapidly in stability and PCE. Additionally, other photovoltaic
technologies have been developed. However, the unique combination of high performance,
relatively low cost, good durability, and material availability has given silicon photovoltaics the
distinction as the most popular and widespread technology to date.

Photovoltaics made from mono- and poly-crystalline silicon represent the first generation
of solar cells. These devices rely on heavily n-doped and p-doped silicon to form a p-n junction
that, when put in contact with one another, facilitates the extraction of electron-hole pairs. While
the abundance of silicon in the earth’s crust held promise to drive down the material cost of
silicon, the high purity requirements for PV application necessitates high temperature processing
which increases the overall cost and energy payback time of silicon PV. Despite tremendous
progress, the expensive fabrication and non-ideal semiconductor properties of silicon form
inherent limitations in reducing the cost per kilowatt hour of silicon PV, either by means of
reducing the price or increasing its efficiency; as a result, wide-spread installation of silicon PVs
remains cost prohibitive, particularly at the residential level.

In an attempt to address the high manufacturing costs associated with the first generation
of vacuum deposited thick (~ 300um) crystalline semiconductors such as silicon, the second
generation of PV consists mostly of thin-film semiconductors processed at low temperatures.
This includes materials such as GaAs, CdTe, CulnGaSe; (CIGS), and amorphous silicon(a-Si:H).
While these technologies have had a fair amount of success (e.g. GaAs holds the record efficiency
for a single junction solar cell), their cost per kilowatt hour (aside from amorphous silicon),
primarily driven by material scarcity, limits their prospects for widespread adoption.

Seeking to find thin-film semiconductors based on abundant sources, researchers next
turned to organic, dye-sensitized, quantum-dot, and perovskite solar cells (PSCs). While much
cheaper than silicon and more sustainable than second generation PV materials, this third
generation of PV devices has largely fallen short of hopes, with the notable exception of metal

halide perovskite solar cells (Figure 1.1).
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1.2 The Allure of Perovskites

The first metal halide perovskite solar cells were made in 2009 and had PCEs of just
3.8%. However, over the past 13 years, the record PCE has risen to 25.7%, making it more
efficient than poly-crystalline silicon PV and rapidly closing in on mono-crystalline silicon PV.
Moreover, since the active layer is a thin-film (typically around 500 nm) made from abundant
elements, the material cost of the absorber is around 5-10% that of poly-crystalline silicon.

Metal halide perovskites are a family of materials that share a crystal structure of ABX3
where A is composed of monovalent cations typically methylammonium (MA ™), formamidinium
(FA™T), cesium (Cs™) and rubidium (Rb™); B contains divalent metal cation such as Pb** or
Sn?*; and X hosts halogen anions such as I-, Br~ or CI~.” The compositional flexibility
of perovskite materials allows its bandgap, conductivity, thermodynamic stability, and other
optoelectronic properties to be fine-tuned through simple chemical substitutions. Furthermore,
perovskite absorbers are known to have intrinsic properties that are very favorable for photovoltaic
performance including a high absorption coefficient,® suitable and tunable bandgap,’ long carrier
diffusion lengths,' ambipolar carrier transport,!! and high carrier mobilities.!> And finally,

perovskites are easily fabricated from low energy, low cost processes forecasting a low overall



production cost. !

1.3 Challenges Facing Perovskite Photovoltaics

Typical perovskite solar cells are made in either an n-i-p or p-i-n architecture where
the perovskite serves as the light-absorber "intrinsic” (i) material that is sandwiched between
selective n- and p- type selective contacts that extract electrons and holes, respectively, via band

alignment at the interface.

Encapsulation

Top Contact

HTL

Perovskite

ETL

TCO

Glass

Figure 1.2. Schematic of a generic n-i-p perovskite solar cell.

While perovskites have great optoelectronic properties, have realized high efficiencies,
and can likely be scaled through a variety of depositions methods, their commercialization
prospects have been hindered by their poor stability. Specifically, perovskite solar cells are
susceptible to degradation induced by light, elevated temperature, applied potential, oxygen,

14—

and moisture.'41% While the durability of PSCs has been greatly improved, they still requires

significant progress before they can be considered a reliable PV technology.

1.4 An Overview of This Work

In this work I highlight advancements I made, with the assistance of many colleagues,
on each layer of the perovskite solar cell, with an emphasis on improving both the short- and

long-term performance of the device.



In Chapter 2, we explore encapsulation schemes for perovskites via single- and multi-
layered graphene barriers. The use of graphene as a functionalized moisture , that participates
in the the solar cell function in addition to protecting it from the atmosphere, has often been
pitched, but not explored comprehensivey. In this section, we highlight the challenges of scaling
up graphene-based barriers to research-scale devices (< 5 cm?) which does not bode well for
large area photovoltaics. As an alternative, we demonstrate that polyisobutylene edge seals
between two sheets of glass creates a viable encapsulation scheme that is resilient to increased
temperature and humidity (50 days at 85 °C and 65% RH with no PSK film degradation).

In Chapter 3. we demonstrate the adaptation of easily accessible electrochemical tools
and analysis for screening of transport layers in the perovskite solar cell stack. Specifically,
we perform cyclic voltammetry (CV) scans on several batches of vacuum thermally evaporated
tin oxide and compare CV metrics to finished device figures of merit to identify correlations
that can be used to predict the Voc and Jgc of the devices. Additionally, we couple these
measurements to potentiostatic measurements (chronoamperometry) in a MAI-based electrolyte
to probe the reactivity of the tin oxide with acidic perovskite precursors, ultimately showing that
it is dependent on the oxidation state of the tin oxide at the surface (as confirmed by XPS).

In Chapter 4, we unveil a solvent-free transfer (SFT) method to deposit conjugated
polymers onto planar substrates while curtailing solvent compatibility requirements. Specifically,
using poly(3-alkylthiophene)s (P3ATs) as hole transport layers in a perovskite solar cell, we
show that the SFT method can yield devices of similar quality to their spin-coated analogues.This
opens the door for the SFT of other conjugated polymers onto the perovskite that would normally
be destructive to the underlying with traditional sequential deposition methods.

Finally, in Chapter 5, we debut the Perovskite Automated Solar Cell Assembly Line
(PASCAL) to enable high throughput fabrication and analysis of perovskite films and devices.
To demonstrate its capability, we explore the triple cation, triple halide compositional space to
identify promising wide bandgap perovskite absorbers for silicon-perovskite tandem applications.

Together, these innovations address issues with environmental ingress, contact layer



characterization, contact layer fabrication, and perovskite compositional exploration— addressing

almost all areas of the perovskite device that are currently lacking for commercialization.



Chapter 2

Stability of Perovskite Films Encapsulated
in Single- and Multi-Layer Graphene Bar-
riers

2.1 Introduction

As mentioned previously, the stability of perovskite solar cells (PSCs) remains as one
of the major challenges on their path towards commercialization and wide-scale deployment.!”
While the record efficiencies of PSCs continue to rise,!31? their sensitivity to environmental

20.21 oxygen,'* temperature,?? and light>>2* limit their economic and

factors such as moisture,
practical viability. To address these concerns, researchers have undertaken several lines of inquiry
in order to extend the lifetimes of PSCs. These areas of research focus fall broadly into three
categories: (1) the development of new perovskite compositions with greater intrinsic stability
(e.g. mixed cation and/or halides composition blends);">>25-27 (2) the optimization of interfaces
within devices, so as to minimize defects and vacancies;'*2%282% and (3) the encapsulation of
devices in order to slow the ingress of moisture and oxygen.3%-34 In this chapter, we present our
investigation into graphene for its use as an encapsulation material in PSCs.

To measure the stability against these stressors, researchers often use accelerated degra-

dation studies, in which materials or whole devices are subjected to extreme conditions that

simulate long-term degradation. Recently, the research community has attempted to standardize



testing protocols to aid in the comparison of stability measured in different laboratories.>> For
example, the vulnerability of perovskites to heat, moisture, and oxygen can be simultaneously
evaluated using “damp heat testing,” in which devices or films are subjected to high temperatures
and humidity in order to rapidly simulate the effects of long-term degradation.!%20:21-36.37 Thege
accelerated testing conditions have proven to be a challenging stability threshold for perovskite
photovoltaics to overcome due to their intrinsic sensitivity to oxygen and water.?!-30-33-40 Ope
obstacle in devising scalable encapsulation schemes for PSC is that typical materials used for
encapsulation of solar cells or other semiconductors—typically ethylene vinyl acetate or other
polyolefins—require processing temperatures often around 150 °C.*1-42 In PSCs, however, such
temperatures can destabilize the perovskite absorber, the hole-transport layer (HTL), or both.*344
As a result, PSCs often exhibit a reduction in efficiency after encapsulation,?” and relatively
long-lasting PSCs have a lower efficiency compared to record devices.* It is therefore critical to
investigate new barrier materials and encapsulation techniques that are compatible with PSCs.
Graphene is an intriguing material for thin-film, flexible barriers due to the impermeability

46 as well as its high optical transmissivity.*’ In this paper we

of its basal plane to gases
investigate the efficacy of graphene barriers towards preventing the degradation of perovskite
films, using an encapsulation scheme shown in Figure 2.1. The use of a low-temperature-
activating polyisobutylene (PIB) edge seal results in a high-quality encapsulation without causing
degradation of the film, and ensures that any small species ingress is through the barrier film
being investigated.3®4%4% Numerous papers already speculate an enhancement to the stability
of perovskite solar cells (PSCs) when encapsulated with graphene.?->° Graphene derivatives,
including fluorine-doped nano-platelets®! and graphene oxides,’>3* have also been shown to
increase the stability of PSCs. Various studies have also incorporated graphene into PSCs as an
electrode material (due to the electrical conductivity of graphene) either in combination with or
separate from barrier applications.”>* Nonetheless, the presence of grain boundaries and defects

within CVD graphene can provide numerous permeation pathways for species such as water

and oxygen.” As a result, many reports of improved PSC stability due to encapsulation with



graphene may not be due entirely to graphene itself, but rather aided by the polymeric support

layer on which the graphene is adhered.

Glass

Perovskite film

on glass
Hot Press‘ 70°C, 20 psi

Figure 2.1. A schematic drawing of the exploded image view of a perovskite film encapsulated
with graphene on a polymeric backbone.

One method to reduce the availability of these pathways for the permeation of gases
is by stacking multiple monolayers of graphene on top of eachother. With multiple layers,
transport through grain boundaries and pinholes may become blocked by adjoining layers.>®
Here we measure the performance of barriers composed of up to three layers of graphene

(Figure 2.2a), beyond which the cost, complexity of fabrication, and optical losses (2.3% per

layer of graphene)*’ (Figure 2.2b) would be impractical for optoelectronic devices, such as



thin-film solar cells.
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Figure 2.2. Preparation of multi-layer graphene barrier films. a) Schematic illustration of
fabrication of 2-layer graphene on parylene. b) UV-Vis transmission spectra of graphene-on-
parylene barriers as a function of the number of graphene layers.

2.2 Materials and Methods
2.2.1 Materials

Formamidinium iodide (FAI) and methylammonium bromide (MABr) were purchased
from GreatCell Solar Materials. CslI (99.999% purity), DMSO (99.9% purity), DMF (99.9%
purity), and chlorobenzene (99.9% purity) were purchased from Sigma-Aldrich. Pbl; (99.99%
purity) and PbBr, (99.99% purity) were purchased from TCI. Poly(methyl methacrylate) (PMMA,
My =550,000) was obtained from Alfa Aesar. Ammonium persulfate (APS) and anisole were
obtained from Acros Organics. Prior to use, all solvents were dried for 24 hours with 3A
molecular sieves (VWR, grade 564, mesh 8-12) then filtered with a 0.22 um PTFE syringe filter.
Monolayer CVD graphene on copper foil and monolayer graphene mounted on 10 um parylene-C
were supplied by Grolltex, Inc, with a >95% surface coverage of graphene as determined by

optical microscopy. Polyisobutylene (PIB) edge seal sheets were obtained from Quanex.
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2.2.2 Preparation of Graphene Materials

Monolayer graphene on 10 um parylene-C (hereafter referred to as 1L) was used as is.
The procedure we used to prepare 2-layer (2L) and 3-layer (3L) graphene on parylene-C involved

iterative deposition of monolayer graphene,’®->’

shown in Figure 2.2a. Briefly, monolayer
graphene on copper foil (5 cm X 5 cm) was spin-coated with a 4 wt% PMMA solution in anisole
at 4000 RPM for 60 seconds. After annealing at 150 °C for 5 minutes to remove any remaining
anisole, the copper was etched in a 0.05 g/mL solution of APS in water for 2 hours, until
fully dissolved. The resulting floating PMMA/graphene was transferred to a clean water bath.
Separately, a 5 cm x 5 cm piece of 1L graphene was taped to a glass slide, graphene facing up.
The PMMA/graphene was transferred directly onto the 1L film, with the two graphene layers in
direct contact, and allowed to dry overnight in a desiccator. Finally, the PMMA was removed
by etching in a 50 °C bath of acetone for 5 minutes, then rinsed with IPA and allowed to dry.
This process was repeated once more to yield 3-layer graphene. Successful graphene transfer
was confirmed via UV-Vis (Figure 2.2b) showing a successive decrease in optical transmission
with each layer of graphene added. Lastly, OL graphene (aka plain 10 um parylene-C) was
obtained by treating 1L films with plasma (30 W) for 30 seconds at a base pressure of 250 mTorr
of air. Graphene removal was confirmed via sheet resistance measurements which showed no

conductivity in the resulting films, as well as UV-Vis showing an increase in optical transmission

(Figure 2.2b).

2.2.3 Preparation of Perovskite Films

Substrates—glass or fluorine-doped tin oxide (FTO)—were cleaned through a series of
sonication (15 minutes) and rinse steps in the following sequence: 2 v% Hellmanex in DI water,
DI water, isopropanol, and acetone. Afterward, the substrates were rinsed in IPA and dried with
compressed air.

The triple cation perovskite films were prepared in a nitrogen-filled glovebox. First, two
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separate solutions of 1.5 M lead iodide(Pbl,) and 1.5 M lead bromide(PbBr;) were prepared
with a 9:1 volume ratio of DMF and DMSO used as a solvent. The solutions were vortexed then
heated to 100 °C for 10 minutes. The Pbl, solution was added to FAI and PbBr; solution was
added to MABTr such that 1.22 M solutions of FAPblz and MAPbBr3, respectively, with a 1.09
over-stoichiometric ratio of the lead salts were formed (using the 9:1 DMF:DMSO solution to
dilute as necessary). An additional solution of 1.5 M CsI in DMSO was prepared in the glovebox
and heated at 150 ° for 10 minutes. The FAPbI3 and MAPbBr3 solutions were mixed together in
a 5:1 ratio and 5% molar ratio (with respect to the A-site) of Csl was added to the final solution
resulting in a nominal stoichiometry of FAy790MAg.16Csg.05Pb(I9.84Bro.16)3-

The perovskite films were formed by spin coating. Prior to deposition the substrates
were treated with air-based plasma for 10 minutes at 300 mTorr. 90 uL of solution was dropped
onto the substrate and doctor bladed across the entire surface. The first step of the spin-cast at
1000 RPM for 10 seconds served to remove excess solution and ensure an even spread across
the entirety of the substrate. In the second step, the speed was increased to 5500 RPM for 20
seconds. 250 uL of chlorobenzene was dispensed rapidly (in approximately 1 second) after 8
seconds had expired in step 2 of the spin-coat. The films were annealed on a hotplate for 45

minutes at 100 °C, resulting in a final thickness of 550 nm.

2.2.4 Encapsulation of Films

The assembly of the encapsulated films is shown in Figure 2.1. After spin-coating
of the perovskite films, the edges of the film (approximately 0.5 cm) were wiped away with
methoxyethanol and a cotton swab. PIB edge seal sheets were cut into 2.5 x 2 cm? rectangles,
from which a 2 x 1.5 cm? rectangle was cut out from the center. Barrier films were cut to 2.25
x 1.75 cm? rectangles and placed onto glass slides which had a 1 cm hole drilled out from the
center. Adhesive PIB edge seal pieces were then placed on top, and pressed with tweezers to
hold in place. These barrier/glass slides were then transferred to the glovebox, where perovskite

films were pressed onto the PIB edge seal. The films were then placed onto a hot plate at 70 °C,
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under a mass exerting a pressure of 20 psi to activate the edge seal. After 20 min, samples were
removed from the hot plate, and allowed to cool. For samples encapsulated in glass, a 2.5 x 2
cm? glass slide was adhered with PIB edge seal directly onto the perovskite film. Additional

control (exposed) samples with no barrier were also prepared.
Film Monitoring

Samples were placed into a humidity chamber at 65 °C, 85% relative humidity (ISOS-D-3
testing protocol).?> Films were removed from the humidity chamber at regular intervals and
analyzed via photoluminescence measurements and UV-Vis spectroscopy. Photoluminescence
measurements were taken using a Renishaw Raman/micro-PL microscope with a 633 nm excita-
tion laser, 600 1I/mm grating. UV-Vis measurements were taken on a Perkin Elmer LAMBDA
1050+ UV/Vis/NIR Spectrophotometer. For each condition, five films were prepared and aged
while two films were actively monitored. At the end of the aging test, the encapsulation was
removed from films to enable analysis via x-ray diffraction (XRD). XRD measurements were
taken using a Rigaku SmartLab diffractometer. Pictures of the films before and after aging for

200 hours are shown in Figure 2.3.

Aged 200 h

{

1
- 1 :
Before Aging| ; Increasing Barrier w1 CM

Figure 2.3. Pictures of representative films before and after aging for 200 hours.

2.3 Results and Discussion

The optical absorbance evolution of select perovskite films is shown in Figure 2.4a-
c. As seen in Figure 2.4a, the exposed films quickly tended towards optical transparency,

retaining only a small amount of absorbance at shorter (purple) wavelengths (and thus appearing
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light yellow—see Figure 2.3). This trend is attributed to the degradation to and subsequent
outgassing of volatile species (such as methylammonium iodide and HI) from the perovskite
film.>8 Figure 2.4b shows the UV-Vis evolution for the 1L-encapsulated films, where the decrease
in absorbance was also observed but was less rapid. The OL, 2L and 3L graphene/parylene
samples showed similar behavior. Finally, the glass-encapsulated films (Figure 2.4c) showed
minimal variation in absorbance during aging, confirming the quality of the PIB edge seal as
well as the strong thermal stability of the perovskite (the glass-encapsulated samples were left
to age an additional 800 hours after the remaining samples were removed from the humidity
chamber, and still displayed minimal signs of degradation). We observed distinct absorbance
profiles between the exposed/OL/2L samples and the 1L/3L samples. The former set showed
a marked decrease in absorbance at longer wavelengths, which we attribute to the conversion
of perovskite into Pbl,, which is optically absorbent only below 550 nm.>® The latter set, in
contrast, continued to absorb light up to 750 nm throughout the aging test, due to the continued
presence of perovskite. These observations are clarified by considering absorbance at 450 nm
(where absorbance from the triple cation perovskite, 5-FAPDI3,%0 and Pbl, are observed) and
at 700 nm (which is only absorbed by the perovskite. In Figure 2.4d, the ratio of absorbance
between 450 nm and 700 nm are shown as a function of time. Here, the 1L/3L samples retained
about 2x more absorbance at longer wavelengths than the OL/2L samples, which themselves
were about 3x more absorbent than the exposed film. Additionally, when the time evolution
of absorbance at 700 nm is considered (Figure 2.4e), we observe that 3L retains much more
perovskite relative to the other barrier films. However, significant loss is still realized even in the
3L condition.

Figure 2.3, showing photos of the aged film, also mirrors this trend, with the ex-
posed/OL/2L films appearing yellow, compared to the red-colored 1L/3L films (though visually,
some spottiness is apparent in the 1L/3L films, indicative of degradation in those films as well).
The 2L graphene exhibits worse performance than the 1L due to the handling required to coat the

additional graphene layer onto the commercial 1L graphene/parylene (see Figure 2.2), which can
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induce defects/tears in graphene.%! The decrease of performance upon the addition of a second
graphene layer was observed across all five films that were aged. Additionally, multiple sets
of 2L films prepared from different batches of graphene exhibited diminished performance as

confirmed by conductivity and Raman measurements.
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Figure 2.4. UV-Vis tracking during perovskite film aging. a-c) Evolution of UV-Vis spectra
for a) exposed, b) 1L, and c) glass-encapsulated films. Remaining UV-Vis spectra are given
in Figure 2.5. d) Ratio of absorbance intensity at 700 nm vs 450 nm. (e) Ratio of absorbance
intensity at 700 nm at t vs t=0.

To complement the information gained from tracking optical absorbance, we also moni-
tored the films’ photoluminescence (PL) behavior over time, which can give insight into the films’
optoelectronic properties. These results are shown in Figure 2.6. To improve readability, the
evolution of the peak PL intensity (Figure 2.6a-b) and peak PL wavelength (Figure 2.6c-d) have
each been split into 2 panels, with the same data from the 1L-encapsulated sample represented
in both panels. As shown in Figure 2.6a, all of the graphene/parylene films exhibit an increase
in PL over time, despite becoming yellow/spotty during aging (Figure 2.3). In early trials, we
considered that this phenomenon could be due to condensation forming on the graphene/parylene
barrier, potentially amplifying the PL emissions back to the detector. Thus, in later trials we

carefully dried the exposed barrier films with an air gun prior to every PL. measurement, and this
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Figure 2.5. UV-Vis evolution of perovskite films encapsulated with a) glass, b) 3L, c¢) 2L, d) 1L,
e) OL and f) exposed.

phenomenon persisted. In contrast, the exposed films exhibited no photoluminescence under
laser excitation by 100 hours, while the glass-encapsulated films showed only a slight increase in
PL emission. (Figure 2.6b). In addition, the graphene/parylene-encapsulated samples exhibited a
shift in the peak wavelength of PL emissions (Figure 2.6c), a behavior not present in the glass
films, and only minimally observed in exposed films (Figure 2.6d).

Further understanding the differences in perovskite decay was achieved via probing
the crystallographic properties of the films through x-ray diffraction (XRD). The x-ray diffrac-
tograms for our films before and after aging for 200 hours are shown in Figure 2.8a. The
glass-encapsulated films remained virtually unchanged compared to films analyzed before aging,
in alignment with the trends observed with UV-Vis and PL. In contrast, the graphene/parylene
films all exhibited a substantial decrease in intensity of the triple cation perovskite peak at 26
= 14°, while also gaining a prominent peak at 20 = 11.5°, corresponding to the hexagonal
0-FAPbI;3. The 6-FAPbI; peak is not seen in either the exposed or glass-encapsulated films; it
formed only in the presence of the semi-permeable parylene encapsulation material.

The x-ray diffractograms also allow for qualitative estimation of the relative degree of

conversion between triple cation perovskite and 6-FAPbI; between the graphene/parylene films,
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Figure 2.6. Photoluminescence (PL) evolution during aging. a) Normalized average PL evolution
for 0, 1, 2 and 3L-graphene. b) PL evolution comparing 1L to glass and control samples. c)
Peak PL wavelength evolution for 0, 1, 2 and 3L-graphene. d) Evolution of peak PL wavelength
comparing 1L to glass and exposed samples. The complete PL spectra are shown in Figure 2.7
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Figure 2.7. Photoluminescence evolution of perovskite films encapsulated with (a) glass, (b) 3L,
(c) 2L, (d) 1L, (e) OL and (f) exposed. Photoluminescence measurements were taken using a
Renishaw Raman/micro-PL microscope with a 633 nm excitation laser, 600 1/mm grating, 0.15
second dwell time, 0.1% power, and 8 ym spot size.

by comparing the intensities of the peaks at 14° and 11.5°.2% This ratio is plotted in Figure 2.8b,
and shows the dramatic effect that the addition of graphene conveys to the parylene support
layer. While the triple cation perovskite in the OL graphene has almost completely decayed into
0-FAPDI3, the 1L graphene film has a 15x higher ratio of triple cation to §-FAPbI3, which itself
is nearly doubled again between the 1L and 3L graphene. Meanwhile, the 2L films exhibited
worse performance than either the 1L or 3L films, a similar trend as seen via optical absorbance
and PL emission. The addition of a 3rd layer of graphene (3L) appears able to negate and
improve upon any damaging wrinkles/tears induced by the multi-layer graphene preparation.
These observations suggest that our set of films have undergone three unique degradation
pathways. The first, seen in the exposed films, is the degradation of the triple cation perovskite
into Pbl,,%? along with the expulsion of all volatile species. The second, observed in the glass-
encapsulated samples, is a slow thermal anneal due to the elevated temperature (85 °C) of
the humidity chamber used for the accelerated decay test. The effect is a reduction of non-
radiative recombination centers (leading to a slight PL increase) without changes to the chemical

composition of the films, as there is no pathway for species ingress/egress. The final degradation
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Figure 2.8. XRD analysis of perovskite films. (a) XRD diffractograms for films before and
after aging. (b) Ratio of peak intensity of triple cation perovskite (20 = 14°) to peak intensity of
0-FAPbI; (26 = 11.5°) and Pbl, peak intensity (26 = 12.5°) as a function of number of layers of
graphene.
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pathway observed, seen in the graphene/parylene films, is the phase segregation and formation of
multiple perovskite phases, particularly iodide-rich and bromide-rich domains. This is exhibited
by the increased and red-shifted PL profile, which is attributed to the iodine-rich phases acting
as a carrier sink.®3 Additionally, photoinactive phases (such as §-FAPbI3 and potentially 1,5%)

are forming, due to the ingress of oxygen and water.%*
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Figure 2.9. XRD diffractograms for films before and after aging. Spectra are identical to those
in Figure 2.8a but here they have been normalized to their strongest peak, allowing for visual
observation of the relative intensities of 260 = 11.5° (6-FAPbI3) and 20 = 14° (triple perovskite)
peaks (at the detriment of visualization of many other peaks in the diffractograms).

More detailed analysis of the graphene barriers, separate from the perovskite films, was
carried out in order to validate our findings. Figure 2.12a shows the sheet resistance of the
graphene films. The increasing conductivity as each layer is added, as well as overall magnitude
of sheet resistance, are consistent with previous reports.>® The average optical transmissivity
of the films (Figure 2.12b) likewise shows a successive change with each layer added, further

confirming successful transfer. In contrast, air permeability measurements (Figure 2.12c, appara-
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To vacuum pump

Figure 2.10. Schematic overview of isochoric gas permeability apparatus. 1) The barrier material
is adhered with Kapton tape over the sintered porous opening in the flange. 2) A single-use
copper gasket is placed on the flange. 3) A rubber spacer with a circular hole (6 mm diameter) is
placed over the barrier. The spacer provided additional support to the barrier film and prevented
it from tearing when subjected to vacuum. 4) The upper flange is attached, and the system is
bolted and tightened. The entire system is pumped down to vacuum, after which the upper half
of the system is slowly brought back up to atmospheric pressure. The pressure sensor (Inficon)
tracks the pressure increase over time, which is recorded with the TGaugeExpress software.
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Figure 2.11. a) Measurement of pressure change over time for graphene barriers. b) Linear
regions of pressure change, with slope shown in units of torr/hr. c) Measurement of leak rate of
system. d) Measurement of intrinsic resistance of air permeation using no barrier (slope shown
in units of torr/s).
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tus shown in Figure 2.10-2.11) show a large (15x) decrease between OL and 1L, followed by
smaller variations from 1L to 2L to 3L. Notably, the difference between the permeability of OL
vs 1L films is identical the difference in ratio of the triple cation perovskite/d-FAPbI3 shown
in Figure 2.8b. Meanwhile, the minimal variations in air permeability between the single- and
multi-layer graphene barriers are in sharp contrast to the varied perovskite degradation observed,

with 2L films decaying substantially compared to 1L and 3L films.

a_ 1000 b g3 C 3
T = ¥2731
g 2 L. g |
o 800 n Z081 | 23 |
o k] 5 E2
8 600 £ m © O
& 20.79 gR
B 400 I} - =
2 e ™ = - & @1
T 200 gor7 Z°
E g 5 073 o7 0.140
) i oo L
5 0 0.75 0 . L
1 2 3 0 1 2 3 0 1 2 3
# of graphene layers # of graphene layers # of graphene layers
3 G =Ty D 1.2f> ] 5
—aL 1t
D iy r 4 .
o F ==
%2 8 0.8 [ 3 §
S o6 o
= Q r 123
=1 804 | P —] " Q
[ — . 1
02
0 kA 0 A 0
1000 1500 2000 2500 3000 0 1 2 3
Raman Shift (cm-") # of graphene layers

Figure 2.12. Analysis of single- and multi-layer graphene barrier films. a) Sheet resistance
of films as a function of number of layers (OL films produced an open circuit). b) Average
optical transmissivity (extracted from Figure 2.2b). ¢) Air permeability of films, found using
an isochoric gas permeability apparatus. d) Optical micrograph of 1L graphene, as received. e)
Representative Raman spectra of 1L, 2L and 3L graphene films. f) Average D/G and 2D/G ratio
for graphene films.

To investigate this discrepancy, spatial mapping using Raman was conducted in order
to analyze the quality of the graphene films and spatial resolution(Figure 2.13-2.14). We note
that Raman analysis cannot be done directly on the parylene films, whose spectra overwhelm the
graphene signal, and must instead be measured following water transfer onto a silicon substrate.
The overlain spectra for 30 measurements for 1L graphene show a wide range of graphene
quality, and numerous traces show minimal or no graphene signal. Indeed, the spatial coverage of

transferred graphene was less than 50% for both 1L and 2L films, coupled with large variability
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in the 2D/G ratio (Figure 2.8), which gives information regarding the number of monolayers of
graphene.® Several factors likely influence the lack of uniformity and variability in coverage
of the graphene films. First, nanoislands and macroscopic regions of multilayer graphene are
commonly found on CVD-grown graphene (see Figure 2.12d), and are formed via nucleation

from silica or other impurities within the copper foil on which it is grown;%%-67

thus, a uniform
monolayer of graphene is unlikely to be present in the 1L films to begin with. Additionally, the
water transfer method for layer-by-layer growth of multilayer graphene is easily susceptible to
wrinkling and tearing.®! Although previous work by Yoon et. al. on multilayer graphene films
(prepared via the same method as our own films) claims that that strong van der Waals forces
between graphene layers can fully suppress lateral diffusion of air molecules,®® the authors
note that in cracked regions, air molecules will indeed diffuse laterally, allowing them to access
adjoining grain boundaries and pinholes and permeate vertically through the film. We note
that a graphene grain boundary typically refers to a tilt grain boundary comprised of 5- and 7-

69.70 through which small species are able to permeate.’! The wide variability

membered rings,
in graphene uniformity and coverage in our multilayer (i.e. 2L and 3L) films will therefore
result in highly variable barrier properties over a large area. Given the penalties of increased
process complexity and materials cost of each successive layer of graphene used, compared
to the small improvement in perovskite film stability shown between 1L and 3L graphene, we
conclude that 1L graphene may offer the best combination of properties for use in flexible,
optically transparent barrier applications for perovskite films. Beyond single- and multi-layer
graphene, other 2D materials may prove to be intriguing for similar encapsulation applications.
As an example, graphene oxide also exhibits good barrier performance against air and water,’?
although thickness would need to be carefully controlled to retain optical transmissibility.”>
Meanwhile, hexagonal boron nitride has recently emerged as a promising new 2D material and

exhibits excellent transparency due to its wide bandgap,’* although it tends to have smaller

grains than CVD graphene,’> which could exacerbate the leakage issues we observed.
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Figure 2.13. Heatmaps showing spatial coverage of graphene on 1L, 2L and 3L films. Squares
marked “0” indicate that no graphene was detected in the measurement. The measurement
settings were: 8 um spot size, 10 um step size (5 x 6 grid or 30 spectra total), 514 nm laser.
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2.4 Conclusions

Experimental results show that single-layer graphene can confer substantially improved
barrier performance to a polymeric support film, with multi-layer (at least 3L) graphene yield-
ing further improved barrier performance. We emphasize that 2L graphene exhibited worse
performance as an encapsulant than 1L graphene, most likely due to defects introduced dur-
ing manipulation of the films. Nevertheless, all of our graphene/parylene-encapsulated films
showed substantial degradation compared to glass-encapsulated films, suggesting that for rigid,
non-flexible, long-lasting applications, the addition of graphene to a semi-permeable flexible
polymer barrier is insufficient for generating a highly stable device. While modifications to
the preparation procedure of the multi-layer graphene could result in improved barrier perfor-
mance, the numerous grain boundaries in CVD graphene still result in a bulk material that is far
from attaining the “impermeable” status of glass or molecular graphene. Still, the substantial
improvement obtained from the addition of a single layer of graphene to our polymer support
layer makes graphene-based barriers a compelling potential encapsulant for lightweight and/or
flexible perovskite solar cells.

Chapter 2, in full, is a reprint of the material “Stability of Perovskite Films Encapsulated
in Single- and Multi-Layer Graphene Barriers” by Rory Runser, Moses Kodur, Justin H. Skaggs,
Deniz N. Cakan, Juliana B. Foley, Mickey Finn III, David P. Fenning, and Darren J. Lipomi as it
appears in ACS Applied Energy Materials. The dissertation author was the first author of this

paper, all authors contributed to this work.
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Chapter 3

Electrochemical Screening of Contact Lay-
ers for Metal Halide Perovskites

3.1 Introduction

High performance metal halide perovskite (MHP) photovoltaic devices ubiquitously
employ heterostructure architectures where photogenerated charges are separated by carrier
selective contacts.”®’® A primary strategy to improve device efficiency is rooted in the develop-
ment of carrier selective transport layers to control carrier extraction and process compatibility
for a given perovskite composition.”* 8 For example, the electron selective transport layer (ESL)
is chosen to minimize non-radiative recombination rates at the interface, align its conduction
band minimum (CBM) with that of the absorber, and create a dense layer that minimizes leakage
currents.3>-%0 These properties are typically investigated by a suite of techniques including
photoemission spectroscopy (PES), which is especially useful to determine the valence band
maximum (VBM), surface chemistry, and fundamental relationships between the two.”!*%> Elec-
trochemical techniques can provide similar, albeit indirect, information about these properties
and have the advantage of being inexpensive, accessible, and compatible with large area or high
throughput studies.”>> These characteristics make electrochemical measurements effective
for transport layer development, monitoring process reproducibility, and implementing quality
control, particularly at an industrial scale where the ultra-high vacuum requirements of PES

complicate its implementation. Electrochemical characterization tools have been implemented
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to study other photovoltaic materials and devices, such as organic photovoltaics”®°

and dye-
sensitized solar cells, %193 but application to perovskites, and more specifically to perovskite
solar cells, has been limited.”®-82:104 Here, we correlate electrochemical characteristics of a SnO,
transport layer directly with perovskite photovoltaic performance parameters, demonstrating the
utility of electrochemical probes for designing and characterizing perovskite photovoltaics.

In this work, we highlight the utility of electrochemical probes to rationalize the optimiza-
tion of metal oxides for ESLs in optoelectronic devices.!?> Specifically, we use this approach to
understand interface chemistry and energy level alignment dictated by processing dependencies
of a vacuum thermally-evaporated SnO, (VTE-SnO,) ESL used as the superstrate contact for
MHP solar cells. We find that the cyclic voltammetry (CV) characteristics of the VTE-SnO, lay-
ers in an aqueous ferri-/ferrocyanide (Fe[CN]z_/ 4_) electrolyte correlate to the final performance
of the devices. In particular, the cathodic onset potential at which the current for the complexed
Fe?* to Fe?' reduction “turns on” is related to the processing-dependent electron transfer of
the VTE-SnO, and correlates to the solar cell open-circuit voltage (Voc). Additionally, anodic
sweeps directly probe electronic current leakage pathways irrespective of their origin (defects,
pinholes, conductive filaments, impurities, etc.), and the magnitude of this loss mechanism
is reflected in the short-circuit current density (Jsc). Finally, to show how these properties
are affected by the VTE-SnO, chemistry, we present potentiostatic chronoamperometry in an
aqueous methylammonium iodide electrolyte where proton-assisted reduction of Sn’/ defects to
Sn0 occur at the surface of the VTE-SnO, at -1.0 V versus Ag/AgCl. For optimally-annealed
VTE-SnO, with more complete conversion to Sn’V | reduction to Sn0 does not onset until more
cathodic potentials (< -1.3 V versus Ag/AgCl), in agreement with O:Sn ratios determined by
X-ray photoemission spectroscopy (XPS). Thus, the electrochemical techniques provide key
empirical information to optimize transport layer processing.

Importantly, these insights are provided prior to device completion and adaptable to high-

throughput experimentation or large areas, making them viable for quality control, which we

demonstrate by analyzing a 100 cm?> VTE-SnO, ESL Many processing approaches compatible
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with the electrochemical methods described here have been demonstrated for SnO, in the litera-

107,108 109-111

ture, including spin-coat,?® 1% chemical bath deposition, atomic layer deposition,

12,113 and sputtering.!'* 115 Using the electrochemical measurements de-

thermal evaporation,
scribed in this manuscript provides a rapid and straightforward means to screen newly-developed
transport materials and assists in their co optimization with active layer processing to ensure

high yield and high performance critical for the commercialization of MHP-based photovoltaics

and related optoelectronic devices.

3.2 Materials and Methods
3.2.1 Substrate Preparation

Fluorine-doped tin oxide (FTO) substrates were purchased from Greatcell Solar Materials
(TEC15, 15Q/sq) and then cleaned by sonicating in 2 vol% Hellmanex III in DI water for 15
minutes, rinsing with DI water, sonicating in DI water for 15 minutes, rinsing with DI water,
sonicating in IPA (99.5% purity) for 15 minutes, rinsing with IPA, sonicating in acetone (99.9%

purity) for 15 minutes, rinsing with IPA, and then drying with filtered air.

3.2.2 Tin Oxide (SnO,) Deposition

SnO, nano powder bought from US Research Nanomaterials (99.7% purity, 35-55 nm)
was thermally evaporated onto FTO substrates in an alumina-coated tungsten boat under vacuum
(at least 6 x 10~® mTorr) at a rate of 0.05-20 A/s. Immediately prior to deposition, FTO substrates
were plasma treated in air for 10 minutes at 300 mTorr. After deposition, the SnO, films were

annealed in air for 1 hour at temperatures from 180-200°C in a box furnace.

3.2.3 Electrochemical Measurements

A standard three-electrode electrochemical setup was used for cyclic voltammetry, elec-
trochemical impedance spectroscopy, and chronoamperometry (Figure 3.1). A 0.5M KCl

electrolyte in 18.2 MQ-cm DI water with 1.0 mM K3Fe(CN)g, and 1.0 mM Ky4Fe(CN)g was
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used for the cyclic voltammetry, electrochemical impedance spectroscopy, and chronoamperom-
etry to analyze surface coverage. A single junction silver chloride (AgCl) reference electrode
(Pine Research, RREF0021) in saturated potassium chloride (KCl) and a standard platinum (Pt)
counter electrode (Pine Research, 99.99%, RRPG249PT) were used as the reference and counter
electrodes, respectively. All voltages reported were corrected with 85% automatic and 15%
manual iR compensation. All electrochemical measurements were performed on a Biologic VSP

300 potentiostatic with EC-lab software.

b Counter Reference
Electrode Electrode

Potentiostat

Reference ——i———
Electrode
. Working

Electrode

' | Working

Counter .
Electrode

Electrode

Potentiostat

Figure 3.1. a) Cross-sectional view of the 3-electrode system utilized throughout this work. In
all cases, a Ag/AgCl reference electrode and platinum counter electrode were used. b) Top view
of the same apparatus and schematic of external measurement circuit.

To avoid error in measurements, the counter electrode (CE) should be an inert conductor.
Additionally, the surface area of the CE should be much larger (at least 10x) than the surface
area of the working electrode (WE). This prevents the half-reaction occurring at the CE from
becoming limiting. The reference electrode should be placed near the working electrode to
minimize voltage losses due to uncompensated electrolyte resistance and thus provide a more
accurate measurement. Even so, some voltage loss will be realized and require iR correction as
described above.!1®

In cyclic voltammetry, the films were scanned 5 times at which point we they stabilized
with minimal differences between scans 4 and 5. The scan rate was 20 mV/s. Mott-Schottky

analysis was performed following Step Potential Electrochemical Impedance Spectroscopy

(SPEIS), run from -0.2 to 1.2 V vs. Ag/AgCl at frequencies ranging 1-11 kHz. Due to the high
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doping level in the SnO, (> 10'® cm™3), a correction for the Helmholtz layer was applied to
isolate the space charge capacitance.!!” In the chronoamperometric measurements to determine
pore density, the films were held at 0.4 V vs. Ag/AgCl for 30 seconds after a 1 second linear

sweep from open-circuit voltage.

3.2.4 Device Fabrication and Current Voltage Characterization

All photovoltaic devices were completed with a triple cation perovskite with solution
stoichiometry FA(y790MA(.16Cs0.05Pb (In.84Bro.16)3, spiro-OMeTAD (2,2,7,7-tetrakis[N,N-di-p-
methoxyphenylamino]-9,9-spirobifluorene), and Au following procedures based on Correa-Baena
et. al.''® Modifications to the reported process include: a) the [Pbl,]:[FAI] and [PbBr,]:[MABr]
ratios were fixed at 1:1.09, b) the perovskite films were annealed for 45 minutes at 100°C in
a nitrogen filled glovebox, and c) the spiro-OMeTAD layer was not doped with FK209 but
rather oxidized in dry air for 24 hours prior to gold evaporation. FAI and MAI were purchased
from GreatCell Solar Materials, CsI (99.999% purity) from Sigma Aldrich, lead iodide (99.99%
purity) and lead bromide (99.99% purity) from TCI, spiro-OMeTAD (purity > 99.5%) from
LumTec, and gold from Lesker.

Devices were tested in ambient atmosphere, in a Newport-Oriel Class A solar simulator,
under AM 1.5G, at 100 mW/cm?, with a scan speed of 0.1V/s, and a fixed aperture of 0.07 cm?.

Prior to testing, the light intensity was calibrated using a silicon reference cell.

3.2.5 Chronoamperometry (CA) / Reactivity Measurements

The CA measurement uses the same electrochemical set-up as described above in the
Electrochemical Measurements section, but with an aqueous 0.1M MALI electrolyte. For the
CA measurements, the films were held at potentials between -1.3 and -1.1 V vs Ag/AgCl for 5

minutes and the current response was collected.
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3.2.6 X-ray Photoemission Spectroscopy (XPS)

XPS on 25 nm VTE-SnO, films annealed at different temperatures was performed at the
Irvine Material Research Institute utilizing their Kratos AXIS-Supra. These measurements were
done normal to the sample surface with a monochromatic Al K source at vacuum levels below
5 x 1078 Torr. The pass energy for survey scans and detailed spectra was 160 eV and 20 eV,
respectively, while the step size was 1 eV and 0.1 eV, respectively. XPS on electrochemically
degraded films were performed at the CMMR Materials Research Facility at UC San Diego on
a PHI Quantera Scanning XPS. These measurements were done normal to the sample surface
with a 50 W Al K source at vacuum levels below 9.1 x 10~ Torr. The pass energy for survey
scans and detailed spectra was 280 eV and 26 eV, respectively, while the step size was 0.25 eV
and 0.05 eV, respectively. Due to instrument limitations, the binding energy axis for all scans,
unless otherwise noted, was calibrated using the average location of the C 1s C-C spectral feature
across each sample set such that all binding energy axes remained fixed relative to each other (a
uniform shift was applied to each sample set). Spectra taken with the Al source are typically
assigned an uncertainty of 0.05 eV. Spectra taken with UPS are typically assigned an uncertainty

of 0.025 eV. Compositional analyses are typically assigned an uncertainty of 5%.

3.3 Results and Discussion
3.3.1 Solar Cell Screening Via Cyclic Voltammetry

First, we demonstrate that CV in an electrolyte containing a reversible redox couple can be
used to screen selective contacts (here VTE-SnO,) for their suitability in MHP devices. In these
measurements, thin-films of VTE-SnO, deposited on fluorine-doped tin oxide (FTO) substrates
are placed in a 1.0 mM solution of the ferri-/ferrocyanide outer-sphere redox couple with a
0.5 M KClI supporting electrolyte, resulting in the formation of a semiconductor-electrolyte
junction, as shown in Figure 3.2a (also see Figure 3.1). Without the VTE-SnO,, the cyclic

voltammogram on the bare metallic FTO electrode exhibits the classic duck-shaped curve of a
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reversible redox couple (Figure 3.2b).* In contrast, the band-bending induced in the VTE-SnO,
(Figure 3.2a) leads to a sharp cathodic onset (Figure 3.2b). The cathodic onset shifts to more
cathodic potentials with an increase in post-deposition annealing temperature from 180 to 200°C.
These trends are representative of changes observed over a wider set of process variations shown
inFigure 3.2c. Of process variations, annealing temperature had the strongest impact on the

cathodic onset and thus V¢, with a positive correlation between the two.
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Figure 3.2. a) Schematic energy band diagram of the semiconductor-electrolyte junction
formed between n-type VTE-SnO, and a ferri-/ferrocyanide redox couple in solution. b) Cyclic
voltammograms (CV) of VTE-SnO,, films annealed between 180 and 200°C show the blocking
nature of the wide-gap VTE-SnO, until a large enough negative potential enables electron
transfer from the VTE-SnO,. For comparison, a CV of a bare FTO substrate, at one third scale,
is shown (gray). The flat-band potential of each film is shown above the CV. c) The VOC
of devices with varying VTE-SnOy is correlated with the cathodic onset potential extracted
from CV, with a 95% confidence interval shown (device architecture in inset). The color bar
indicates the post-deposition anneal temperature. For devices, the perovskite has a nominal
stoichiometry of Csg os5FA979MAg.16Pb(I9.84Brg.16)3. d) A schematic alignment of the band
edge positions of common perovskite chemistries compared with the flat-band voltages of the
VTE-SnO, temperature series.>> The dotted line indicates the standard redox potential of
ferri-/ferrocyanide. From literature, this triple cation perovskite has a nominal stoichiometry of
Cs0.08FA0.78MA¢.14Pb(Io.86Bro.14)3-
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The onset potential of cathodic current is directly related to the VTE-SnO, chemistry and
associated energetic alignment, which will impact the formation of the perovskite/ESL interface
and ultimately correlates to the V¢ of completed devices. Figure 3.2c shows the relationship
between the cathodic onset voltage (defined as the potential at which current density = 20
/.LA/cmz) and V¢ of a completed FTO/VTE-SnO,/FAg70MAg. 16Cs0.05Pb(1o.84Bro.16)3/2,2°,7,7-
tetrakis[N,N-di-p-methoxyphenylamino]-9,9’-spirobifluorene (spiro-OMeTAD)/Au device stack
for several experiments with systematic variations made to the VTE-SnO, ESLs including
thickness (10-50 nm), anneal temperature (180-210°C), and deposition rate (0.05-0.20 Als). The
variability seen in the data set of Figure 3.2c illustrates that the reproducibility of the VTE-
SnO,/perovskite interface may be affected by multiple uncontrolled parameters in the processing
of the VTE-SnO,, such as ambient humidity and temperature.''®-122 A simple linear model fit to
the data indicates with p-value ; 10™* that a non-zero slope exists relating V¢ to the cathodic
onset potential. Despite this scatter, for the procedure used here, we observe that the post-
deposition anneal temperature is the most sensitive tested processing parameter to manipulate
the cathodic onset potential. Moreover, we find that regardless of the method used to define the

onset potential,!?3

the trend between V g¢ and the cathodic onset is consistent (Figure 3.3 and
Figure 3.4). Additionally, by comparing the results of CV to the flat-band potentials indicated by
the horizontal bars in Figure 3.2b (determined by capacitance-voltage analysis of electrochemical
impedance spectra, Figure 3.5), we confirm that changes in the cathodic onset potential trend
with the flat-band potential of VTE-SnO,. Moreover, capacitance voltage measurements indicate
carrier concentration decreases from 10'° to 2x10'® ¢cm-3 with increasing annealing temperature
from 180 to 200°C (Figure 3.6). All films thus remain degenerately n-type. The resulting flat
band potential is nearly equal to the CBM (Figure 3.7). Thus, the changes in the flat-band position
correspond to a change in the CBM of the VTE-SnO, that occurs as the film is annealed in air.
The qualitative energetic alignment is shown inFigure 3.2d alongside energy levels reported for
2,3

various perovskite compositions including the “Triple” cation composition used in our devices.

Therefore, CV measures the combined effect of multiple electronic properties that dictate charge
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transfer at the interface, serving as a time-efficient early diagnostic for an improved interface

(e.g. band alignment) between the ESL and perovskite absorbers.
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Figure 3.3. a) Cyclic voltammograms (CV) of SnOx films without post-anneal (as-dep) and
annealed from 180-200°C. Dashed lines are the averaged curve to account for capacitance. b)
The averaged CV curves showing two methods of defining cathodic current onset—either by
reaching a current threshold (-20 nA/cm? in this case) or by fitting the linear portion and finding
the x-intercept. Extracted potentials are shown in Figure 3.4.

We further leverage insight from the anodic portion of the CV, which serves as a measure
of undesirable leakage currents, agnostic to their origin, and relates to Jgc. For example, in

Figure 3.10a, cyclic voltammograms show that VTE-SnO, films of increasing thickness exhibit
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Figure 3.4. Comparison between CV onset definitions as stated in Figure 3.3 (voltage when
current matches -20 pA/cm? or finding x-intercept of linear portion of the curve) and the flat-
band voltage from capacitance-voltage analysis. As can be seen, the trends remain consistent
regardless of method used.

reduced anodic current. In perfect hole-blocking films there would be no anodic hole current
because of the lack of states available for charge transfer. However, whether by charge transfer
with the FTO at pinholes, via conductive filaments, or other defects (inset schematic Figure 3.10a),
small hole currents can pass through the film. We further analyzed and attempted to quantify
the pinhole density using chronoamperometry. (Figure 3.8) These small current pathways are
also evidenced by anodic leakage current in CV and reduce the selectivity of the contact, thereby
negatively affecting current collection and the Jgc of completed devices (Figure 3.10b). These
data also a possess a p-value | 10-4 demonstrating a statistical correlation between Jgc and the
anodic current.). Additionally, we find that the shunt resistance is negatively correlated with
the anodic current. (Figure 3.9) Note the 50 nm thick VTE-SnO films in Figure 3.10b display
variation in anodic leakage current magnitude and do not necessarily provide the lowest leakage
currents, evidencing that processing parameters other than thickness must be considered to
minimize anodic currents. ETL thickness modulated the leakage current the most of test process

parameters, with intermediate thicknesses of about 20-30 nm producing the highest Jgc.
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Figure 3.5. Capacitance-voltage (Mott-Schottky) plots from 1-11 kHz of SnO,. on FTO annealed
at different temperatures. Extracted flat-band voltages are shown in Figure 3.2b-c and extracted
charge carrier densities are shown in Figure 3.6.
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Figure 3.6. Charge carrier density of SnO, on FTO films with different anneal temperatures
extracted from 3.5.
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Figure 3.7. a) Charge carrier density as a function of the energy difference between the
conduction band minimum (E¢py) and the Fermi level (Ef). See a Supplementary Note on
Calculating Conduction Band Positions written in the supplementary section. The dotted lines
show how the carrier density (calculated from Mott-Schottky) is used to find the energy difference
between the Fermi level and conduction band minimum. b) Comparison between the flat-band

energy (Erp) calculated from electrochemical-based Mott-Schottky and the conduction band
calculated using Fermi-Dirac statistics.
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Figure 3.8. a) The current-time profiles of VTE-SnO, of varying thickness on FTO held at 0.4
V vs Ag/AgCl. If anodic currents are assumed to be the result of pinholes, the initial ratio of
current between the tin oxide coated FTO and a bare FTO (extracted as time t goes to 0) can be
modeled in a diffusion-limited regime to be proportional to the pore density of the films. Fitting
for pinhole fraction results in the solid lines.* b) The calculated surface coverage compared to the
anodic current at 1.5 V vs Ag/AgCl from cyclic voltammetry. This estimate of surface coverage
is inversely correlated with the magnitude of anodic current measured in cyclic voltammetry.
Lines are guides to the eye.
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Figure 3.9. The shunt resistance of final devices plotted against the anodic current at 1.5V vs.

Ag/AgCl of a representative film from the same deposition and annealing batch. The dotted line
is the exponential decay fitting.

40



If leakage currents are assumed to be dominated by pinholes, the effective surface
coverage of the ETL can be estimated by modeling the time-dependent change in current seen
after a potential step based on diffusion-limited electron transfer at pinholes (Figure 3.8a).* In
all cases there was a >97% reduction in the anodic current relative to when no ETL was present.
Thick ETL films (at 34 nm) blocked 99.4% of the current (Figure 3.8b). Lower anodic currents
thus appear unsurprisingly related to improved surface coverage, as has been shown previously
in studies of titania for dye-sensitized solar cells, 8 and are indicative of lower shunt resistance

in final devices (Figure 3.9).

3.3.2 Interfacial Reactivity

Finally, we adapted our electrochemical setup to probe for Sn’/ defects by switching to a
weakly acidic, aqueous methylammonium halide electrolyte (0.1 M). Under these conditions
(pH 5.8), we expect Sn'/ and Sn’V to reduce to Sn0 near -0.9 V and -1.2 V versus Ag/AgCl,
respectively.'>* Figure 3.19a shows photographs of as-deposited and 200°C annealed VTE-SnO,
thin films after 5 minute potentiostatic biasing at the indicated potentials. Significant darkening
of the as-deposited sample was observed at potentials -1.0 V, while darkening did not occur
until < 1.2 V for VTE-SnO, annealed at 200°C. XPS analysis indicates this darkening correlates
well with the conversion of VTE-SnO, to more reduced tin species, including Sn® (Figure 3.11).
The corresponding chronoamperometry data are shown in Figure 3.12. We attribute reduction in
the range of -1.0 to -1.2 V vs. Ag/AgCl to the reduction of Sn’/ species like SnO to Sn® and at
potentials from -1.2 to -1.3 V to reduction of Sn’” in SnO», in accordance with previous studies
at similar pH.”> 2> The presence of tin species with intermediate coordination are suggested
by the broadening of the Sn 3ds/, peak after electrochemical degradation (Figure 3.11). The
effect of methylammonium acidity was verified by conducting control experiments under the
same experimental conditions but using a 0.1 M potassium halide electrolyte. As expected,
the thresholds for reduction in the VTE-SnO, films were shifted to more cathodic applied

potentials, evidenced by the lack of darkening in the VTE-SnO; films (Figure 3.13).12> The acidic
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Figure 3.10. a) Cyclic voltammograms of VTE-SnO, films of the indicated thicknesses annealed
at 195°C. Sources of current leakage include: i-ii) pinholes, iii) conductive filaments, iv) defects,
and v) other inhomogeneities shown in the inset schematic. b) Short-circuit current density of
final devices plotted against the anodic current at 1.5V vs. Ag/AgCl of a representative film

from the same deposition and annealing batch. The shaded grey region is the 95% fit confidence
interval. The devices are the same as those of Figure 3.2b
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attack enabled by methylammonium agrees with recent studies on the perovskite/selective layer
interface.86-87-126.127 Thys the combined XPS and electrochemical characterization strongly
suggests the as-deposited VTE-SnO, contains significant concentrations of Sn’/ relative to
annealed VTE-SnO,, providing chemical insight into the process and performance variations.
Further, this highlights the ability of our electrochemical measurement in methylammonium to

1

reveal the presence of high levels of reactive Sn’/ by a rapid and simple test.
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Figure 3.11. a) Raw tin 3ds, (Sn 3ds/,) XPS spectra of a pristine film (30 nm, 200°C anneal)
and b) an electrochemically degraded film with contributions from the tin oxide (SnO,) and
metallic tin (Sn0) labeled. The FWHM for each SnO—x feature is shown. Electrochemical
degradation was induced by holding for 5 minutes at -1.3 Ag/AgCl in 0.1M aqueous MAI
electrolyte. c) A closer look at the region of interest where no peak at 485 eV is observed in the
control film but d) after electrochemical degradation there is formation of Sn0.

To augment the electrochemical identification of Sn! defects, we performed XPS to
directly measure the surface chemistry of the VTE-SnO, layers as a function of annealing
temperature and confirm the origin of the electrochemical characteristics (e.g. the cathodic onset
potential). Figures 3.19b and 3.19¢ show the Sn 3ds ,-area-scaled Sn 3ds, and VBM spectra

of the as-deposited samples compared to samples annealed at the indicated temperatures (see
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Figure 3.12. The chronoamperometry data corresponding to Figure 3.19a with optical images
inset. The FTO control films exhibit no evidence of reaction though current readily passes
through the film due to its conductive nature. The as-deposited films readily reduce to Sn° at
every applied potential and the reaction is accelerated at more cathodic voltages. The annealed
films exhibit no reaction until -1.3 V vs. Ag/AgCl is applied where a relatively slow reduction
reaction is observed. All films are 25 nm and all voltages are with respect to Ag/AgCl.
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Figure 3.13. Optical images of SnOx films after being held for 5 mins at-1.3 V vs. Ag/AgCl
in different 0.1 M aqueous electrolytes. As can be seen, while the as-deposited films react in
the presence of all electrolytes, the annealed films (at 200°C) only react in the presence of MA,
which as a weak acid dissociates in water. Both the fact that we a) see different reactions to the
KI and KCl electrolytes, and b) see optically similar degrees of degradation for the as-deposited
and annealed films in MACI but no Sn0 peak in the annealed films (with one in the as-deposited
films) suggests different degradation mechanisms between the two processes likely occur.

Figure 3.14 for additional 3ds ,-area-scaled survey and core levels as well as Figure 3.15-3.16
for plots of the raw data). To determine the ratio of Sn:O we used three main techniques.
First, we analyzed the Sn 3ds /, core level to attempt to discern Sn'/ from Sn’". However, the
close proximity of the SnO and SnO; Sn 3ds/, core level features resulted in a single peak
for all samples that we could not confidently decompose,'?*128-131 Jimiting us to correlate
gradual shifts to higher binding energy (Figure 3.19d) with increased annealing temperatures as
a likely indicator for higher ratios of SnO; to SnO.!3? Second, we analyzed the VBM, which
qualitatively shows different valence “fingerprint” features for SnO and SnO» films.!30-132
Although quantitative interpretation is not possible, the increase in signal in the lower binding
energy region of the VBM spectra again suggests that the as-deposited VTE-SnO, has more
Sn’! (SnO) character than the annealed films. Note that due to signal to noise issues with the
original data, the spectra presented here are from an analogue set of SnO, samples prepared
under the same conditions (see Figure 3.17 for XPS VBM scans of the SnO; films corresponding
to the core level XPS). Finally, we calculated the O:Sn ratio shown in Figure 3.19d using the

areas of the Sn 3ds , and O 1s peaks scaled by their relative sensitivity factors with contributions
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from oxygen-bearing C, Ca, Na, and Si contaminants subtracted — assuming they come from the
glass substrate due to dust from sample cleaving during preparation (see Figure 3.14-3.18 for
calculation details). We note that this calculation requires a number of assumptions and therefore
has multiple potential sources of error. Nonetheless, these results again suggest that the as-
deposited film has a larger ratio of SnO to SnO, than the other films. Thus, while quantification
uncertainties exist, the XPS results all qualitatively indicate a main difference in the VTE-SnO,
is the presence of Sn’/ defects that are oxidized upon annealing in atmosphere to Sn’", at least at
the surface, in good agreement with our electrochemical results (Figure 3.19a). The challenge
of XPS quantification, particularly with elements and chemical states where decomposition is
difficult (e.g. Sn 3ds»), highlights the ability of electrochemical probes to provide actionable
feedback with greater simplicity of measurement and analysis. In the end, both XPS and the
chronoamperometry reactivity test reveal that the elimination of Sn’/ defects play an important
role in energetics, which can affect V¢, and durability, providing mechanistic insights into the
changes we observe in cyclic voltammetry when changing the anneal temperature.

The electrochemical probes used here — anodic and cathodic CV and potentiostatic
stability tests in various electrolytes — and their empirical relationships to device performance
enable an informed decision, within minutes, whether to proceed to the next process step or if
the process conditions should be changed. Consequently, we now employ these quality control
checks in our lab for VTE-SnO,. Coupled with the ability of electrochemical techniques to
probe large areas (Figure 3.20-3.21), these techniques may contribute to the scaling of MHP

fabrication.
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Figure 3.14. a) Survey spectra of SnO; films on FTO with variations in post-deposition anneal
temperature. b) Carbon 1s (C 1s) spectra showing that the 190°C annealed film has a relatively
high level of carbon contamination compared to the other films. c¢) Oxygen 1s (O 1s) spectra
showing a general shift from high to low binding energies which is consistent with an increase in
the SnO;:SnO ratio. d) Calcium 2p (Ca 2p) spectra showing significant calcium contamination
in the 190°C annealed film (confirming contamination concerns from C 1s spectra) €) Sodium 1s
(Na 1s) spectra showing its variable presence in all films. f) Silicon 2p (Si 2p) spectra showing
its variable presence in all films. Note that all scans shown here are scaled by the Sn 3d;s /, area
for comparison purposes and that raw data is shown in Figure 3.15-3.16.
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Figure 3.15. a) Survey spectra of SnOj films on FTO with variations in post-deposition anneal
temperature. b) Carbon 1s (C 1s) spectra showing that the 190°C annealed film has a relatively
high level of carbon contamination compared to the other films. c¢) Oxygen 1s (O 1s) spectra
showing a general shift from high to low binding energies which is consistent with an increase in
the SnO;:SnO ratio. d) Calcium 2p (Ca 2p) spectra showing significant calcium contamination
in the 190°C annealed film (confirming contamination concerns from C 1s spectra) €) Sodium 1s
(Na 1s) spectra showing its variable presence in all films. f) Silicon 2p (Si 2p) spectra showing
its variable presence in all films. Note that this is raw data with binding energy axis scaled by the
average position of the C-C bond in C 1s across the sample set.
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Figure 3.16. a) Tin 3ds/, (Sn 3ds/,) spectra of SnOy films on FTO with variations in post-
deposition anneal temperature. b) X-Ray Valence Band Maximum (XVBM) spectra. Note that
this is raw data with the binding energy axis scaled by the average position of the C-C bond in C
Is across the sample set.
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Figure 3.17. X-Ray Valence Band Maximum (XVBM) spectra of as-deposited and annealed
SnO; corresponding to the batches from Figure 3.19b-c, 3.12, and 3.14-3.16. Here, the integra-
tions times were too low to observe a distinct difference between the 4 conditions and longer
integration times were needed to improve the signal:noise (S/N) and confidence in differences

between the SnO and SnO, fingerprint regions. A comparison between as-deposited and a film
annealed at 190°C with good S/N is shown in Figure 3.19c.
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Figure 3.18. Deconvolution of the carbon 1s (C 1s) peak for the as-deposited and annealed SnO,
samples to determine the level of oxygen-containing carbon species, which were then subtracted
from the oxygen 1s (O 1s) area to more accurately calculate the O:Sn ratio.’
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Figure 3.19. a) Photographs of as-dep and 200°C annealed VTE-SnO, biased at the indicated
potentials (Ag/AgCl reference) in an aqueous 0.1 M methylammonium halide electrolyte visually
indicating Sn reduction originating from Sn'’ (1.1 to -1.2 V) and Sn’V (-1.3 V), inferred from
XPS (Figure 3.11). b) Sn Sn 3ds, and ¢) X-ray valence band maximum scans (see Figure 3.17
for VBM scans corresponding to Figure 3.19b,d). d) Sn Sn 3ds, core level shift and calculated
O:Sn ratio as a function of annealing temperature.
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Figure 3.20. a) Optical image of a 40 nm 10x10 cm? SnO, film deposited on FTO and
partitioned into six sections. b) Each section was tested individually via cyclic voltammetry
showing homogeneity across the film.
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Figure 3.21. Optical image of a 10 x 10 cm? SnO, film deposited on FTO and partitioned into
six sections a) before and b) after electrochemical stability testing in aqueous 0.1M MALI solution,
where the substrate was held at -1.3V vs. Ag/AgCl for 5 minutes. c) UV-Vis spectroscopy from
the six sections before (blue) and after (red) electrochemical degradation. The SnO, film was
25.2 nm and tested in its as-deposited state without post-deposition annealing.
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3.4 Conclusions

In summary, using VTE-SnO, as a case study, we have revisited the application of simple
electrochemical tools to assess the physical and optoelectronic properties of carrier selective
contact layers that are relevant to high-performing solid-state optoelectronic devices. Moreover,
we have directly correlated various electrochemical properties to final perovskite solar cell perfor-
mance parameters. Given the critical performance requirements for carrier extraction, efficiency,
and interfacial chemical stability in MHP solar cells, we have shown electrochemical tools are
particularly well suited to provide rapid and actionable feedback on films incorporated into
these devices. It should be noted that while demonstrated on VTE-SnO,, these electrochemical
probes are highly adaptable, including for polymeric and hole selective contact materials, >3
and are capable of addressing contact issues at scale. Therefore, they can be used both in the
development of new transport layers, by aiding in the troubleshooting process, and/or as a
screen for process reproducibility, by permitting comparisons between batches of substrates
for perovskite device fabrication. Altogether, the simple electrochemical techniques discussed
herein provide a platform for an improved learning cycle, enabling accelerated screening of
novel contact layers for specific perovskite compositions to enable well optimized, stable, and
high performing devices.

Chapter 3, in full, is a reprint of the material “Electrochemical Screening of Contact
Layers for Metal Halide Perovskites” by Moses Kodur, Zachary Dorfman, Ross A. Kerner,
Justin H. Skaggs, Taewoo Kim, Sean P. Dunfield, Axel Palmstrom, Joseph J. Berry, and David P.
Fenning as it appears in ACS Energy Letters. The dissertation author was the first author of this

paper, all authors contributed to this work.
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Chapter 4

Solvent-free Transfer of Conjugated Poly-
mers for Hole Transport Layers in Per-
ovskite Solar Cells

4.1 Introduction

The ability to deposit thin films (< 100 nm) with precise thicknesses and in a sequential
order is a critical aspect of semiconductor device manufacturing. As modern optoelectronic
devices incorporate more organic components (e.g., OLEDs), the development of new processes
which are compatible with a wide variety of hard and soft materials becomes increasingly
important. Specifically in the context of devices, additional design considerations include an
ability to yield homogeneous films on large substrates (> 100 cm?) that are compatibility with
the underlying layers that may be sensitive to stressors such as heat, solvents, or other conditions.

Conjugated polymeric materials—defined by the delocalization of electrons through an
extended system of 7 bonds—are valuable in many multi-layer devices, such as organic and
hybrid perovskite photovoltaic cells, due to their high charge carrier mobility, low temperature
film formation, and band positioning. However, the deposition of polymeric materials is generally
limited to processing from vapor, liquid, or solution phases (e.g., chemical vapor deposition,
spin-coating, or various printing methods) which restricts the structural diversity that can be

achieved. In the case of vapor-phase processing, the most significant drawback is that the
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monomers must be polymerized in situ in a reactive process (as in chemical vapor deposition

of polymers).!3*136 For solution-phase processing, perhaps the most significant limitation is

ensuring the solvents used do not damage the underlying layers—i.e., “solvent orthogonality.”
The deposition of pre-solidified films has been shown to open new opportunities by

137

avoiding solvent incompatibility!3’ and enabling conformal coating textured structures.!3® Free-

standing polymer films have been of significant scientific and technological interest over the last

two decades, where they are used in service of fundamental studies and characterization,39-142

144,145 147,148

energy storage,'*? sensing, separation membranes, ' tissue engineering, and vari-

ous other applications.!4%-152

Here, we have made use of freestanding films to fully circumvent the concerns of solvent
orthogonality by enabling deposition truly free of liquid solvents. While the polymers are
originally formed atop a water bath, using the technique of interfacial spreading,'33-13% the
freestanding films are fully dried prior to their transfer to a substrate meaning the underlying
layers of a device are agnostic to the original solvents used to form the polymer (water and
chlorobenzene in our case). In the intermediate stage of this technique, named “solvent- free
transfer” (SFT), the freestanding films are supported by custom built frames which support the
edge of the films by van der Waals forces. These films can then be transferred directly onto a
variety of substrates that are either bare or coated with other layers in a device stack in a manner
which is compatible with roll-to-roll manufacturing. We demonstrate that SFT has significant
potential in depositing over large areas by forming and transferring free-standing films which are
up to 10 x 10 cm? in area, with thicknesses of approximately 20 nm.

These films are characterized and compared to spin-coated controls to discern uniformity
and quantify optoelectronic properties by using surface profilometry, atomic force microscopy,
scanning electron microscopy, and electrochemical chronoamperometry and cyclic voltammetry.

Finally, we demonstrate the viability of the films as hole-transport layers (HTL) in small area

(0.07 cm?) perovskite solar cells (PSCs) proving their optoelectronic quality.
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4.2 Materials and Methods
4.2.1 General

All polymer solutions were made with chlorobenzene as the primary solvent, magnetically
stirred for at least 12 hours at approximately 60 °C, and were taken off the heat shortly before
experiments and allowed to cool to room temperature. All air plasma treatments were done using
a RF plasma cleaner from Harrick Plasma. The plasma cleans were done at 30 W with a chamber
pressure of approximately 300 mTorr. All depositions on glass were done within 1 hour after

plasma treatment.

4.2.2 Preparation of the Freestanding Polymer Films

All film formations and drawing were performed on custom-built systems. All custom
parts, such as roller drums, troughs, and substrate carriage were printed on a Form 3 SLA printer
using Form Clear Resin. The troughs in particular were treated in air plasma for an extended
period of time (>3 hr) to crosslink the print surface and minimize leeching of the monomers
and oligomers into the water used for interfacial spreading. Furthermore, a hydrophobic silane
treatment was applied to the trough surface to modify the water contact angle and planarize the

water surface in order to avoid pooling of the polymer solution.

4.2.3 Polymer Film Characterization

Profilometry

The initial thickness of transferred films was estimated by using the same “spreading
parameters” (drop volume, polymer solution concentration, and dish size) to form films which
were transferred to planar (glass) substrates. For P3HpT and P3BT films, the concentrations
used were 10 mg/mL and 7 mg/mL respectively. For the small-area trough (4 x 11 cm area) a
droplet volume of 15 uLL was used. For the large-area trough (13.5 x 15.5 cm area) a droplet

volume of 70 uL was used. The thickness of these films was then measured using a Dektak XT
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profilometer.
Electrochemistry

For all electrochemical measurements, we used a standard three-electrode system with
a bare/coated ITO as the working electrode, a platinum (Pt) wire was used as the counter
electrode, and a non-aqueous single junction silver (Ag) reference electrode (Pine Research,
AKREF0033) filled with 10 mM of silver nitrate in acetonitrile. In chronoamperometry, the
electrolyte used was 0.1M tetrabutylammonium hexafluorophosphate (TBAH, supplied by Fluka)
in anhydrous propylene carbonate (Sigma Aldrich) where 20 g/mL of ferroene was added to
serve as the redox couple. All voltages reported were corrected with 85% automatic and 15%
manual iR compensation and all electrochemical measurements were performed on a Biologic
VSP 300 potentiostatic with EC-lab software. The reference electrode was calibrated using
the ferrocene/ferrocenium redox couple whose redox standard potential in propylene carbonate
has been determined to be 0.624 V vs SHE.!57 In the chronoamperometric measurements to
determine pore density, the films were held at 0.8 V vs. SHE for 30 seconds after a 2 second
linear sweep from open-circuit voltage. In order to minimize the formation of pinholes, all
samples were prepared in a Class 100 cleanroom using a sequentially filtered P3BT solution

(0.45 um and 0.2 um pore sizes).
Atomic Force Microscopy

The polymer films were deposited by SFT or spin-coated onto polished silicon which had
been rinsed in acetone, ethanol, isopropyl alcohol, and deinonized water, followed by treatment
with air plasma. AFM measurements were taken using a Veeco atomic force microscope (AFM)

in tapping mode and analyzed using Nanoscope and Gywddion software.
Scanning Electron Microscopy

SEM micrographs were captured on a Zeiss Sigma 500 SEM with an accelerating voltage

of 3.00 kV and an InLens detector. The samples used were the same as AFM.
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4.2.4 Preparation of Perovskite Solar Cells

Substrate Preparation

Indium tin oxide (ITO) substrates were purchased pre-diced and pre-etched from Biotain
Crystal Co. (TEC 8, 6-8 Q/sq). They were cleaned by a series of sonication and washing steps as
follows: sonicate in 2 vol% Hellmanex III in DI water for 15 min, rinse with DI water, sonicate
in DI water for 15 min, rinse with DI water, sonicate in IPA (99.5% purity) for 15 min, rinse with
IPA, sonicate in acetone (99.9% purity) for 15 min, rinse with IPA, and then dry with filtered dry

air. Immediately prior to tin oxide deposition, the FTO substrates were UVO-treated for 20 min.
Tin Oxide Electron Transport Layer

The seed solution was prepared by diluting a colloidal dispersion of SnO; (15% in water,
Alfa Aesar) with DI water (Alfa Aesar) in a 1:4 volume ratio. Prior to use, the solution was
stirred at room temperature for 4 hours then filtered with a 0.22 um PTFE filter. Cleaned and
UVO-treated substrates were prepared and 150 uL of the SnO; seed solution was spun atop
the substrates at 4000 RPM for 30 seconds in air. The films were then sintered at 150°C for 30

minutes also in air.
Perovskite Absorber

The selected perovskite composition has a nominal solution stoichiometry of
FAg 7sMAg 05Cso.17Pb(Ig 85Brg.10Clg.05)3 dissolved in a 3:1 v/v mixture of DMF and DMSO at a
1.25 M concentration. Prior to the perovskite deposition, the tin oxide coated ITO substrates were
treated again with UVO to improve the wettability of the perovskite solution resulting in better
films. The films were spin-cast at 5000 RPM for 50 s with a 200 uL drop of methylacetate 22 s
into the spin. The resulting films were annealed at 100 °C for 30 min. All perovskite processing
was conducted in a nitrogen-filled glovebox.

FAI was purchased from GreatCell Solar Materials, CsI (99.999% purity) and MACI
(99.0% purity) from Sigma Aldrich, lead iodide (99.99% purity) and lead bromide (99.99%
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purity) from TCI, and lead chloride (99.999% purity) from Sigma-Aldrich.
P3AT Hole Transport Layer

Both poly(3-heptylthiophene) and poly(3-butylthiophene) were dissolved in chloroben-
zene at a concentration of 10 and 7 mg/mL, respectively. In the case of the solvent-free transfer,
a droplet of solution, with a volume of 15 uL, was dropped onto water in a narrow trough
and allowed to solidify on top of the water. The film formation and drawing was done in an
oxygen-free, nitrogen-filled glovebox with an oxygen content below 0.02%. The films were then
transferred into a separate nitrogen-filled glovebox (< 1 ppm water or oxygen), with a drying
step in the antechamber under dynamic vaccum for 10 min. The films were then transferred
onto the perovskite device stack and conformal coating was promoted by a vapor treatment of

chloroform, performed in a recrystallization dish with a glass lid, at room temperature, for 5 min.
Gold Top Contact

A 100 nm layer of gold was deposited by vacuum thermal evaporation with a 5 nm

adhesion layer deposited at 0.03 A/s then finshed at 0.5 A/s.

4.2.5 JV Testing

After device fabrication was completed, the cells were allowed to age in nitrogen for 15
days, as this was observed to significantly improve the device fill factors by eliminating “double-
diode” behaviour in the JV sweeps (Figure S10). Devices were tested in nitrogen environment
using an ABET Mondel 11002 SunLite Solar Simulator, under AM 1.5G, at 100 mW/cm?, with
a scan speed of 0.1 V/s, and a fixed aperture of 0.07 cm?. Prior to testing, the light intensity was

calibrated using a standard silicon reference cell purchased from PV Measurements, Inc.
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1) Polymer solution is spread 2) Solvent evaporates, 3) Roller drum is used to shear
on water surface leaving polymer film film from surface of water

Polymer Polymer
Solution Film

Water

Roller

>
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6) Substrates are coated, ready 5) Films are transferred 4) Gears on drum and

for additional processing by roating drum carriage are mated

Perovskite
Half-Cell

Substrate
Carriage

Figure 4.1. Summary of the solvent-free transfer process. A polymer film is formed on the
surface of water before being sheared from the water surface using a cylindrical drum. The
freestanding film can then be subsequently transferred to a solid substrate.

4.3 Results and Discussion

A summary of SFT, as it is applied in the fabrication of PSCs, is shown in Figure 4.1.
The process begins by the interfacial spreading of a polymer solution on the surface of water
held in a rectangular trough (step 1). The spreading of the polymer solution itself is driven by
the Marangoni effect.'>” Once the solvent evaporates, it leaves behind a polymer film suspended
upon the surface of the water. The thickness of this film is determined by the concentration of
the solution, the volume of the droplet, and the surface area of the trough (step 2). This film is
then contacted at the edges by a supporting structure, in this case a cylindrical drum, to which
the edges of the polymer film adhere. The drum is rotated to shear the polymer film off of the
surface of the water (step 3). An image of the apparatus used to to draw the film from the water
bath is shown in Figure 4.2.The drum with suspended films can then be aligned (step 4) and
rolled over appropriately shaped substrates to transfer the film, e.g., to a perovskite half-cell (step
5). An image of the apparatus used to to draw the film from the water bath is shown in Figure 4.3.

Once the films have been transferred, the device stack is ready for additional processing (step 6).
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Depending on the interfacial energies between the polymer and the desired substrate, the film
will readily wet the substrate or it may benefit from additional treatment to promote complete
contact. In the case of the perovskite/polymer pairings used in this work, we used chloroform
vapor to promote the wetting process, but if the substrate surface is sufficiently hydrophilic, the

wetting is rapid and effective.

Figure 4.2. The setup used to draw the small area (25 x 25 mm) freestanding films.

Because of the reliance of SFT on interfacial spreading, it is important to acknowl-
edge the unresolved challenges we encountered when determining which polymers would
successfully spread and in achieving reproducibility. For example, we found that the P3AT
(poly(3-alkylthiophenes)) family of polymers typically exhibited excellent interfacial spread-
ing and routinely formed high quality films. However, P3HT (poly(3-hexylthiophene)) had
significant variability from batch to batch and often resulted in torn films with significant thick-
ness variation across lateral length scales of the order of centimeters. Similarly, Poly-TPD
((N,N’-bis-4-butylphenyl-N,N’-bisphenyl)benzidine) sometimes formed high quality films and
sometimes produced films with substantial wrinkling. PTAA (poly(triaryl amine)) was expected

to perform similarly to Poly-TPD given their structural similarities but we were never able to
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Figure 4.3. The setup used to transfer the small area (25 x 25 mm) freestanding films onto
correspondingly sized substrates. Note the presence of a vacuum line on the carriage to hold the
substrates in place as the transfer is performed.

successfully spread and transfer a single film. These inconsistencies were observed despite
attempts to control the environment (polymer solution preparation in a nitrogen-free environment,
UV-light filtering when handling polymer solution or films, solution spreading performed in
cleanroom or oxygen-free glovebox, etc...) suggesting that the specific properties which allow
a given polymer and batch to spread effectively remains an open question. Overall, we found
SFT was amenable to several polymers. In particular, we were readily able to form and coat
films from the family of P3ATs as well as Poly-TPD. However, other polymers, such as poly[2,5-
(2-octyldodecyl)-3,6-diketopyrrolopyrrole-alt-5,5-(2,5-di(thien-2-yl)thieno [3,2-b]thiophene)]
(DPP-DTT), fractured while removing the film from the surface of the water. Nevertheless, it
may be possible to broaden the scope of the process to include more brittle polymers with the
use of additives or plasticizers. The polymers with which we attempted to form freestanding
films are shown in Figure 4.4.

When forming large area films (100 cm?), we replaced the rotating drum with a square

planar frame (10 x 10 cm?) which shears the film from the water surface by translating laterally
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Figure 4.4. Chemical structures of the polymers with which we attempted to form freestanding
films. We were successful in forming contiguous freestanding films with the P3ATs (m =4, 6, 7)

and Poly-TPD, whereas DPP-DTT fractured during the rolling of the drum.

Figure 4.5. The setup used to draw and transfer the large area (10 x 10 cm) films onto
correspondingly sized substrates. The setup is shown in the drawing configuration. The transfer
configuration requires the trough be swapped out for a substrate holder, but is otherwise the
same.
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on a linear bearing (Figure 4.5). This approach is conceptually equivalent to a roller drum
of infinite radius. The use of the planar frame (instead of a large drum) minimizes the strain
on the film, and the drawn films were of high quality (Figure 4.6a). The film can then be
transferred to a large area substrate by lowering down the film at a gentle, off-horizontal angle
such that one corner touches down first. Upon contact with a high energy surface, such as
glass treated with air plasma, the film is quickly pulled down onto the surface as the triple
interface (glass/polymer/air) propagates across the substrate. As this process evolves, air pockets
sometimes form. We observed in most instances that these pockets deflated by themselves as the
gas molecules diffused through the film, as was the case for the transferred film shown in Figure
4.6b. Otherwise, the elimination of the bubbles can be accelerated by exposing the substrate and

film to solvent vapor.

Thickness Distribution of 10 x 10 cm? P3BT Film, Thickness Distribution of 10 x 10 cm? P3HpT Film,
p=217nm,o=35nm p=18.1nm, o =4.9nm
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Figure 4.6. a) Summary of the large-area SFT variant, where the floating film is sheared off the
water surface by a planar frame, which translates horizontally. This film can then be applied
directly to a substrate. b) Photographs of a 10 x 10 cm? area film made of P3BT, mounted on the
drawing frame (left) as well as after the same film was transferred onto a sheet of glass (right).
c¢) Thickness measurements by profilometry of the same P3BT film (left) as well as a separate
P3HpT film (right).

The thickness uniformity of these films was assessed by contact profilometry (see Figure
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4.6¢), which we found to have a reasonably low standard deviation (< 5 nm) for films with
an approximate mean thickness of 20 nm. Additionally, the quality of the film formed also
strongly depends on the local environment, control over which was limited in the ambient
laboratory environment. Factors such as the presence (or absence) of air currents can influence
the uniformity of the film. Generally, the last regions to dry are also the thickest. This non-
uniformity can be attributed to increasing concentration of polymer in the liquid region as the
film solidifies in an adjacent region. Therefore, the manner in which the film dries can have a
significant impact on the uniformity of the film. For example, in the case of large area films
(which were formed with the setup simply placed in the open air of a fume hood), the last region
to dry was consistently one of the back two corners, and when drawn, this region would be
slightly, but visibly, thicker than the others. In contrast, when the evaporation was allowed to
proceed in an enclosed container without flowing air, the overall solidification of the film was
much less predictable, as was the subsequent non-uniformity. It may be possible to create a
channel where uniform laminar flow can be leveraged to produce films with greater uniformity
than is shown in Figure 4.6¢.

We then measured the roughness and pinhole density of the films produced by SFT
compared to those produced by spin-coating (SC). Films produced by both methods were of
the same thickness (ca. 20 nm) and derived from the same solution. Atomic force microscopy
(AFM) was used to generate a topographic map of the film surfaces before and after exposure to
chloroform vapor, i.e. solvent-vapor annealing (Figure 4.7a). A quantitative look at the surface
roughness of the films shows that, overall, the SFT films were slightly smoother than their SC
equivalents (Figure 4.7b). As expected, the chloroform vapor treatment reduced the roughness
for both the SFT and SC films. To ensure that the minima shown in the AFM images were not
pinholes, we obtained scanning electron microscopy (SEM) images of the films (Figure 4.7c¢);
no pinholes were observed.

In addition to AFM and SEM, we tested for the presence of pinholes using electrochemical

chronoamperometry.'>® In this technique, we utilized a standard three-electrode system with 0.1
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Figure 4.7. a) Atomic force microscopy of P3BT films that were deposited by SFT (top row)
and spin-coated (bottom row). Films were evaluated before solvent-vapor annealing (SA) (left)
and after SA (right). b) Root-mean-squared and mean roughness of the various films, before
and after SA. c) Scanning electron micrographs of the same films. An InLens detector was
used to enhance contrast from surface roughness. The horizontal feature at the top of each
micrograph is an intentionally scratched region to demonstrate the contrast between the polymer
and its underlying silicon substrate. d) Electrochemical chronoamperometry of P3BT films that
were deposited by large-area SFT (blue), small-area SFT (yellow), and spin-coating (green) To
compare the scalability of SFT, multiple small area films are compared to multiple regions of a
single large area film.
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M tetrabutylammonium hexafluorophosphate (TBAH) in anhydrous propylene carbonate (PC) as
the electrolyte and ferrocenne/ferrocenium (F./F) as the outer sphere redox couple. The films
were held at 0.8 V vs. SHE for 30 seconds resulting in an exponential decay curve (Figure 4.7d).
As detailed in our previous work,!>® the ratio of the current density as time approaches zero
between the P3BT-coated ITO electrode and the bare ITO electrode (Figure 4.8) approximates
the pore density by with charge can be transported whether by defects, pinholes, conductive
filaments, and impurities. Using this method, the surface coverage for films transferred by
both SFT methods (small and large area) as well as SC controls was estimated. The results are
tabulated in Figure 4.9. We find that all of the films performed similarly with the large area
SFT, small area SFT, and SC films exhibiting 97%, 96%, and 95% coverage, respectively. The
large area SFT films all came from a single film that was simultaneously applied to several small
area (25 x 25 mm?) substrates. All of these films were produced from the same sequentially
filtered solution (0.45 um and 0.2 um pore sizes) and made in a Class 100 cleanroom in order to

minimize the occurrence of pinholes.
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Figure 4.8. Chronoamperometry of the bare ITO substrate.

Ultimately, we were interested in how films deposited by SFT perform in devices in

comparison to films produced by spin-coating. In a typical perovskite solar cell (PSC), the
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LA-A 0.968
LA-B 0.973
LA-C 0.966
LA-D 0.973
LA Average 0.970
SA-1 0.958
SA-1 0.961
SA Average 0.960
SC-1 0.943
SC2 0.947
SA Average 0.945

Figure 4.9. The surface coverage of each film as determined by chronoamperometry.

absorber is sandwiched between two charge selective layers (the electron- and hole-transporting
layers, ETL and HTL). In general, the selective layers must exhibit high electronic conductivity
for the desired charge carrier, have favorable band alignments with the absorber, be chemically
compatible with the absorber, have a high degree of stability against operational stressors,
be optically transparent, and form interfaces with low levels of carrier traps. We reasoned
that PSCs would be a good platform on which to test the viability of SFT of a conjugated
polymer due to the lack of liquid solvents needed for SFT, which might otherwise damage
the underlying perovskite absorber.!6%161 Additionally, the stability of PSCs is often further
negatively impacted by the additives incorporated into the other layers in the device stack, such as
the dopants used in the hole-transport layers (HTLs) made from small-molecular (non-polymeric)
organic semiconductors.

We made PSCs with a variety of P3ATs, and found the electronic performance of all
P3ATs tested to be comparable (Figure 4.10, with a slight loss in Vo with increasing side-chain

length. Ultimately, we settled on poly(3-heptylthiophene) (P3HpT) due to the favorable adhesion
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Figure 4.10. Photovoltaic metrics of perovskite cells using one of several spin-coated P3ATs as
the HTL. While there is a trend towards higher Vo for shorter alkyl side-chains, the generally
comparable performance of the P3ATs, along with the improved wetting of P3HpT on the
perovskite, led us to choose P3HpT as our HTL for subsequent batches.

that we observed with the perovskite and this polymer, as opposed to that of glassier P3ATs
with shorter alkyl chains. These films had free-standing dimensions of 2.5 x 2.5 cm?, though
the device active area was significantly smaller, at 0.07 cm?, as defined by a stencil mask. Our
findings are summarized in Figure 4.11. In general, we found the performance of the SFT films
to be comparable to the SC ones. The open-circuit voltage, V., of SFT devices were somewhat
lower, and showed greater hysteresis, when compared to those made with SC. However, the SFT
devices displayed slightly increased short-circuit current density, Jg., in both scan directions. The
fill-factor (FF) was comparable between the two types of devices, with SC slightly outperforming
SFT in the forward scan, but the opposite in the reverse scan. The underlying cause for these
differences is unclear, but one possible explanation could be the difference in microstructure of

the polymer which results from different processing conditions. 6

For example, the preferential
edge-on microstructure of films formed by interfacial spreading when compared to films formed
by SC could slightly alter the energetics at the HTL/perovskite interface, therefore affecting the
photovoltaic metrics.

Additionally, we attempted to analyze the impact of different SFT processing steps on
the final device performance. This included manipulations to the environment during formation
to control the oxidative state, the use of chloroform vapor treatment to promote conformal

coverage, and aging the completed devices in an inert environment. As expected, we found that

the atmosphere used during film formation impacted the overall device performance (Figure 4.12.
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Figure 4.11. a) Photovoltaic metrics of perovskite solar cells using a P3HpT hole-transport layer
deposited by solvent-free transfer (SFT) or spin-coating (SC). b) JV curves of the champion
devices made using the two different deposition methods. c) Architecture of the device stack.

As expected, the films formed in a nitrogen environment, where the polymers were protected
from oxidation, had an overall superior performance. Furthermore, we found that the use of
chloroform to transiently plasticize the transferred polymer resulted in device improved but only
for relatively short treatments (Figure 4.13. Beyond a few minutes, the chloroform began to have
a deleterious impact on the devices. Lastly, we found that aging devices in a dark, inert (nitrogen)
environment was beneficial for their overall performance (Figure 4.14. From the characteristic

current-voltage (JV) curves, we can clearly see that aging eliminated the double diode behaviour
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where the atmosphere used during film formation was either ambient air or Nj
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Figure 4.13. Photovoltaic metrics of perovskite cells using an SFT P3BT hole-transport layer,
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Figure 4.14. Current Density vs. Voltage sweeps of a batch of perovskite solar cells using spin-
coated P3BT HTLs. The effect of aging in N; is shown to improve the fill-factor significantly
as the "double-diode” behaviour is reduced/eliminated. This effect was consistent across P3AT
batches, both for spin-coated films and those applied by SFT.
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4.4 Conclusions

In summary, we have introduced a novel processing method, SFT, that leverages the
mechanical robustness of conjugated polymers to form exceptionally thin, freestanding films
that can be transferred onto sensitive substrates without using liquid solvents. The process is
demonstrated to be amenable to large areas, and the quality of the films is assessed for uniformity
by profilometry (where we found films of ca. 20 nm thickness to have a standard deviation in
thickness of 5 nm or less). The films were also compared against spin-coated controls. Film
roughness was assessed using SEM and AFM (where we found SFT films to be slightly smoother
than the controls), surface coverage was estimated by chronoamperometry (where SFT films
yields slightly better coverage than the controls.) Lastly, we implemented SFT to produce the
HTLs in PSCs, which performed very comparably to those in which the HTL was fabricated by
spin-coating.

In SFT, after original solidification from solution, the subsequent processing occurs in
the solid phase, allowing for deposition which is free of liquid solvents and therefore fully
circumvents the usual need for solvent orthogonality. In principle, SFT could work with any
polymer film that is floating on the surface of water or an alternative solvent, and interfacial
spreading may be the most scalable method to produce such a film.!> Additionally, because the
polymers are initially processed from solution, SFT is expected to be compatible with the vast
majority of conjugated polymers in use today. We believe this process holds additional potential
in roll-to-roll application as well as in enabling other processing opportunities which leverage
the ability to modify the film before applying them to the desired substrate.

Chapter 4, in part, is under preparation to be submitted under the title "Solvent-free
Transfer of Freestanding Large-Area Conjugated Polymer Films for Optoelectronic Applications”
by Guillermo L. Esparza, Moses Kodur, Benjamin Wang, Alexander X. Chen, Rory Runser,
David P. Fenning, and Darren J. Lipomi. The dissertation author was the primary investigator

and author of this material.
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Chapter 5

Robotic High-Throughput Screening Iden-
tifies Durable Halide Perovskite Absorbers
for Tandem Photovoltaics

5.1 Introduction

The next step in the evolution of perovskite (PSK) photovoltaics is their commercial
deployment.'%3 While significant and rapid development has been made in single junction
perovskite devices, the most direct path to commercialization is as a top cell in perovskite-
silicon tandems. %% 195 These tandem photovoltaics present an attractive route due to their high
theoretical power conversion efficiencies (PCE) which can result in an overall lowered balance
of system costs.!9%167 [ ead halide perovskite absorbers are uniquely positioned to serve as
tandem partners given their relatively low production costs, tunable bandgaps, and sharp optical
absorption edges.? 18:169 However, the investigation of wide bandgap perovskites suitable for
perovskite-silicon tandems (Eg > 1.6eV)!7%171 has proved challenging; these absorbers typically
suffer from phase segregation, especially under illumination, leading to large open-circuit voltage
(Voc) deficits and rapid degradation of device performance.'’? Adjustments to the intrinsic
properties of perovskite absorbers (carrier mobility/lifetime, bandgap, thermal/structural stability,
etc..) can be achieved through mixed perovskite absorbers.>” Among single junction applications,

the so-called “kitchen-sink™ or “triple cation” family of compositions has dominated the best-
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Figure 5.1. a) False-colored image of the Perovskite Automated Solar Cell Assembly Line
(PASCAL) with the various hardware stations labeled. b) Workflow for a typical experiment. c)
Schematics and example data for the in-line measurements taken by PASCAL.)
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performing, most-repeatable, and most-stable reports.?% 17> While some efforts have been made

174 there remains a

to discover a wide bandgap analogue to the “’kitchen-sink” composition,
largely unexplored compositional space among FAPbls-based perovskites.

The compositional flexibility of halide perovskites present both opportunity for discovery
of tailored materials and risk of extraneous effort. Whether fine-tuning compositions within
known spaces, such as the the kitchen sink, or searching for greener pastures (double PSKs,
pseudocations/pseudohalides, new additives, chalcogenides), the field faces a number of hurdles
in screening efforts. First is the enormity of design space of halide perovskite absorbers — nearly
half of the periodic table can plausibly be incorporated into the perovskite structure, making a
systematic search of the space intractable. Second is the sensitivity and irreproducibility of the
fabrication of perovskite thin films, owing largely to low (or even metastable) formation energies,
a highly kinetic synthesis process (spincoating with an antisolvent), and inconsistency in precur-
sor quality. These factors make it difficult to compare results across facilities whose practices
may deviate in innocuous ways ranging from variability in quality of chemical precursors to
sensitivity to the rate of antisolvent dispensing during spincoating.!”> Finally, the absorber is but
one component of the final photovoltaic cell, and covariances between absorber composition,
passivation strategies, charge transport layers, and the process parameters associated with each
step explode the scale of what is ideally a global optimization problem.

This risks inherent to bold compositional searches can be ameliorated by the use of
robotics. Robotic automation of experiments is growing in prevalence, improving experimental
throughput and process precision. Such automation has been commonplace in drug discovery,
facilitated by liquid handling hardware to execute solution-based experiments. This technology
has been arbitraged for study of halide perovskite nanocrystals in solution. Automation of thin
film experiments is more difficult because solid samples require more advanced hardware to
manipulate than liquids; nevertheless, some examples exist of automation platforms for thin
film halide perovskite research, including Ada in the Burlinguette lab'’® and AMANDA at the

Institute of Materials for Electronics and Energy Technologies (i-MEET).!”” Such platforms
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have been used for tasks such as optimizing hole transport layers and evaluating the dependence
of absorber thermal stability on composition.!”®17® These works, along with ours, demonstrate
the value of robotic platforms for systematic study of halide perovskites.

In this work, we execute rapid experimental screening of absorber compositions using
PASCAL, our robotic platform for spin-coating and characterizing halide perovskite thin films.
The Perovskite Automated Solar Cell Assembly Line (PASCAL) automates fabrication of thin
films by the standard spin-coating procedures employed in manual processes, albeit with precision
and control surpassing that of human operators. PASCAL additionally passes samples through an
in-line “characterization train”, generating a standard dataset of imaging (darkfield, brightfield,
and photoluminescence intensity) and spectroscopy (transmittance and photoluminescence)
for each sample. With PASCAL, we fabricate and measure samples at a rate of up to 103
samples/day. As a proof of concept, we fabricate and test films of 83 unique compositions in the
MAFA( 78Csp.22xPb(g 8y .Br,Cl;)3 space in under 48 cumulative hours, evaluating the films
on bandgap, photoluminescence, and stability against intense illumination and thermal stress to
establish the tradeoffs made between these properties across the space. From these results we
divide the compositional space into four regions of durability behavior, and within each region
identify Pareto-optimal compositions which promise the highest potential open circuit voltages
with bandgaps closest to the 1.67 eV target for perovskite-on-silicon tandems. In summary, we
offer a list of promising absorber compositions for development of top cells on silicon bottom

cells, demonstrating the power of robotic screening for design of halide perovskites.

5.2 Materials and Methods
5.2.1 Preparation of Absorber Stock Solutions

Eight “endpoint” stock solutions were prepared to reach a nominal composition of
MA,FA.78Cs0.22—xPb(Ip gy ,BryCl;)3, where, for (x,y,z), the solutions were (0,0.1,0), (0, 0.2,
0), (0,0,0.1), (0,0.1,0.1), (0.1,0.1,0), (0.1, 0.2, 0), (0.1,0,0.1), and (0.1,0.1,0.1). All solutions were
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prepared at 1.2 M in a 3:1 volume ratio of DMF:DMSO using MAI (GreatCell), FAI (GreatCell),
Csl (Sigma, 99.999%), Pbl, (Sigma, 99.999%), PbBr, (Sigma, 99.999%), and PbCl, (Sigma,
99.999%). Pbl, was added in 9% excess to the nominal amount. Solutions were vortexed until
no solids were visible (15-20 minutes), heated to 85 °C for 10 minutes, allowed to cool down
to room temperature, then filtered through a 0.20 micron filter. Finally, these eight “endpoint”
solutions were mixed in a polycarbonate 96-well plate by an Opentrons OT2 liquid handler to

achieve the target compositions for the screening experiments. All steps were performed within

a nitrogen-filled glovebox.

5.2.2 Film Fabrication

Ix1 cm glass slides were cleaned via sequential sonication steps each with a duration of
15 minutes in the following order: 5 v/v % Hellmanex (Sigma) in DI water, DI water, acetone,
ethanol, and isopropyl alcohol. After drying with a filtered compressed dry air gun, the samples
were treated by UV-ozone for 20 minutes under an oxygen flow of 5 scfm. Upon completion, the
substrates were immediately moved into the glovebox containing the robotic platform for film
deposition.

Films were fabricated by spincoating on the robotic platform. Specifically, 20 microliters
of absorber solution were dispensed statically, followed by spinning at 3000 rpm for 50 seconds.
80 microliters of methyl acetate was dispensed from 2 mm above the spinning substrate at a rate
of 100 microliters/second with 22 seconds remaining in the 3000 rpm spin step. After the spin
completes, the sample is immediately moved to a hotplate and annealed at 100 °C for 30 minutes,

and is finally moved to an aluminum-floored sample storage tray to cool to room temperature.

5.2.3 Characterization

All characterization is performed at least 3 minutes after the glass slide has moved onto
the aluminum cooling tray. Once cooled, the sample is transferred to a linear stage, which carries

the sample through a series of stations.
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Photoluminescence

Photoluminescence spectra are acquired using a 0.9 watt 632 nm laser as an excitation
source. Spectra are fit by single gaussians (cts vs eV) to extract PL intensity, center emission

energy, and full-width half-max.
Transmittance

Transmission spectroscopy is used to estimate the optical bandgap using Tauc analy-

sis!7%-180 agsuming a direct bandgap material.

Photostability

Series of photoluminescence spectra are acquired at two second intervals using a focused
0.9 watt 450 nm laser as an excitation source. The focused power is equivalent to about four
suns intensity. Individual spectra are fit by single gaussians (cts vs eV) to extract PL intensity,
center emission energy, and full-width half-max, and these extracted parameters are compared

over time to evaluate film stability.
Thermal Stability

A subset of the films are measured by transmittance and photoluminescence spectroscopy
at 1.5 hour intervals over the course of heating at 85 °C on a hotplate in a nitrogen glovebox.
Films are moved to the aluminum storage tray for at least 5 minutes before each measurement to
cool to room temperature, measured, and then returned to the hot plate. While many samples are
tracked for over 16 hours, some were dropped as early as the 6 hour measurement by the robot
gripper in the course of the experiment. We therefore draw comparisons using only the first 4.5

hours shared by all tested samples.
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5.3 Results and Discussion

5.3.1 PASCAL Workflow

PASCAL consists of five primary components: a liquid handler (Opentrons OT2) to
mix and spincoat solutions, an array of three hotplates to anneal samples and perform thermal
degradation tests, a characterization train to measure optical spectra and take images of each
sample, storage trays to hold substrates and completed samples, and a carterian gantry with a
parallel gripper to move samples between stations (Figure 5.1a). The spincoater was custom built
to fit in one of the liquid handler deck slots such that the liquid handler can pipette directly onto
it. All components are housed inside a nitrogen glovebox to enable work on halide perovskites,
which are sensitive to both oxygen and humidity exposure. The overall system is controlled from
one computer using a custom Python library. This library is publicly available, but is heavily
tailored to PASCAL; some of the generally useful components, specifically those for planning of
mixtures between stock solutions and targets and for job scheduling for parallel job execution,
are available as standalone Python packages.

A typical compositional screening experiment begins with the interpolation of stock
solutions into target solutions (Figure 5.1b). All compositions in our study were reached by
mixing eight “endpoint” solutions that bound the compositional space, mixed in a 96-well plate
by the liquid handler. Next, a glass substrate is transferred to the spincoater chuck by the robot
arm. The spincoater chuck incorporates an indexed encoder such that it can be rotated to a known
position, which is necessary for the parallel gripper to pick up the square sample substrates.
During spincoating, PASCAL affords greater precision and recording of this critical step than
is possible with human operation. The dispense height and rate are precisely controlled, and
the dispense timing is repeatable to within 30 milliseconds (Figure 5.2). After spincoating, the
sample is transferred to one of three hotplates (depending on the set temperature), annealed, then
transferred to the storage tray to cool to room temperature prior to characterization. PASCAL’s

characterization line consists of cameras, LED and laser excitation sources, a halogen lamp,
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Figure 5.2. a) Representative distribution of spincoating timings over 45 samples. The black
line represents the average recorded spincoating speed (rpm) vs time, with shading representing
the standard deviation in rpm. The kernel density plots represent timing distributions for the
steps performed by the liquid handler during spincoating, where each individual distribution is
normalized such that the area under the curve is equal to one. b) histograms corresponding to the
timings of the solution dispense times in a).
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and a spectrometer to allow for a variety of measurements to be made. Additionally, the
characterization line has a linear stage to carry one sample between the various stations, allowing
sample transfers between stations during the characterization step (which can take many minutes)
to be decoupled from transfers between the fabrication steps (which can occur every ten seconds
or so when operating at maximum capacity). PASCAL works on many samples in parallel, with
typical experiments requiring about 4 hours for fabrication and characterization of 45 samples

(example job schedule in Figure 5.3).

Time (hours)
2

Characterization —_

TFay2 = —

Tayl

Hotplate3

Hotplate2

Hotplatel —— T

SpincoaterLiquidhandler

GantryGripper

o 50 100 150 200 230
Time {minutes)

Figure 5.3. Typical job schedule for a compositional screening experiment of 45 samples. The
rows correspond to the independent hardware workers in PASCAL. Colored lines indicate the
duration of individual tasks on the, with each color representing a sample (note that colors repeat,
as this colormap has only 20 unique colors).

The remainder of this work is a case study demonstrating the capability of PASCAL. We
fabricate and test compositions over a compositional domain of interest for wide-bandgap solar
absorbers, with the eventual goal of developing perovskite-on-silicon tandem cells. The data
discussed were generated in two campaigns of 3-4 batches of 45 samples each. Each campaign
covered the same compositional space but with different meshes, leading to irregular sampling
of the total space. Nevertheless, these screening data allow us to evaluate absorber compositions
on a variety of dimensions of merit prior to investing the additional effort of cell fabrication and

optimization.
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Figure 5.4. Photoluminescence a) emission energy and b) intensity for perovskite thin films
across the tested compositional space. The dashed lines indicate a change in trend along the
chlorine axis.
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5.3.2 Photovoltaic Figures of Merit
Bandgap

The bandgap of thin films across our compositional space range from 1.55 to 1.72 eV
(Figure 5.4a) which covers the spread of both the theoretically calculated and empirically tested

170,171,181 The dominant trends in

ideal bandgaps of absorbers atop silicon in tandem devices.
bandgap arise, expectedly, from variations in the halide composition at the X-site.!”3 182 Most
evident is the widening bandgap with increasing bromine fraction (moving towards the top corner
of the ternary diagrams). This contrasts with the non-monotonic relationship between chlorine
content (moving towards the bottom right corner) which initially widens until chlorine comprises
7% of the halide content, after which the bandgap redshifts (dashed lines in Figure 5.4a). While
lead bromide perovskites possess bandgaps around 2.3 eV regardless of the A-site composition,
it has proven challenging to form single phase lead mixed halide perovskites when the bromine
fraction is beyond 15-25% (depending on the A-site composition).> Reports on chlorine
incorporation are scarce since absorbers for single junction application typically don’t require
Cl incorporation. Thus the use of this halide is typically limited to dilute doping of the seed
solution with methylammonium chloride (MAC]I) which is expected to aid in the crystallization
process of the absorber then evaporate out of the system. Our use of MAPbCI3 to dope the
system and the resulting phase split around a chlorine fraction of 7% is consistent with previous
literature reports probing the solubility of chlorine in similar composition spaces where, past a
certain percentage, chlorine addition causes compositional segregation into lower and higher
chlorine regions and a net redshift in bandgap.'”* We speculate that this redshift is caused by
the formation of iodine-rich phases which act as photoluminescence sinks— exactly the same as

the phase splitting when the Br fraction is too high.!83

Interestingly, we observe this redshift in
all 10% CI compositions except those with the highest bromine content (10% Br) regardless of
A-site composition, suggesting that the solubility limit of chlorine in this system is increased

by bromine addition. The composition of the A-site also affects the material bandgap. As we
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increase methyl ammonium content (and accordingly decrease cesium content), the bandgap

narrows slightly likely due to octahedral tilt as the effective A-site radius is manipulated.!84
Photoluminescence Intensity to Approximate Relative Open Circuit Voltage

The photoluminescence intensity of films across the compositional space is shown in
Figure 5.4b. Transmittance spectra show that absorbance at the excitation wavelength (625
nm) does not vary across samples, implying that the photoluminescence intensity measured
here is proportional to the external radiative efficiency (ERE) of the absorbers. As higher
ERE is proportional to the open-circuit voltage expected from a photovoltaic cell,!3> we use
these photoluminescence data to rank compositions for future cell development. Broadly,
compositions with greater than 10% bromine content display poor photoluminescence intensity,
and compositions with greater than 7% chlorine display the greatest photoluminescence intensity.
Despite these broad trends, the actual data are rife with local maxima, and it may be the case that

narrow windows in halide composition space provide opportunity for cells.

5.3.3 Absorber Durability

Photoinduced Degradation
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Figure 5.5. a) Example series of photoluminescence measurements and gaussian fits used to
evaluate emission photostability. b) Shift in emission center after two minutes of exposure to
intense (4 suns equivalent) 405 nm illumination.

We test the photostability of our thin films by recording changes in photoluminescence
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spectra over 2 minutes of constant irradiation by a blue laser (405 nm), with power equivalent of
approximately 4 suns. From these spectra, we extract the changes in both emission intensity and
energy to evaluate a composition’s photostability (Figure 5.5a).

Films across the composition space were seen to either “photobleach” or “photobrighten”,
with final photoluminescence intensities ranging from 10% to 200% of the initial intensity. We
refer to this metric as photointensity. As with the PL data, the photo brightening landscape is
mottled yet still reveals broad compositional trends. Compositions with > 10% bromine mostly
lose emission intensity under photoexposure. All but one photobrightening composition contain
chlorine, with the largest increases in emission intensity occurring in compositions with > 5%
chlorine. As methylammonium loading increases, we see a slight narrowing in the distribution

of intensity changes (p = 0.008 by the Brown-Forsythe test, Figure 5.6,'80) suggesting that the

A-site composition contributes to stability of emission intensity under intense illumination.'3*
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Figure 5.6. Distribution of normalized photoluminescence intensity change of films after two
minutes of exposure to 4 suns equivalent 405 nm light.

Films were seen to either blueshift or redshift in emission energy under photoexposure,
with all but three films shifting by less than 25 meV in either direction (Figure 5.5b). Broadly, we
observe that compositions with higher chlorine fractions tend to redshift more after photoexposure

(by about -10 meV per %Cl, p = 0.011, Figure 5.7).
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Figure 5.7. a) Linear fit of photoluminescence emission energy shift against chlorine fraction for
all films, and b) fit statistics for the regression shown in a). The points at each chlorine loading
vary in bromine, chlorine, and methylammonium content.
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Thermal Degradation
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Figure 5.8. Shift in photoluminescence emission energy for films after exposure to 85 °C.

We test the thermal stability of our thin films by recording changes in photoluminescence
spectra periodically during heating at 85 °C in a nitrogen environment. Photoluminescence
intensity reduces for all films, with the majority of the reduction occuring after the first 1.5 hours
of heating (Figure 5.10a). At 0 and 5% MA content, the films with the highest bromine fractions
showed the most loss of photoluminescence intensity, dropping by up to three orders of magnitude
(Figure 5.9). At 10% MA content, however, there is no clear relationship between halide
composition and intensity loss. Averaging over all halide compositions, higher methylammonium

content leads to greater losses in photoluminescence intensity after thermal degradation.
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Figure 5.9. Normalized photoluminescence intensity of films after 4.5 hours of exposure to 85
°C under a nitrogen environment. Darker red here represents a greater loss of intensity.

Emission energy is seen to either redshift or blueshift, with the rate of shift varying
across compositions as well (Figure 5.10b). Most films blueshifted, with those with 5% or higher
chlorine loading show the largest blueshift (up to 40 meV after 4.5 hours, Figure 5.8). Films

with over 10% bromine and under 5% chlorine slightly redshifted (up to 10 meV after 4.5 hours).
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The methylammonium content was not seen to have an effect on emission energy shifts during

thermal degradation, likely due to the moderate 85°C temperature applied.

5.3.4 Parsing the Screening Data
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Figure 5.11. Segmentation of the compositional space into four distinct behavior regions, labeled
on the colorbar. The broad behavioral trends for the four regions are labeled in on the colorbar:
the red, blue, and purple regions are distinct in their response to photo and thermal stress, whereas
the green region displays uniquely high photoluminescence intensity.

Segmenting the Compositional Space into Regions of Distinct Behavior

The screening data provide multiple dimensions over which the tested absorber composi-
tions can be compared. We use K-Means Clustering (KMC) to segment the overall compositional
space into four regions of distinct behavior. Specifically, we select five screening metrics which
capture the durability and potential performance of the absorbers: thermal stability (by changes
in emission intensity and energy), photostability (by changes in emission intensity, and energy),
and the initial photoluminescence intensity (Figure 5.12). The number of clusters was selected
by trial-and-error — fewer than four clusters grouped disparate compositions together, while
greater than four clusters only divided clusters in spurious ways that were not meaningful in our
context of absorber screening. Note that the composition was not used for clustering, and that
KMC does not require clusters to be contiguous in the compositional space; that KMC naturally
partitioned the compositional space into four contiguous regions suggests that the total screening

data vary smoothly as composition is changed.
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Figure 5.12. Scatterplots representing the 4 durability dimensions on which K-Means Clustering
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is assigned. The top plot displays emission energy shifts under thermal and photo degradation,
while the bottom plot shows normalized emission intensity changes under thermal and photo
degradation.
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From the clustering process, we identify four distinct regions of absorber behavior, two
of which are particularly interesting for tandem development. First, we see that many absorbers
with the highest (10%) chlorine content have sufficiently high photoluminescence intensity to
distinguish them from the rest of the compositions (green region in Figure 5.11). The remaining
three regions are distinguished not by photoluminescence intensity, but by absorber stability
against thermal and photo stressors. Compositions with over 4% chlorine tend to have a stable
emission center under photoexposure, but blueshift in emission under heating. At lower chlorine
loadings, the films have a stable emission energy under heating; of these compositions, some
are also stable under photoexposure (blue regions), while the others blueshift and brighten in
emission under photoexposure (purple regions). The purple regions exist at the boundary between
blue and red regions, suggesting that the photobrightening emission behavior is a transitional
property between thermally stable and thermally unstable compositions.

The methylammonium content on the absorber’s A-site plays a significant role in shifting
the boundaries of these four behavior regions. Most notably, the stable blue region grows
with increasing methylammonium (10%) content, reducing the thermally unstable red region
accordingly. The green "bright photoluminescence” region does not move with methylammonium
loading, suggesting that this brightening effect is more a consequence of the halide fraction than

the A-site composition.
Pareto-Optimal Compositions Within Each Segment

Armed with a segmented compositional space, we use our two main photovoltaic figures
of merit — bandgap and photoluminescence intensity — to identify from each segment the most
interesting compositions for investigation in perovskite-on-silicon tandems. Specifically, we
select pareto-optimal compositions from each compositional segment, optimizing for proximity
to the target top-cell bandgap (1.67 eV) and photoluminescence intensity (which suggests the
potential open-circuit voltage of the absorber in a tandem cell) (Figure 5.13). The compositions

we suggest for further exploration are given in Table 5.1.
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Figure 5.13. Pareto front scatterplots for the four clusters. Crosses are the pareto optimal points,
and dots are the dominated points. The horizontal dashed line represents the target bandgap, the
distance to which we minimize in our pareto optimization.

Table 5.1. ”Most interesting” compositions from each segment of the compositional space as
identified from pareto analysis.

Region | MA 1 Br Cl |Eg(eV) PL(au)

Bright PL 0.1 0.867 0.033 0.1 1.582 6.450
0.1 08 005 0.1 1.616 5.268
0 085 0.05 0.1 1.618 4.806
0 0.8 0.1 0.1 1.654 4.639

Photo, Thermal: Stable 0 0.833 0.167 0 1.669 0.258
0.1 0.8 0.167 0.033 | 1.675 1.725

Photo: Blueshift, Thermal: Stable | 0.1 0.9 0.067 0.033 | 1.616 2.021
0.1 0.85 0.117 0.033 | 1.635 0.843
0 0.833 0.142 0.025 | 1.667 0.475
0.1 0.8 0.175 0.025 | 1.669 0.440
0 0.8 0.175 0.025 | 1.686 0.498

Photo: Stable, Thermal: Blueshift | 0.1 0.9 0.033 0.067 | 1.603 2.800
0.1 0.833 0.067 0.1 1.639 1.826
0.1 0.8 0.125 0.075 | 1.669 1.556
0.1 0.8 0.133 0.067 | 1.683 1.627
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5.3.5 Reliability of the Screening Data

One of the primary value propositions of robotics for lab automation is superhuman
precision and repeatibility. This is especially critical in the investigation of halide perovskites,
which suffer from repeatability issues due to a variety of factors. The processing window for
typical perovskite film fabrication is small, owing to the kinetic nature of the antisolvent-based

crystal formation process. Slight variations in the spincoating procedure, such as the timing

and rate of antisolvent dispensal, can significantly affect the behavior of resulting films.!37-187

The solid precursors used to fabricate perovskite thin films vary in quality from lot to lot, with

potentially outsize influences on the performance of the films.!”
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Figure 5.14. Distributions of coefficients of variation (CV) for features extracted from measure-
ments on the PASCAL characterization line. Each dot represents the CV for five films fabricated
and tested of a single composition. The box plots therefore show the distribution of CV for
each of the features labeled on the y-axis. Features between the dotted lines are extracted from
the same characterization mode. From top to bottom, the features are: 1) intensity, 2) emission
energy, and 3) full-width half max of the photoluminescence spectra. 4) normalized intensity
(I/Iy), 5) rate of intensity change (k from an exponential decay fit [ = Ioe*k/ Ty, 6) change in
emission energy (E — Ey), and 7) rate of energy change across two minutes of exposure to 4 suns
405 nm light. 8) bandgap of the films, measured from Tauc analysis of transmittance spectra. 9)
a metric of film roughness from the darkfield imaging.

These problems are avoided in our robotic workflow, in which are able to maintain
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precise control over all aspects of fabrication (Figure 5.2) and complete all experiments with
small volumes of solutions generated from the same lot of precursors. Despite these factors,
we still observe some variation in the films made by PASCAL. We evaluate repeatability by
the coefficient of variation (CV) in various measurements of five films each of six unique
compositions within our compositional space (Figure 5.14). Measures of material bandgap are
most consistent, with average CV of 0.1% for photoluminescence emission energy and 0.3% for
optical bandgap estimated from transmittance data. The intensity of photoluminescence varies
with an average CV of 10%; this greater variation is to be expected, as radiative recombination
rates within the films are sensitive to interfaces and defect states that do not affect the bulk
material bandgap. More variable still are the measures of photostability. The magnitude of
intensity or emission energy changes vary with CV’s of 20-30%, while the rates of these changes
vary with CV’s of 70-100%. We expect that these photostability measures are driven by the
nature of the film surfaces, as isolated tests of photostability before and after a surface treatment
with phenethylammonium iodide (PEAI) show the surface passivation agent to greatly stabilize

the film under photoexposure.

5.4 Conclusion

Our experimental screening results lay the foundation for informed development of wide
bandgap halide perovskite absorbers for perovskite-on-silicon tandems. We confirm that chlorine
addition does widen the absorber bandgap to a point, identifying a solubility limit of chlorine
in our “’kitchen-sink™ inspired compositional space. Many compositions are shown to have
suitable bandgaps for top cells, using addition of bromine, chlorine, or both to the prototypical
iodine perovskite. A small amount of chlorine addition greatly increases the photoluminescence,
implying that chlorine addition is important to maximize the open-circuit voltage of top cells. Too
much chlorine, however, reduces the thermal stability of the films. Using the photoluminescence

intensity, photostability, and thermal stability, the tested compositions broadly fall into four
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regions of behavior, within each we have co-optimized bandgap and photoluminescence intensity
to identify the most promising absorber compositions for further investigation.

Beyond the screening results, our work shows the value of automation in investigation
of halide perovskites. The total data discussed in this work were acquired over about 48 hours
of machine time using about 10 milliliters of precursor solutions. The throughput, material
efficiency, and process precision afforded by PASCAL mitigate practical issues of variability in
precursors, degradation of stock solutions, and operator error that plague studies of spincoated
halide perovskites. These factors provide us with confidence that the trends identified by our
screening reflect composition-driven material behavior.

Chapter 5, in part, is under preparation to be submitted under the title "Robotic High-
Throughput Screening Identifies Durable Halide Perovskite Absorbers for Tandem Photovoltaics”
by Rishi E. Kumar, Moses Kodur, Deniz N. Cakan, Jack Palmer, Apoorva Gupta, Eric Oberholtz,
Sean P. Dunfield, David P. Fenning. The dissertation author was the primary investigator and

author of this material.
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Chapter 6

Summary and Outlook

Given their rapid development and early success, the future of perovskite photovoltaics
is very bright. However, they still possess significant shortcomings that have hampered their
commercial acceptance.

In Chapter 2, we tested an encapsulation scheme that had been widely proposed in the
literature and found that it was not a sufficient air/moisture barrier for perovskite materials.
Unfortunately, while graphene promises many exciting applications, the relatively small grain
size of high quality CVD-graphene contains too many diffusion pathways for damp air and/or
volatile perovskite species that ultimately lead to their complete degradation. Further, the
lack of toughness (different from strength) of poly-crystalline graphene makes it susceptible
to fracture during the extra handling that is required to prepare graphene stacks. Therefore,
at this time, graphene is not a suitable encapsulation material for large-area perovskite films.
Instead, we found that glass-glass encapsulation (similar to silicon photovoltaics) is a promising
pathway forward for perovskite encapsulation. While others have previously used a glass-glass
encapsulation with a PIB edge seal, our low-temperature application (< 100°C) presents a
pathway by which compositions with less thermal stability could be encapsulation. Further, our
results suggest that the volatilization of thermally unstable species, such as MA, is suppressed,
even after > 1000 hours at 85 °C, due to the build up of MA vapor in the limited head space

of the encapsulated film. Further work is needed to test encapsulated devices in real world
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conditions to verify that the laboratory results translate to practical and real systems.

In Chapter 3, we showed how simple (and cheap!) electrochemical tools can be leveraged
to screen transport layers. Through cyclic voltammetry, we were able to establish a feedback
loop by which the repeatability, relative charge collection energies, and surface coverage of tin
oxide could be quickly evaluated. Importantly, these metrics could be directly correlated with
the final devices batches highlighting its utility for early screening of perovskite photovoltaics
aiding in both the development of new materials and the process control of established recipes.
Further, we showed that chronoamperometry could be used to determine the relative reactivity
at the surface of tin oxide films. This was shown to indicate the oxidation state at the surface
of tin oxide and we speculate that is can be used to predict the interfacial durability between
tin oxide and perovskites. While this was demonstrated on tin oxide, the same principles were
later leveraged to support the work presented in Chapter 4 on conjugated polymers showing the
diverse application of these electrochemical tools.

In Chapter 4, we designed a solvent-free transfer mechanism by which conjugated
polymers could be transferred on top of perovskite solar cells. This prevents degradation to the
absorber caused by harmful solvents and presents a pathways to deposit ultra-thin, large-area
conjugated polymers to be used as transport layers in a perovskite solar cell. In our devices,
the solvent-free transfer films exhibited significant hysteresis. This could be caused by a poor
interface between the perovskite and the polymer. This effect was largely mitigated by aging
in an inert environment suggesting that it is not a fundamental limitation of the architecture or
transfer technique. Further work is needed to improve the post deposition treatment to ensure
better contact or implement an interlayer which anchors the perovskite to the hole transport
layer. Adapting this scheme for other materials such as Poly-TPD, PTAA, or n-type conjugated
polymers and applying it to textured substrates, such as silicon, could further advance the utility
of the solvent-free transfer method by aiding in the development of silicon-perovskite tandem
cells.

In Chapter 5, we present our robotic perovskite fabrication and characterization tool.
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The high throughput capability of this tool allows a wide variety of experiments including
an investigation of over 80 compositions in a single run. We leverage the capacity of the
robot to study the compositional space of a triple cation, triple halide perovskites to be used
as wide bandgap absorbers. Within our search space, we found that the bandgap increases
monotonically as bromine and iodine are increased but that a clear extrema is presented with
chlorine incorporation. This agreed with previous reports which suggested that too much
chlorine induces phase segregation. Additionally, we showed that PL brightness increased with
MA and Cl incorporation and that several compositions exhibit resilience to illumination or
thermally induced degradation. Using a pareto-optimal analysis, we identified several promising
compositions that were advanced to the device making stage. These devices were found to
perform in excess of 16% PCE. While the devices exhibited Jgc and FF values that were close
to expected, the V¢ was still low as is typical with wide bandgap materials. To address these
shortcomings, PASCAL (the robot) can be used to quickly screen through materials which can
passivate the PSK and ETL interface— removing recombination centers and improving the Voc.

Through each of these contributions, our collective understanding of these materials
has progress a little further and the capability of my team to produce high-quality devices has
increased. With that, I pass on my knowledge to the next generation of scientist and engineers
who have picked up the mantle. Perovskite have come a long way especially in the past 13 years
but there is still work to be done.

As Thomas Edison stated, “We are like tenant farmers chopping down the fence around
our house for fuel when we should be using Natures inexhaustible sources of energy — sun, wind
and tide. ... I’d put my money on the sun and solar energy. What a source of power! I hope we
don’t have to wait until oil and coal run out before we tackle that.”

At the end of the day, solar will win out in the energy race and I have no doubt that

perovskite will play a pivotal role in their advancement.
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Appendix A

Supplementary Notes

A.1 Calculation of Air Permeability

Calculation of the air permeability begins with the ideal gas law:
PV =nRT (A.1)

Taking the derivative with respect to time, pulling out constants, and rearranging yields:

d d
—(PV) = —(nRT A2
(PV) = = (nRT) (A2)
dP dn
V— =RT— A3
dt dt (A-3)
dn V dP
~-_ = A4
dt RT dt (A4

Where V = 5 cm® (volume of internal chamber in pressure sensor), T = 295 K (air

temperature), R = 8.314 zzlpfé =62.36 —,%(1”1? and

P 1 .
P ( - ) (A.5)

(%)barrier - (ﬁ_;)nobarrier (M

AT )leak
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where the measurements of (42),umiers (A2 oparricrs and (42) 44 are shown in Fig-
ure 2.11.

Extracting these values from their least square-fit trendlines, we obtain the following
values:

Table A.1. Calculated values of % and % extracted from regions of linear change in pressure
over time.

Sample | 4747 (%) (4

OL — 0.0535 0.0489

1L — 0.0078 0.0031

2L — 0.0061 0.0014

3L — 0.0072 0.0025
Leak 0.6751 1.87x107% —
No Barrier — 0.0047 —

30fairatSTP

Lastly, converting to conventional permeability units of <22 and accounting for
cm*-day

the circular opening in the rubber spacer with diameter 6.0 mm gives:

Table A.2. Calculated values of % and ‘fl—f extracted from regions of linear change in pressure
over time.

Sample Air Permeability (% and %)

OL 2.73
1L 0.078
2L 0.078
3L 0.140

A.2 Calculating Conduction Band Positions

The electron concentration in a semiconductor can be expressed as the product of the
electron density of states and the Fermi function integrated from the conduction band minimum
to the top of the conduction band.!*® Making the parabolic band approximation, we can write
the electron concentration as shown in Equation A.6. After accounting for the contribution to

capacitance from the Helmholtz layer, we know from Mott-Schottky analysis that these films

100



are highly-doped. Using Fermi-Dirac statistics, rather than the typical Maxwell-Boltzmann

approximation, this equation must be numerically integrated at non-zero temperatures. '°!

bl 1 2m, 3 [* 11
Ne = Dc(E)f(E)dE:ﬁ( 26)2/ (E_ECBM)ZE_—Ef
ECBM T ECBM m

(A.6)

where m, is the effective mass of electrons in SnO, and taken to be 0.3,1°%1°1 ig the
Planck constant, E is energy, Ecpy is the energy of the conduction band minimum, E is the
Fermi energy (parameterized by Mott-Schottky for each anneal condition), kg is the Boltzmann
constant, and T is the temperature (300K). Because the highest doping concentration determined
here is on the order of approximately 10'® cm~3, the assumption of a parabolic band yields a
reasonable approximation. The error in using the Mott-Schottky analysis of capacitance voltage,
which does not account for Fermi-Dirac statistics, is also small in the limit of weak degeneracy

0%° cm™3).192 Equation A.6 was solved utilizing

(i.e., below carrier concentrations of 5x1
numerical integration and the results for each condition are plotted in Figure 3.7a. The results
are summarized in Figure 3.7b which shows that the estimated conduction band of the SnO; is
indeed changing. Thus, we conclude that our tracking of cathodic current onset in CV probes not

just the changing flatband potential but also a change in the alignment of the conduction band

minimum.

A.3 XPS-based O:Sn Calculations

In the absence of any contaminants the oxygen to tin ratio (O:Sn) can be calculated by
scaling the area of the oxygen 1s (O 1s) spectral region by its relative sensitivity factor (RSF)

and then dividing by the RSF scaled tin 3ds, (Sn 3ds ) area:

OlsArea Sn3d5/2Area 1
O1sRSF Sn3d5/2RSF

0:Sn=( (A7)
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However, when oxygen bearing contaminants are involved, their contribution from the O
1s signal must be removed. This requires scaling by the ratio of the RSF of the core levels as
well as the elemental ratios of the expected bonds. While the former is well known and tabulated
for various instruments, the latter requires some assumptions. For our work, we assumed that
carbon 1Is (C 1s) was from a mixture of COx states, detailed elsewhere, with the relevant species
for this study below:’

Contaminant Peak and Species Breakdown:
1. Main Peak (0.8 < FWHM, < 2.0)

« C-C

* C-H
2. Peakat A+ 1.4eVto 1.6 eV (FWHMp=FWHM,)

d R3C—OH
b R3C—O—CR3

* R-(C=0)-0-C*R3
3. Peak at A +3.7eV to4.3eV (FWHM¢ = FWHM,)

* R-(C*=0)-0O-CR;

* R-(C*=0)-OH
Where R is an alkyl or hydrogen species. We then used the assumptions:
1. The amounts of the two components of C will be equally split between the two species.

2. The amounts of the two components B(1) and B(2) will be equally split between the two

species. Thus, the C:O ratio for these combined peaks will be 3:2.
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to calculate the respective C:O ratios. This resulted in:

2 C
O s from COy = 0-Cx+1.5-Cp+ 5(C —73) (A.8)

To subtract the other contaminates from the O 1s, we assumed that the silicon (Si),
calcium (Ca), and sodium (Na) were from soda lime glass and therefore were in the SiO,, Na;O,
and CaO states with X:O ratios of 1:2, 2:1, and 1:1 respectively. To calculate the Sn:O ratio, we

then replace the O 1s Area with O 1s Area*, where:

O 1s RSF
OlsA =01sA — taminate; . - rati ltiplier; (A9
S Areax s Area Zcon aminate; area contaminate; RSF ratio multiplier; ( )

1

O 1s Areax = O 1s Area — Zcontaminatei area -total multiplier; (A.10)

1

We note that the following RSF ratio, area multipliers, and total multipliers are below:

Table A.3. RSF, Ratio Multipliers, and Total Multipliers for contaminant species.

Element RSF Ratios (O:X) Ratio Multiplier Total Multiplier

CA 0.400 1 0.4
Na 0.435 0.5 0.22
Si 2.235 2 4.47

Using the above formulas, multipliers, and an area fit with a linear background (due to
the low signal to noise), we calculated the following ratios for each of the contaminants removed
individually, and together (-all):

Raw data for O 1s and contaminates are in Figure 3.15. Deconvoluted C 1s core levels
are plotted in Figure 3.15 while the final ratios with everything subtracted (-all column) are

plotted in main text Figure 3.19d alongside the Sn 3ds , binding energy shifts.

103



Table A.4. Summary of oxygen contaminants.

% CO, % Si02 % CaO % SnO;

As-dep 8.3 26.5 0.4 35.2
180°C 7.2 9.8 0.8 17.8
190°C 13.7 13.6 2.5 29.7
200°C 6.9 25.5 0.4 32.8

Table A.S. Calculations for O:Sn ratio for each tin oxide sample with O contamination removal.

0O -CO, -Si0, CaO -all

As-dep 245 225 180 244 1.59
180°C 2.16 200 194 214 1.77
190°C 252 218 218 246 1.77
200°C  2.63 245 196 262 1.77
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