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ABSTRACT OF THE DISSERTATION

Improving the processability of large-area conjugated polymer thin films for use in organic and
tandem silicon/perovskite photovoltaics

by

Rory Runser

Doctor of Philosophy in Chemical Engineering

University of California San Diego, 2022

Professor Darren Lipomi, Chair

Thin films of polymers are required for a myriad of technological applications, ranging from
simple protective coatings to advanced multilayer laminates for flexible electronic devices. A class

of polymers called conjugated polymers is of particular interest due to their ability to transport
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electronic charge while retaining mechanical deformability. These mechanical and electronic
properties are easily tunable via synthetic modification of the polymer structure, resulting in a rich
diversity of materials available for study. As such, conjugated polymers have been widely
incorporated in next-generation thin-film photovoltaic technologies, as a layer added to improve
charge transport, light absorption, or both. Nevertheless, the vast majority of studies of these
materials utilize solution processing techniques (e.g. spin-coating, blade-coating, etc.) that
inherently require planar substrates. This dissertation will discuss several polymer thin film
processing techniques that yield large-area free-standing polymer films, which can then be coated
onto a variety of flexible, textured, and non-planar surfaces. The development and
characterization of a continuous, roll-to-roll deposition process is used to generate large-area
organic solar cells, as well as to coat conjugated polymer films uniformly onto a textile substrate
for flexible fabric-mounted PV. In addition, a batch process deposition technique will be shown for
application of polymer films onto the surface of micro-pyramids, a key requirement for tandem
perovskite silicon solar cells. Lastly, solar cell encapsulation techniques for extending the lifetime
of perovskite solar cells will be discussed. Ultimately, such developments will help to advance the

processability and performance of next-generation photovoltaic technologies.
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Chapter 1. Introduction

1.1 Introduction to Solar Energy

Over the past decade, solar technologies have experienced rapid expansion and
progress.! The cost of installed photovoltaic (PV) electricity has dropped nearly 90%, while
numerous next-generation solar technologies have seen impressive rises in performance.? Such
progress is pivotal for the expansion of installed PV capacity, which currently sits at 113 GW but

is projected to require 1700 GW by 2050 in order to achieve the US’ climate goals.®

A solar cell is a device that can convert solar energy into electric current via the
photovoltaic effect. The first solar cell, fabricated by Charles Fritts in 1884, consisted of a gold-
selenium heterojunction and featured a very low current output.* Further progress would not occur
until the year 1940, when researchers at Bell labs accidentally produced a silicon wafer with a p-
n junction, and noticed that current flowed through the sample when exposed to light.> At this
point research efforts to improve device performance began in earnest, with advances in silicon
processing and doping leading to increased power output. In recent decades, the performance of
silicon solar cells has plateaued around 20-22% efficiency;® however, the cost of fabrication has
dropped dramatically as increased demand has led to better economies of scale during
manufacturing.? In addition, numerous alternate materials and architectures have also entered
the R&D and manufacturing spheres, with thin-film, flexible, multi-junction, and concentrator
technologies each being produced for relevant applications.” Nevertheless, despite the
impressive progress in recent years towards expanding PV installation globally, ongoing and
sustained efforts towards continued improvements in multiple PV technologies are needed in

order to substantially increase solar capacity in the US and worldwide.



1.2 Introduction to Conjugated Polymers

Conjugated polymers, also known as semiconducting polymers, are a subset of polymers
that possess a unique chemical structure which enables them to conduct charge.® Unlike
traditional insulating polymers, conjugated polymers possess an alternating single- and double-
bond structure along their backbone, allowing for electron delocalization and charge transfer
along the polymer chain.® The simplest such material, polyacetylene, was discovered in 1958, but
was of little practical use due to its rigidity, insolubility, and poor conductivity. Over time, however,
numerous advances to the field have occurred.’® The addition of aliphatic side chains to the
monomer units renders the resulting polymers soluble in a wide range of organic solvents,
enabling further processing.!* Meanwhile, more complex monomer units, including cyclic and
polycyclic aromatic structures, allow for a tunable bandgap, hole mobility, and deformability.*?
These advances have led to conjugated polymers having numerous applications that take
advantage of their inherent mechanical deformability, resilience, or toughness, applications which
would be challenging to fulfill with traditional inorganic semiconductors, which tend to be rigid and
brittle.'®* Examples include sensors, transistors, solar cells, liquid crystals, and LEDs.*
Furthermore, doping of the polymers, either with small molecules or blending with polymer chains
containing charged side groups, can improve electron conductivity by several orders of
magnitude.*® Such conductive polymers have now widely been used as semi-transparent flexible
electrodes, wearable and implantable sensors, and bio-compatible haptic feedback devices.'® As
new polymer structures are synthesized and studied, the field of conjugated polymers continues

to offer an ever-broadening list of opportunities for advancement.
1.3 Organic Solar Cells

Among the many applications of conjugated polymers, perhaps none has been as
revolutionary as the organic solar cell. Taking advantage of their strong optical absorbance in the

visible light spectrum, as well as their electronic conductivity, conjugated polymer-based solar



cells are an active field of research—also known as Organic Photovoltaics (OPV)—that has grown
rapidly over the last decade.!” An overview of OPV architecture and operation is shown in Figure

1.1.
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Figure 1.1 Overview of organic solar cells (a) Schematic of organic solar cell architecture. (b) Morphology
of bulk heterojunction (c) Chemical structures of common donor and acceptor molecules. (d) Morphology
of chain alignment within ordered regions of conjugated polymer films. (e) Representative current density-
voltage (J-V) curve used for testing solar cell device performance (f) Equations used to calculate fill factor
and power conversion efficiency.

Organic solar cells consist of a sandwich of two electrodes, surrounding an interface between an
electron donating material and electron accepting material. When struck with an incident photon,
an electron in the donor material is excited from the valence band to the conduction band, where
it is then transferred to the acceptor material and ultimately to the adjoining electrode. Meanwhile,
the residual hole travels to the opposite electrode, recombining in the attached load to complete
the circuit and current flow. The solubility of these materials in organic solvents means that organic
solar cells can be processed directly from solution via a number of existing commercial printing
and coating techniques (e.g. blade coating, inkjet printing, etc) and at room temperature.®1°
Furthermore, although these specialty polymers are expensive to synthesize, only a small amount
of material is needed (~ 10> nm compared to 102 um for silicon PV), and thus can be cost-

competitive in terms of fabrication.?® Still, a remaining challenge to this technology is that the



efficiencies of reported devices are lower than that of more mature technologies (the current

record reported device has an efficiency of 19 %,?! compared to 26% for silicon??).

The most common materials used in organic solar cells are typically a p-type conjugated
polymer donor and a fullerene-based small molecule electron acceptor.® These materials are
blended to form a bulk heterojunction, which is a highly intercalated morphology offering large
interfacial areas and short diffusion lengths for charge carriers?® (Figure 1.1b). While such a
structure has offered a convenient pathway for research pursuits due to its adequate charge
collection and extraction, alongside straightforward processing considerations, several downsides
exist. Firstly, the small molecule acceptors used in BHJ blends can cause the resulting film to lose
much of its elasticity and become brittle, defeating many of the purported benefits of organic solar
cells.?* Furthermore, intense focus on the BHJ structure means that other architectures which
may be superior for certain material combinations may never have been explored. In recent years,
some of these concerns have started to be addressed by researchers. Non-fullerene acceptors
and n-type conjugated polymers have begun to replace fullerene acceptors, enabling high-
performing devices without compromising mechanical compliance.?® Novel processing
techniques, including sequential deposition and orthogonal solvent use, have allowed for layering
of different polymers to form various heterojunction structures apart from the BHJ.2® Overall, there
is substantial interest currently in the field of organic photovoltaics, with humerous avenues in

which to pursue novel discoveries and advancement.
1.4 Conjugated Polymers for Perovskite Solar Cells

Perovskite solar cells (PSCs) are another next-generation solar technology that has
recently experienced rapid progress in device performance.?’ Unlike their organic counterparts,
perovskite solar cells utilize a combination of organic and inorganic compounds to form a hybrid
crystal structure as an intrinsic light absorbing layer.?® By varying the composition of the perovskite

layer, the light absorbance and bandgap can be easily tuned, yielding a rich diversity of



perovskites available for researchers.?® Whereas in an organic solar cell, where charge separation
and extraction is driven by the interface between a p-type and n-type organic molecule, PSCs
include charge transport layers—known as the Hole Transport Layer (HTL) and Electron
Transport Layer (ETL)—that sandwich the perovskite layer. The band alignments of these layers
help direct charges towards the appropriate electrodes.®® Much like the rich diversity of
perovskites that have been studied, substantial research has been undertaken on a wide array of
ETL and HTL materials, which can consist of either inorganic or organic materials.®* The HTL in
particular typically consists of organic small molecules or conjugated polymers, which can form
reliable and stable interactions with perovskite grains, including cross-linking that can improve
device lifetime and performance.®? Unlike in organic solar cells, where the conjugated polymer
layer must be thick (>100 nm) and light-absorbing, in PSCs, the opposite is desired, specifically
a thin (~10 nm) and optically transparent electronically conductive layer. These constraints result
in added processing challenges that need to be addressed and overcome when considering the
commercialization of PSCs, as well as PSC derivatives such as perovskite/silicon tandem solar
cells. As research efforts on PSCs continues to expand, continued studies on their polymeric

transport layers is key towards guaranteeing their performance and longevity.
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Chapter 2. Interfacial Drawing: Roll-to-Roll Coating of Semiconducting Polymer and
Barrier Films onto Plastic Foils and Textiles

2.1 Introduction

Thin films of polymers are required for a myriad of technological applications ranging from
simple protective coatings to advanced multilayer laminates for flexible electronic devices. A
major challenge associated with existing roll-to-roll (R2R) processes for manufacturing multilayer
laminates of polymers is the redissolution of layers during iterative steps of deposition from
solution. Some methods of addressing this challenge include transfer printing,*= vacuum
deposition,*° and casting layers from orthogonal solvents.®” While these approaches are useful
for designing lab-scale devices, in most large-scale, R2R processes for thin film deposition—such
as slot-die coating, blade coating, and screen printing—the material of interest does not solidify
into a film until after it is deposited onto the substrate.® Here we introduce a R2R-compatible
process, “interfacial drawing,” in which a solid polymer film is drawn onto a substrate directly from

a liquid meniscus at an air-water-fluoropolymer interface (Figure 2.1).

The transport processes underlying interfacial drawing are based on the phenomenon of
surface-tension driven flow of organic media on water. The first investigations into interfacial
spreading have been attributed to Benjamin Franklin who, in 1773, discovered that a spoonful of
oil deposited onto a pond would spread out over a very large area, evidenced by the quelling of
surface waves underneath.® A century later, Lord Rayleigh quantified this observation by
determining the thickness of the resulting oil monolayer.'° Further advances by Agnes Pockels,*!
and later Irving Langmuir and Katherine Blodgett, led to the development of the Langmuir-Blodgett
(LB) trough,'? which enabled scientists to deposit a monolayer film of organic materials onto a
solid support. These advances paved the way for improved optical coatings, transparent glass,

and nanoparticle thin films.*3-17
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Figure 2.1 (a) Schematic drawings and photographs of the interfacial drawing process. (a) Start-up; (b)
continuous operation; and (c) cross-sectional view (not to scale) of the process. All variables are defined in
Table 2.1. (d) Photograph of the benchtop apparatus, including a syringe pump to control the flow of polymer
solution. (e) Top-down view of polymer film on top of water bath. (f) Backside view showing polymer film
coated onto a flexible polyethylene terephthalate (PET) substrate.

While much of the early research into LB films involved coatings made from amphiphilic
small molecules such as fatty acids, more recent work has investigated the processing of polymer
solutions using similar methods. The spreading of a polymer solution is dictated by the solution
viscosity, volatility, and interfacial surface tension between the supporting liquid (typically water)
and the organic solvent®®. This natural process can yield ultra-thin (~10-80 nm) polymeric films,
which have a variety of applications.*®-2* For example, recent work by Noh et al. has applied this
method to fabricate semiconducting polymer films, and showed that the process could yield
organic solar cells with improved efficiencies compared to devices fabricated by spin-coating.??
The spontaneous nature of the solvent spreading on water also enables the generation of large-
area polymeric thin films.2® This observation motivated us to convert this batch process into a
continuous, roll-to-roll (R2R) process, which would enable the formation of much larger films at a
faster rate.?* The resulting process can generate free-standing polymer films of >1 m in length

with our benchtop setup.



Interfacial drawing provides an opportunity for producing large-area multilayer polymer
thin films processed from the same (or similar) solvents, which could enable the fabrication of
new architectures for OLEDs,?® organic solar cells,?® and reflective birefringent optics.?’
Additionally, the ability of interfacial drawing to coat uniform, ultra-thin (10—20 nm) polymer films
(which is often difficult to achieve with other coating techniques®) would be beneficial to a number
of fields, including sensors,!’ anti-reflection coatings,'? and biomedical devices.? The ability to
observe the film quality prior to deposition to the desired substrate would also be advantageous
for quality control purposes in a manufacturing setting. Furthermore, interfacial drawing allows for
the use of unusual and irregular substrates, as a pre-solidified film can be adhered onto the
surface, rather than drying non-uniformly in pores and gaps. This capability could be of interest
for developing conductive fabrics,?°-3* wearable optoelectronic devices,3*26 or textiles with barrier
coatings. In this report, we investigate in detail the operating principles behind interfacial drawing

and characterize the mechanical and optoelectronic properties of the resulting films.
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Table 2.1 Process variables and materials properties. Spreading coefficients were calculated from
interfacial surface energies.

Parameter Variable Range of values Units
Film thickness H 10-100 nm
Width of trough w 10 cm
Velocity v 2-6 mm st
Solution pump rate Q 20-100 pL min-t
Solution concentration c 5-40 mg mL™
Polymer density (solid) Pp 11 gcm=
Polymer solution viscosity T 1-10 MPa s
Polymer solution density Ps 1.1-15 gcm=
Evapora('ii(\)/gffrircl;;;}esnst transfer Kevap 775 x 10-5 om st
Spreading coefficient S -4.2-12.1 —

2.2 Process Design

2.2.1 Design of Benchtop Apparatus

Interfacial drawing generates a uniform polymer thin film by leveraging the spontaneous
spreading and drying process of a polymer solution deposited at an air-water-fluoropolymer
interface (Figure 2.1a). When the solidified edge of the film is drawn onto a flexible or textile
substrate, the liquid meniscus continues to spread and solidify in a continuous process (Figure
2.1b-c). Photographs of our custom-designed benchtop apparatus are shown in Figure 2.1d-f.
Briefly, we custom-milled a 10 cm-wide trough in an aluminum block to serve as the water bath.
(We previously found that a 3D-printed, plastic trough absorbed solvent and became difficult to
clean between trials.) A trough having a semicircular edge on the end where the solution was
injected was found to be preferable to a rectangular trough, as the curvature eliminated corners
that became the sites of tearing the polymer film. We placed a strip of adhesive-coated

polytetrafluoroethylene (PTFE) along the curved edge, to encourage the formation of a polymer
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solution meniscus at the PTFE-water interface. A thin plate was submerged in the center of the
trough to promote a circulatory flow within the water bath, which helped reduce eddies and velocity
variations on the surface of the water bath. The roll-to-roll mechanism was constructed with 3D-
printed rollers which supported a ~0.5 m loop of flexible polyethylene terephthalate (PET). The
rollers were operated by DC gear motors which were connected to a power supply with a variable
voltage output—which controlled the drawing velocity. The apparatus was patrtially shielded from
external sources of vibration by supporting it on a platform with dampening rubber feet. Fumes
from the chlorinated solvents were suctioned from above the process using a maneuverable

exhaust snorkel.
2.2.2 Choice of Polymer Solution
2.2.2.1 Choice of Solvent

While interfacial drawing is theoretically compatible with any polymer-solvent system with
a positive spreading parameter, we limited our studies to solutions prepared in chlorobenzene—
a common solvent for dissolving polymeric materials, which also has a favorable spreading

parameter. Other solvents were considered, but not used.
2.2.2.2 Choice of Polymers

Interfacial drawing is best suited for mechanically robust polymers which are resistant to
tearing during the drawing process. For this study, semiconducting polymers were chosen as a
model system because (i) their applications are exclusively limited to thin film geometries, (ii) they
exhibit a wide range of mechanical properties,®” and (iii) they strongly absorb visible light—thus
they exhibit abrupt color change upon solidification, 3 and film thickness can be linearly correlated
to UV-Vis absorption for rapid optical measurement of thickness on flexible substrates.
Nevertheless, this process is not limited to optically active polymers, and we also successfully

fabricated films of conventional transparent plastics.
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The structures of the materials used in this study are given in Figure 2.2a. In order to
investigate the utility of interfacial drawing for materials with various microstructures and
mechanical properties, we began our study using PTB7, a predominantly amorphous polymer,*°
and P3HT, a semicrystalline polymer—which is often considered a model material in
semiconducting polymer research.° Large-area (10 cm x 20 c¢cm) thin films of these materials
made using interfacial drawing and coated onto a flexible PET substrate are shown in Figure 2.2b-
c. We did note some tears and variations in thickness within the outer 2 cm edges of these films,
likely due to uneven circulation of the water along the edges of the trough. The middle regions of
the films (indicated by the dashed lines in Figure 2b-d), however, were uniform, with variations of
+3-6 nm from the average. Additionally, we sometimes observed wrinkling in P3HT films, likely
due to the glassy nature of P3HT at room temperature (in contrast to PTB7, which did not exhibit
wrinkling). The addition of a plasticizer, such as 1-8 diiodooctane (DIO, often used as an additive
to improve the performance of organic solar cells), serves to eliminate these wrinkles from P3HT

films.
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Figure 2.2 Semiconducting polymer films produced by interfacial drawing: chemical structures,
photographs, and thickness maps. (a) Chemical structures of polymers used. Refer to Experimental
Methods for systematic names. Films with dimensions of 10 cm x 20 cm produced using interfacial drawing,
and corresponding thickness maps obtained from UV-Vis absorption intensity, indicating the variation in
thickness for (b) P3HT, (c) PTB7, and (d) J51:N2200. Each square in the heatmaps corresponds to an area
of 2.5 cm x 2.5 cm. The central region of the films (denoted by the dashed lines) was found to be of a more
uniform thickness than the outside edges. For these films, Q = 40 yL min-%, v=3 mm s, and C = 20 mg
mL-! for PSHT and PTB7, and C = 12 mg mL-! for J51:N2200.

To demonstrate the utility of interfacial drawing for the fabrication of functional organic
electronic devices, we selected a binary mixture of two polymers, J51:N2200 (Figure 2.2d). All-
polymer blends often possess improved mechanical resilience compared to polymer:fullerene
blends,*! and this particular blend has previously been shown to yield high-efficiency solar cells.*?
We also attempted to combine P3HT and PTB7 with the methonofullerene PCs:BM to make a
bulk heterojunction organic solar cell.** However, these blends yielded films that cracked upon

solidification, which was not surprising given the embrittling effect of fullerenes.®’
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2.3 Results and Discussion
2.3.1 Characterization of Process Variables

2.3.1.1 Relevant Process Variables

When a polymer solution is initially injected at the water-air-PTFE interface at pump rate,
Q, it spreads in two directions: (i) circumferentially to form a liquid meniscus along the semicircular
interface, and (ii) onto the surface of the water to form a thin liquid film, which dries rapidly and
solidifies. In theory, the characteristic thickness, H, of the dried film depends upon the surface
tension, viscosity, and mass transfer coefficient of the polymer solution, all of which, in turn,
depend upon the polymer-solvent system employed, and the initial concentration of the polymer,
C. When the solidified edge of the film is drawn by the roller onto the substrate at a linear velocity,
v, liquid from the meniscus spreads and dries to replenish the solid film with a resulting thickness
which should be inversely dependent upon velocity at which it is drawn. A series of pilot
experiments showed that, for a trough with width, w = 10 cm, the process operated viably for Q ~
10 yL min7, v ~ 1 mm s, and C ~ 10 mg mL™ and that variations in the concentration of the

polymer solution resulted in the most pronounced changes in film thickness.

2.3.1.2 Effect of Polymer Concentration

To assess the range of film thickness attainable by modulating the initial polymer
concentration, we chose a fixed Q = 40 uL min=t, and v = 3 mm s and ran a set of trials in which
the concentration was incrementally increased from 5 to 40 mg mL™t. As shown in Figure 2.3a-b,
we observed a linear correlation between film thickness and concentration of polymer for all three
polymer solutions tested. Given similarities in surface tension, viscosity, and evaporative mass
transfer coefficient of these three chlorobenzene-polymer solutions, it is not surprising that they
all exhibited similar slopes relating concentration to thickness. For the solutions tested, the

minimum thickness attainable was between 5-10 nm for a concentration of 5 mg mL™. Below this
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concentration, the films did not exhibit sufficient mechanical robustness to be pulled by the roller
without tearing. The maximum thickness attainable ranged from 30 nm for the J51:N2200 blend
to 80 nm for P3HT. The P3HT solution was capable of spreading reliably up to a viscosity of 10
MPa s at 40 mg mL™, while the J51:N2200 blend exhibited non-Newtonian gel-like behavior,

which prevented reliable spreading at the same concentration.
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Figure 2.3 Process Characterization. (a) Plot showing the dependence of thickness on solution
concentration. (b) Photos of samples made from low and high concentrations. (c) Plot showing dependence
of thickness on drawing velocity. (d) Top-down photograph process showing the effect of drawing velocity
on the boundary between the liquid solution (orange) and solid polymer (purple). (e) Plot showing
dependence of thickness on pump rate. (f) Photos of samples made from three regimes of pump rates.

2.3.1.3 Effect of Drawing Velocity

The maximum rate for producing a film by interfacial drawing is limited by the linear velocity

of the roller. To investigate the effect of this critical manufacturing parameter, we selected the
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mid-range concentration of P3HT (20 mg mL™), fixed the flowrate at 40 mg mL? and
incrementally varied the drawing velocity from 2—6 mm s™. As shown in Figure 2.3c, we observed
that the thickness decreased as the film was drawn at a faster rate. Moreover, we observed that
increasing v caused the liquid-solid polymer interface on the water bath surface to be pulled
further away from the wall (Figure 2.3d). Importantly, the system remained operable until the
liquid-solid boundary came in contact with the roller, suggesting that interfacial drawing could be
scaled up to a larger system with faster operating speeds if it were designed with the appropriate

water bath geometry (i.e. sufficient distance between the meniscus and the substrate rollers).

2.3.1.4 Effect of Pump Rate

The final parameter that was varied in our initial characterization of the system was the
volumetric pump rate of polymer solution, Q (Figure 2.3e-f). We observed three regimes of film
solidification behavior: at low values of Q (<5 yL min™), there was extensive film tearing due to
an insufficient quantity polymer solution being supplied to the system; for high values of Q (>40
uL min) films exhibited uneven solidification patterns; and in the intermediate regime, we
observed uniform films with H proportional to Q. It can be expected that the intermediate regime

of Q corresponds to steady-state conditions.

2.3.1.5 Steady-State Analysis

A mass balance applied to the solid polymer in the process yields the following relation:

av,, [1073mL 6x107*s-mg-cm?
C = QC — vpp,wH (1)

dt ulL min- g-nm-mm

Where V,,, (mL min) is the volume of solution in the meniscus, t (min) is the time, and p, (g cm~

%) is the density of the polymer film—which we assume to be constant and equal to 1.1 g cm=,
due to experimental difficulties with the measurement of this quantity for polymer thin films. The

pre-factors in equation (1) allowed us to directly input variables with the units listed in Table 2.1.
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Applying equation (1) to the previously described process characterization experiments allows for
the approximate quantitative characterization of the accumulation of polymer solution in the
meniscus during the runs, a posteriori. In general, this analysis showed that the process could

reliably produce uniform films under steady state conditions or in a state of accumulation.

2.3.1.6 Process Design Strategy

The process characterization experiments show that, in lieu of a predictive transport model
describing the physics of the process, an iterative empirical approach can be applied to design a
reliable process operating at or near steady state conditions. To coat a given polymer solution to
a desired thickness, the following strategy can be applied: (i) characterize the range of
thicknesses accessible via modulation of the concentration of the polymer solution, (ii) choose
the concentration that will yield the desired thickness, (iii) find the maximum drawing velocity for
the chosen concentration, and (iv) apply equation (1) to solve for the solution pump rate that will
yield approximately steady state conditions. If the process is designed appropriately, it can be
used to coat a film of consistent and desired thickness for a long duration of time. Since our
benchtop setup was limited to a 0.5 m loop of PET, we demonstrated this consistency by
measuring the thickness of the film after each incremental layer was added. As can be seen in
Figure 2.4, by choosing the correct steady-state operating conditions, we were able to produce a
film of consistent and desired thickness, over a timescale of >15 min. Further studies into the
effects of surface tension, viscosity, and mass transfer coefficient of the polymer solution on the

characteristic thickness of the polymer film could yield a deeper understanding of the physical
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processes underlying the spreading and drying phenomena. Such knowledge could help develop

a theoretical model to predict the final film thickness a priori.
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Figure 2.4 Consistency of film thickness over time. Each successive layer of P3HT is of the same thickness,
over a length of 50 cm between each layer, showing that the process is operating under steady-state
conditions.

2.3.1.7 Termination of Process

In all cases, the solid floating polymer films would eventually tear on the surface of the
water bath or lose cohesion with the bilayer meniscus. Both of these modes of failure were
initiated by vibrations, airflow, or other external disruptions from the laboratory that could in
principle be mitigated by further isolating the apparatus and improving the construction. After film
fracture, it was initially difficult regenerate a solid film, as the injected polymer solution
accumulated only along the PTFE walls of the water bath, rather than continuing to spread. We
found that the water bath had a higher contact angle on the PTFE once the solution stopped
spreading (115° vs 109° for DI water), indicating that the surface energy between the water and
air had decreased. Given that the spreading coefficient of chlorobenzene is already close to zero,
such a small change in surface energy could easily cause the spreading parameter of the polymer
solution to shift from positive to negative, inhibiting subsequent spreading. Thus, while physical

disruptions such as vibrations were responsible for causing the spreading of the polymer solution
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to cease, chemical contamination of the water bath prevented the subsequent restart of the
process. However, after several more minutes, the spreading process would often restart
spontaneously, likely due to surface contamination becoming dissipated into the water bath bulk.
Working with higher purity starting materials—or finding a way to continually replenish the water

bath—could likely improve the long-term stability of the system.
2.3.2 Mechanical Properties of Films from Interfacial Drawing
2.3.2.1 Elastic Modulus

Our laboratory has a specific interest in the mechanical properties of semiconducting
polymers for robust and stretchable devices for energy and healthcare.®” The elastic moduli and
fracture strain of P3HT, PTB7, and J51:N2200 were measured using a film-on-water uniaxial
tensile test. Figure 2.5a compares the moduli of films of these three materials prepared by spin-
coating and interfacial drawing. All three of our materials exhibited a lower elastic modulus when
prepared via interfacial drawing versus spin-coating. We attribute this improved compliance to the
more rapid rate of drying in interfacial drawing, which occurs over a timescale of seconds,
compared to several minutes for spin-coating.?? Previous modelling work by our group and others
has suggested that a faster rate of solidification results in an increase in void space within the
polymer film, and thus a decrease in modulus.**** In many cases, it is desirable to affect the
mechanical properties of materials by way of processing, as opposed to by making changes to
the molecular weight or the chemical structure. For example, decreased elastic modulus can be
desirable for applications in wearable “epidermal electronics,” as the modulus of the device can

more closely match the modulus of skin, and thus be “invisible” to the user.%®
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Figure 2.5 Mechanical properties of films generated from interfacial drawing and spin-coating, comparing
(a) elastic modulus, and (b) fracture strain for P3HT, PTB7, and J51:N2200. (c) Absorbance vs wavelength
UV-Vis spectra (normalized to the 0-1 transition at 551 nm), and (d) H-aggregate analysis, for
representative P3HT samples prepared by spin-coating and interfacial drawing.

2.3.2.2 Extensibility

A high extensibility is desirable for flexible or stretchable devices. As shown in Figure 2.5b,
P3HT and J51:N2200 exhibited an increased strain at fracture when prepared by spin-coating,
whereas for PTB7 the extensibility was reduced. We attribute these findings to the semicrystalline
nature of P3HT,* J51,*2 and N2200,* in contrast to the predominantly amorphous structure of
PTB7.%° The rapid drying rate in interfacial drawing results in a decrease in aggregation in
semicrystalline films compared to spin-coating, which in turn allows for greater extensibility.*® This
observation is supported by the UV-vis spectra and H-aggregate analysis*® of our P3HT films

(Figure 2.5c-d). In films from interfacial drawing, the 0-0 transition at 606 nm is reduced, while
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there is an increase in the region associated with absorption of the amorphous fraction between
450 and 500 nm, indicating decreased aggregated fraction.*® In contrast, since PTB7 has few
ordered domains to begin with, we surmise that the rapid drying rate found in interfacial drawing
does not produce the same effect. Instead, the amorphous chains have less time to form

entanglements, resulting in decreased extensibility compared to spin-coating.**

2.3.3 Coating Polymer Films onto Textile Substrates

Solution processing of polymer films onto porous, uneven, or textile substrates is
inherently challenging due to uneven film morphology that results upon solidification of films.
Figure 2.6a shows the effect of spin-coating a polymer film onto a fabric substrate. As the polymer
solution permeates into the weave of the material, individual fibers become coated with the
desired polymer, leaving gaps between fiber bundles. For some applications, this uneven
morphology may be preferred, such as in the fabrication of conductive fabrics for heating
applications.32%° In other cases, such as the application of a polymer film to a porous substrate in
order to reduce its permeability in a controlled manner, it is desirable to adhere a cohesive
polymer film with a uniform thickness. Figure 2.6b-c shows how polymer films can be coated onto
(rather than impregnated into) the surface of a fabric using interfacial drawing. This method was
successful with fabrics with a narrow spacing, such as ripstop silnylon fabric (Figure 2.6b) as well
as those with a wide spacing between fibers, such as a silver-coated conductive nylon textile
(Figure 2.6c). The brightly colored materials shown in Figure 2.6a-c were chosen to aid
visualization of the resultant polymer film structure when using textile substrates with interfacial
drawing. PMMA is better suited for coating a fabric to render it impermeable to air or water. We
coated two layers of PMMA onto a piece of Ripstop silnylon tarp and measured its permeability
to air using a custom-designed isochoric gas permeability apparatus, shown in Figure 2.6d. After

the system is placed under a static vacuum of < 0.1 torr, one side is exposed to atmospheric

22



pressure, causing the pressure on the vacuum side to slowly increase. As is shown in Figure 2.6e,

the PMMA acted as a barrier, reducing gas permeability by several orders of magnitude.
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Figure 2.6 Interfacial drawing with textile substrates. (a) Spin-coating J51:N2200 onto silver nylon tarp. (b)
A single layer of P3HT (~40 nm) coated onto Ripstop silnylon tarp, and (c) J51:N2200 (~30 nm) coated
onto silver nylon tarp, using interfacial drawing. (d) Schematic of isochoric gas permeability apparatus, used
to measure air permeability of fabrics and barrier films. (e) Pressure vs time plots for uncoated Ripstop
silnylon tarp, and tarp coated with PMMA via interfacial drawing.

2.3.4 Flexible Organic Solar Cells

In order to demonstrate the capability of interfacial drawing for producing functioning
organic electronic devices, we fabricated flexible organic solar cells using indium-doped tin oxide

(ITO)/PET substrates and an active layer of J51:N2200. Achieving an optimal active layer
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thickness of 120 nm, as reported by Gao, et al,** required coating the substrates with four
successive layers of 30 nm-thick polymer films. A representative J-V plot for our solar cells, as
well as for control devices fabricated via spin-coating, is shown in Figure 2.7, with tabulated solar
cell performance metrics given in Table 2.2. While previous work on fabricating organic solar cells
from solution-spread (non-R2R) polymer thin films reported an improved power conversion
efficiency compared to spin-coating,?? we observed a decrease in efficiency, from 2.54% to 1.71%.
This difference is a result of a decrease in current density in our devices produced by interfacial
drawing, along with a small decrease in fill factor. We attribute this reduced performance to
interruption in charge transport between discrete layers of J51:N2200 films, and possible
contamination by water. We attempted to increase the cohesion between successively deposited
layers by thermal annealing; however, this action caused the efficiency to further decrease, likely
due to unfavorable phase separation between the donor and acceptor material. We note that
these solar cells were otherwise unoptimized. We included the result as an example of the ability
of interfacial drawing to generate functional semiconducting devices, despite conventional
wisdom that suggests that semiconducting polymers are easily degraded by oxygen and
water.>>2 We nevertheless believe that further optimization could substantially increase the
efficiency of solar cells produced via interfacial drawing. Further investigations into a wider array
of donor and acceptor materials would likely reveal a materials system which is better suited for

high-efficiency flexible devices and will be the area of focus for future studies by our group.
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Figure 2.7 Flexible organic solar cells. Representative current density-voltage plots for solar cells fabricated

using interfacial drawing and spin-coating. The full device architecture was PET/ITO/PEDOT:PSS (10
nm)/J51:N2200 (120 nm)/EGaln.

Table 2.2 Performance metrics for flexible J51:N2200 organic solar cells on ITO/PET substrates, comparing
devices prepared by interfacial drawing and by spin-coating. Average and standard deviations are given
for n = 5 devices, with champion values given in parentheses.

Voc (V) Jsc (MA cm™2) FF PCE (%)
Spin- 0.68 + 0.05 (0.72) 10.04 + 0.42 (10.55) 0.38 £0.01 (0.39) 2.54 + 0.18 (2.75)
coating
Interfacial 0.78 +0.01 (0.79) 6.31 + 0.55 (6.83) 0.35+0.01(0.36) 1.71+0.15(1.81)

Drawing

2.4 Conclusion

We introduced a new R2R process—‘interfacial drawing”—for coating arbitrary substrates
with solid polymer thin films supported by the surface tension of water. Experimental results show
that the film thickness can be precisely controlled in the range of 10-80 nm by empirical tuning
the concentration of the polymer solution as well as the drawing velocity and input flowrate of the
polymer solution. We determined that, in comparison to spin-coated films, interfacial drawing
yields films with a reduced elastic modulus and an increased extensibility (for semicrystalline
materials), which are often desirable mechanical properties for stretchable and flexible devices.
Finally, we demonstrated the utility of interfacial drawing by successfully fabricating flexible

organic solar cells, and by coating polymer films onto textiles for use as fabric-mounted devices
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and barriers. Future optimization of interfacial drawing will involve developing a detailed
theoretical model of the transport process to circumvent the empirical strategy currently employed
for designing the process. Furthermore, improved isolation of the apparatus from external
vibrations, as well as scaling up the process to a larger water bath should allow for the faster
coating of more uniform films over larger areas. This process should be of interest to organic
materials chemists aiming to develop novel architectures of biosensors, solar cells, and wearable
electronics, as well as engineers seeking new roll-to-roll processing techniques for fabricating

large-area polymer thin films.

Chapter 2, in full, is a reprint of the material “Interfacial Drawing: Roll-to-Roll Coating of
Semiconducting Polymer and Barrier Films onto Plastic Foils and Textiles” as it appears in
Chemistry of Materials, by Runser, R., Root, S.E., Ober, D.E., Choudhary, K., Chen, A.X., Dhong,
C., Urbina, A.D., and Lipomi, D.J., 2019, 9078-9086. The dissertation author was the first author

of this paper, all authors contributed to this work.
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Chapter 3. Stability of Perovskite Films Encapsulated in Single- and Multi-Layer
Graphene Barriers

3.1 Introduction

The stability of perovskite solar cells (PSCs) remains as one of the major challenges on
the path of their commercialization and deployment.! While the record efficiencies of PSCs
continue to rise,?® their sensitivity to environmental factors such as moisture,*> oxygen,®
temperature,” and light®® limit their economic and 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);%*2 (2)
the optimization of interfaces within devices, so as to minimize defects and vacancies;* 51415 and
(3) the encapsulation of devices in order to slow the ingress of moisture and oxygen.®-2° Qur

work here focuses predominantly on the third of these research thrusts.

To measure the stability against these stressors, researchers often use accelerated
degradation 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.*%2223 These
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.> 1624-26 One
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 ~ 150 °C.2"?2¢ |[n PSCs, however, such
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temperatures can destabilize the perovskite absorber, the hole-transport layer (HTL), or both.2%:3°
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
of its basal plane to gases®? as well as its high optical transmissivity.* In this paper we investigate
the efficacy of graphene barriers towards preventing the degradation of perovskite films, using an
encapsulation scheme shown in Figure 3.1. The use of a low-temperature-activating poly(iso-
butylene) (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.®343> Numerous papers already speculate an enhancement to the stability of
perovskite solar cells (PSCs) when encapsulated with graphene.*3® 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.*%4! 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.
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Figure 3.1 Schematic drawing of the encapsulation process.

One method to reduce availabilities of these pathways for the permeation of gases is by
stacking multiple monolayers of graphene. 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 3.2a), beyond which
the cost, complexity of fabrication, and optical losses (2.3% per layer of graphene)® (Figure 3.2b)

would be impractical for optoelectronic devices, such as thin-film solar cells.
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Figure 3.2 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.

3.2 Materials and Methods

3.2.1 Materials

Formamidinium iodide (FAI) and methylammonium bromide (MABr) were purchased from
GreatCell Solar Materials. Csl (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 h 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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3.2.2 Preparation of Graphene Barriers

Monolayer graphene on 10 pum 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 involves
iterative deposition of monolayer graphene,***> shown in Figure 3.2a. 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 s. After annealing at 150 °C for 5 min to remove any remaining anisole, the
copper was etched in a 0.05 g/mL solution of APS in water for 2 h, until fully dissolved. The
resulting floating PMMA/graphene was transferred to a clean water bath. Separately, a5cm 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 min, 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 3.2b) 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 s 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 3.2b).
3.2.3 Preparation of Perovskite Films

Substrates—glass or fluorine-doped tin oxide (FTO)—were cleaned through a series of
sonication (15 min) 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.
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The triple cation perovskite films were prepared in a nitrogen-filled glovebox. First, two
separate solutions of 1.5 M lead iodide and 1.5 M lead bromide 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 min. The Pbl; solution was added to FAI and PbBr; solution was added to MABr such that
1.22 M solutions of FAPbIz 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 Csl in DMSO was prepared in the glovebox and heated at 150 °C for 10 min.
The FAPDI; and MAPDBr3; 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

FA0.79MA0.16CS0.0sPb(lo.84Bro.16)3.

The perovskite films were formed by spin coating. Prior to deposition the substrates were
treated with air-based plasma for 10 min at 300 mTorr. 90 pL 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 s 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 s. 250 pL of
chlorobenzene was dispensed rapidly (in approximately 1 s) after 8 s had expired in step 2 of the
spin-coat. The films were annealed on a hotplate for 45 min at 100°C, resulting in a final thickness

of 550 nm.

3.2.4 Encapsulation of Films

The assembly of the encapsulated films is shown in Figure 3.1. 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 cm 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
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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, 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.

3.2.5 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/microPL microscope with a 633 nm
excitation laser, 600 mm* grating. UV-vis measurements were taken on a Perkin EImer 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 h are

shown in Figure 3.3.
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Figure 3.3 Pictures of representative films before and after aging for 200 h.
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3.3 Results and Discussion

The optical absorbance evolution of select perovskite films is shown in Figure 3.4a-c. As
seen in Figure 3.4a, the exposed films quickly tended towards optical transparency, retaining only
a small amount of absorbance at shorter (purple) wavelengths (and thus appearing light yellow—
see Figure 3.3). This trend is attributed to the degradation to and subsequent outgassing of
volatile species (such as methylammonium iodide and Hl) from the perovskite film.*¢ Figure 3.4b
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 3.4c) 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 h
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, d-FAPbI3,* and Pbl, are observed) and at 700 nm (which is only absorbed by the
perovskite. In Figure 3.4d, the ratio of absorbance between 450 nm and 700 nm are shown as a
function of time. Here, the 1L/3L samples retained ~2x more absorbance at longer wavelengths
than the OL/2L samples, which themselves were ~3xmore absorbent than the exposed film.
Additionally, when the time evolution of absorbance at 700 nm is considered (Figure 3.4e), 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 3.3, showing photos of the aged

38



film, also mirrors this trend, with the exposed/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 3.2), which can 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 3.4 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 S1. (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
monitored the films’ photoluminescence (PL) behavior over time, which can give insight into the
films’ optoelectronic properties. These results are shown in Figure 3.5. To improve readability, the

evolution of the peak PL intensity (Figure 3.5a-b) and peak PL wavelength (Figure 3.5c-d) have
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each been split into 2 panels, with the same data from the 1L-encapsulated sample represented
in both panels. As shown in Figure 3.5a, all of the graphene/parylene films exhibit an increase in
PL over time, despite becoming yellow/spotty during aging (Figure 3.3). 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 phenomenon persisted. In contrast, the exposed films exhibited no
photoluminescence under laser excitation by 100 h, while the glass-encapsulated films showed
only a slight increase in PL emission. (Figure 3.5b). In addition, the graphene/parylene-
encapsulated samples exhibited a shift in the peak wavelength of PL emissions (Figure 3.5c¢), a
behavior not present in the glass films, and only minimally observed in exposed films (Figure

3.5d).
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Figure 3.5 Photoluminescence (PL) evolution during aging. (2) 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.

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 diffractograms
for our films before and after aging for 200 h are shown in Figure 3.6a. 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 26 = 11.5°, corresponding to the hexagonal 6-FAPDbI;. The &-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.
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Figure 3.6 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 6-FAPbIs (26 = 11.5°) and
Pblz peak intensity (26 = 12.5°) as a function of number of layers of graphene.

The x-ray diffractograms also allow for qualitative estimation of the relative degree of
conversion between triple cation perovskite and 8-FAPbIz between the graphene/parylene films,
by comparing the intensities of the peaks at 14° and 11.5°.7 This ratio is plotted in Figure 3.6b,
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 8-FAPDI;,
the 1L graphene film has a 15x higher ratio of triple cation to 6-FAPbIs, which itself is nearly

doubled again between the 1L and 3L graphene. Meanwhile, the 2L films exhibited worse
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performance than either the 1L or 3L films, a similar trend as seen via optical absorbance and PL
emission. The addition of a 3" 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
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.>* Additionally, photoinactive phases (such as 5-FAPbI; and potentially 1,°°) are

forming, due to the ingress of oxygen and water.>?

More detailed analysis of the graphene barriers, separate from the perovskite films, was
carried out in order to validate our findings. Figure 3.7a 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 3.7b) likewise shows a successive change with each layer added, further
confirming successful transfer. In contrast, air permeability measurements (Figure 3.7c) 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-FaPblz shown in Figure 3.6b. Meanwhile, the minimal

variations in air permeability between the single- and multi-layer graphene barriers are in sharp
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contrast to the varied perovskite degradation observed, with 2L films decaying substantially

compared to 1L and 3L films.
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Figure 3.7 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 3.2b). (c) Air permeability of films, found using an isochoric gas permeability
apparatus. (d) Optical micrograph of 1L graphene, as received. () 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. We note that Raman analysis
cannot be done directly onto 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 in the 2D/G
ratio (Figure 3.6), 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
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CVD-grown graphene (see Figure 3.7d), and are formed via nucleation from silica or other
impurities within the copper foil on which it is grown;>**° 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- membered rings,*”*® through which
small species are able to permeate.®® The wide variability 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 (~cm?) 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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3.4 Conclusion

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 yielding
further improved barrier performance. We emphasize that 2L graphene exhibited worse
performance as an encapsulant than 1L graphene, most likely due to defects introduced during
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 performance, 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 3, in full, is a reprint of the material “Stability of Perovskite Films Encapsulated in
Single- and Multi-Layer Graphene Barriers” as it appears in ACS Applied Energy Materials, by
Runser, R., Kodur, M., Skaggs, J.D., Cakan, D.N., Foley, J.B., Finn, M., Fenning, D.P., and
Lipomi, D.J., 2021, 10314-10322. The dissertation author was the first author of this paper, all

authors contributed to this work.
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Chapter 4. Solid Phase Deposition of Polymeric Hole Transport Layer for Conformal
Coating of Monolithic 2-Terminal Perovskite/Silicon Tandem Solar Cells

4.1 Introduction

Silicon photovoltaics have exhibited a substantial decrease in manufacturing costs over
the last decade, driven by improved manufacturing techniques and economies of scale.!
Nevertheless, in the same time period, the power conversion efficiencies of silicon PV have
plateaued, as they have approached the theoretical limit for crystalline Si; in order to break
through this limit, multi-junction tandem solar cells will be needed.? The wide and tunable bandgap
of organic-inorganic hybrid perovskites make them an ideal choice for a top cell to couple with a
silicon bottom absorber layer.® Over the past several years, research on perovskite-silicon
tandems has accelerated, with the current record efficiency of 29.8% reported from HZB,*
exceeding the record 26.6% efficiency currently reported for single-junction Si PV.> An ongoing
challenge is the fabrication of a uniform perovskite solar cell on top of a silicon solar cell substrate,
as the silicon is typically textured with micro-pyramids to increase light trapping.® Typical lab-scale
thin-film fabrication techniques (e.g. spin-coating) may be unable to yield perovskite films of
uniform thickness and morphology when cast atop a non-planar surface,’ a critical factor for high-
performance perovskite devices.® This challenge is particularly acute for the application of the
charge conduction layers (HTLs and ETLs) which are typically ~10°-10* nm thick,® and must be
uniformly deposited over areas of ~cm? atop micropyramids of ~1-3 pum in height.’® These
constraints have limited most studies to apply the ETL/HTLs via vacuum deposition methods.!!
Nevertheless, film contiguity in vapor deposited films is not always achievable in the ultra-thin
(<10 nm) regime.'? In this paper, we utilize a recently reported method of applying a polymeric
film onto textured substrates, called Solid Phase Deposition (SPD), for the deposition of a

polymeric HTL.*® Specifically, pre-deposition of the film solution onto a water bath enables the
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generation of a free-standing, solidified HTL film which can be transferred directly onto the

textured Si substrate, yielding a conformal coating (Figure 4.1).

Poly-TPD

Figure 4.1 Solid Phase Deposition (SPD) of polymeric HTL onto micropyramids. (a) Optical images
showing film conforming to substrate, from bare pyramids to initial film deposition to final conformal
adhesion. (b) Optical images of two HTL polymer films investigated for this work. (c) Polymeric structures
of two HTL polymers investigated: PTAA and poly-TPD. (d) SEM images of coated pyramids, showing fully
covered pyramids as well as the boundary between coated and uncoated regions.

Previous research on perovskite/Si tandems has approached the challenge of solution
processing onto a textured surface via three broad methods. The first is to remove the top surface
texture via polishing, resulting in a flat surface onto which the perovskite top cell can be
deposited.’* This method has the advantage of being compatible with existing perovskite
solution processing methods, which have been extensively studied in the literature. However, the
removal of the textured surface results in a decrease in light trapping, necessitating an application
of an anti-reflective coating (ARC)* or a textured light management foil (LMF).*® Furthermore, the
increased fabrication cost associated with wafer polishing is generally considered to render this

method too expensive for commercialization.’
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The second approach involves simply flooding the pyramidal valleys with the perovskite
absorber until they are fully filled, essentially planarizing the surface. While this method does not
require polishing, it does result in two main challenges for perovskite top cell fabrication. The first
is that the transport layer beneath the perovskite (the HTL in P-I-N structures or the ETL in N-I-P
structures) must still be deposited conformally onto the pyramidal texture.® After the HTL/ETL is
deposited, the second challenge for researchers is that the perovskite absorber will have wide
variations in thickness over its active area, resulting in charge collection anisotropy.*® Furthermore,
such a thick perovskite layer can contribute to substantial parasitic losses in absorption, as well
as poor charge extraction in the thicker regions.’® Some researchers have mitigated these losses
by reducing the height of the Si cell pyramids, in some cases decreasing the texturing height down
to the nanoscale (“nanopyramids”).? Indeed, the current record efficiency for perovskite/Si
tandems (29.8% PCE from HZB) was achieved using this approach.?* While shorter pyramids will
reduce the thickness variations of subsequent layers, they also decrease the light trapping
benefits they were designed for, once again necessitating the addition of an ARC or LMF.?° We
note, however, that neither the ARC/LMF application nor the silicon wafer texturing process is

considered prohibitively expensive for commercialization, compared to wafer polishing.??

The final approach being used is to apply every layer of the perovskite top cell conformally
and uniformly atop the Si texturing (so-called “fully-textured” tandems). This method has several
benefits, such as avoiding both polishing and the addition of an ARC/LMF. Furthermore, since all
layers are deposited conformally, thicknesses can be optimized for absorbance/charge transport
and maintained constant over large areas. The main drawback to this approach is the increased
fabrication complexity (though not necessarily cost) of conformally depositing every single layer.
Previous studies have predominantly deposited both the HTL and ETL via thermal evaporation.?
Meanwhile, the perovskite absorber can be deposited by thermal evaporation, electrodeposition,

or two-step methods involving thermal evaporation of an inorganic scaffold followed by infiltration
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and conversion via solution or vapor. As of publication, the record efficiency for fully textured
tandems of 25.2% PCE (Sahli, et al) is lower than that of the other two approaches described.?*
This gap can be attributed at least in part due to fewer research efforts having been devoted to

these conformal deposition methods compared to solution processing.

Due to high optical absorbance of most high-performance HTL materials in the shorter
wavelengths, the P-I-N architecture is currently preferred for monolithic perovskite/Si tandems.?®
Placing this layer beneath the perovskite absorber mitigates the parasitic absorbance of high-
energy photons that would occur if it were placed atop the absorber.?® As a result, of the latter two
fabrication methods described previously which could be commercialized affordably, both require
a conformal deposition of the HTL onto the textured surface prior to perovskite deposition. The
most common approaches of yielding such a conformal coating are thermal evaporation?” and
ALD.?® Solution processing methods may also be utilized, such as the application of a self-
assembled monolayer (SAM),?® where solution containing unbound material is whisked off the
textured substrate. Alternately, Chen, et al, demonstrated a novel approach via a blade coater
and nitrogen air blade to deposit their polymer HTL solution and blow away excess material out
of the valleys.?° Processing the HTL via solution, as opposed to via vacuum thermal processing,
has the potential to yield several benefits, including lower fabrication costs and faster throughput.
In this work we demonstrate the use of a recently-developed solution processed HTL deposition
method called Solid Phase Deposition (SPD) for incorporation in a monolithic 2-terminal tandem
silicon perovskite solar cell.'* The HTL material is dissolved in an organic solvent and pre-cast
atop a water bath, where the solvent is allowed to dry and a free-floating, solid film remains. The
textured silicon bottom solar cell is then stamped directly onto the solid film, which over the course
of several minutes conformally adheres to and coats the pyramids. Previous work by our group
has demonstrated the utility of this method for numerous polymers over a wide range of moduli

and thicknesses.*® In addition, we have found that the polymer chain alignment resulting from
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SPD results in vastly improved hole mobilities compared to other solution processing
techniques.3! By combining SPD of our polymeric HTL with conformal deposition of our perovskite
absorber layer, we were able to fabricate conformal perovskite devices on top of micro-pyramid

textured monocrystalline silicon solar cells.
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4.2 Materials and Methods

4.2.1 Materials

Front junction single crystal textured bifacial silicon solar cells were obtained from
Sunpreme. Perovskite precursors were purchased from Greatcell Solar: formamidinium iodide
(FAI), formamidinium bromide (FABr), lead iodide (Pbl.), cesium bromide (CsBr), bathocuproine
(BCP), Ceso. High-temperature thermal evaporation sources were received from Kurt J Lesker:
gold shot, silver shot, lithium fluoride, tin oxide, and indium-doped tin oxide (ITO). Polymers were
received from ONE Material: poly(4-butyl-N,N-diphenylaniline) (poly-TPD), and poly(triaryl amine)
(PTAA). Solvents were obtained from Sigma Aldrich: chlorobenzene (CB), chloroform (CHCIs),
and 1,8-diiodooctane (DIO). Aqueous iodine-based silver etchant was purchased from Transene.

ITO-coated glass slides were purchased from biotan, with an edge pre-etched for top contacting.

4.2.2 Preparation of Silicon Substrates

Silicon solar cells were received as M2 wafer size (6 in x 6 in) and diced to 11x13 mm
(Figure 4.2a). Both the rear and front silver finger electrodes were removed using aqueous iodine
etchant (Transene) via immersion overnight (Figure 4.2b). Cells were then rinsed in water and
washed in Alconox, acetone, and IPA. Next, 3 mm edge of ITO from the top surface was removed
via plasma dry etch (Trion) using CF4 and Ar process gases at an etch rate of 20 nm min, for
10 min total. Removal of ITO was confirmed via 4-point probe, and was necessary to prevent

internal shorting following deposition of the top cell.
4.2.3 Application of HTL Solution

HTL solution was prepared as follows: poly-TPD polymer (ONE Material) was dissolved
in a mixture of CB:CHCI;:DIO (88:11:1) at a concentration of 10 mg mL™. The solution was
allowed to stir for one hour until dissolved, and then filtered successively through filters of pore

size 1 um, 0.45 um, and 3 x 0.2 um. Prepared silicon substrates were treated with oxygen plasma
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for 5 minutes (300 mTorr base pressure) in order to activate the surface and improve film adhesion.
A custom-printed trough was treated with silanes in order to render the surface hydrophobic, and
was filled with water right up to the rim. Next, 17 uL of poly-TPD solution was deposited via
micropipette over the center of the water trough, which rapidly spread to the edges and dried.
Once the film was formed, the silicon substrate was stamped directly onto the surface, with excess
polymer removed via tweezers (Figure 4.1 and Figure 4.2c). Conformal coating was confirmed
via optical microscope (Leica). Films were allowed to dry briefly in air (< 5 min) before being
transferred to a glovebox. The thickness of the HTL layer was 20 nm, measured via Dektak

surface profilometry on a control glass slide processed under identical conditions.
4.2.4 Fabrication of Perovskite Absorber

HTL-coated silicon solar cells were loaded into a thermal evaporation chamber into a
custom-designed shadow mask. Two Kurt J Lesker Low Temperature Evaporation Sources were
installed in the chamber, one containing Pbl, powder and the other containing CsBr powder. The
sources were co-evaporated at 335°C (Pbl2) and 415°C (CsBr) yielding deposition rates of 1 A s’
L and 0.1 A s respectively (Figure 4.2d). These rates were confirmed independently during
separate calibration runs over a specified time duration, with thickness confirmed via Dektak
surface profilometry. The resulting precursor scaffold was measured to be 150 nm thick. Next,
FAI solution in ethanol (88 mg mL™) was spin-coated onto samples in order to yield a perovskite
of the following nominal stoichiometry: (FAo.85CSo.15)Pb(lo.95Bro.0s)3. Dynamic spin coat at 4000 rpm
for 30 s in nitrogen environment was used, followed by 15 min anneal at 150°C (Figure 4.2e).
Samples were allowed to fully cool before being transferred. The perovskite layer was measured
to be 450 nm thick (Dektak). Samples were also prepared on ITO substrates for single junction
device characterization. ITO-based devices were completed via thermal evaporation of LiF (1 nm),

BCP (10 nm), Ceo (10 nm) and Ag (100 nm) through a shadow mask.

4.2.5 Device Characterization
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Photoluminescence of perovskite films was measured using a fluorescence scope
attached to an optical microscope and excited under 514 nm light, and analyzed using OceanView
software. UV-vis measurements were taken on a Perkin EImer LAMBDA 1050+ UV/Vis/NIR
spectrophotometer. X-ray diffraction measurements were taken using a Rigaku SmartLab
diffractometer. SEM (both top-down and cross-sectional) images were taken using a Zeiss Sigma
500 SEM, with cross-sectional images obtained using a 90° chuck at -5° stage tilt. For solar cell
measurements, the current density versus voltage (J-V) characteristics of the cells were
measured from -0.1 to 1.0 V using an ABET Sun 2000 solar simulator under an irradiance of 100
mW cm™2 from a 150 W Xe short-arc lamp filtered by an AM 1.5G filter. Spectral intensity was

calibrated with a silicon reference cell.
4.3 Results and Discussion
4.3.1 Solid Phase Deposition of Polymeric HTL

Common materials for the HTL layer of high-performance perovskite devices include small
molecules, such as spiro-OMeTAD, and semiconducting polymers, such as poly(triaryl amine)
(PTAA). The SPD process for thin film formation is generally incompatible with small molecules
due to the inability for the material to form a cohesive film. Thus, our investigations were limited
to polymeric HTL materials only. Among high-performance devices, PTAA is a popular material
due to its ideal bandgap and low parasitic absorbance in the shorter wavelength regime.
Unfortunately, our PTAA films cast onto water bath were extremely brittle, resulting in numerous
tears, folds, and pinholes in the transferred films (Figure 4.1b). This could not be mitigated despite
modifications of the solvent mixture or solution temperature, including the addition of plasticizing
agents. The side chains of conjugated polymers, in addition to improving solubility with organic
solvents, are also known to enhance mechanical deformability due to increased entanglements
between chains. With this in mind, we also investigated a structurally similar material to PTAA

known as poly-TPD, in which the para-methyl group of the central aryl unit has been substituted
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with a butyl group (Figure 4.1c). Indeed, this material spread much more uniformly (Figure 4.1b
lower), and we could consistently generate films as thin as 20 nm without resulting in pinholes.
Furthermore, we confirmed that PTAA and poly-TPD performed comparably to each other when

incorporated into full perovskite single-junction devices.

Upon confirmation of contiguous HTL film formation, we then turned our attention to
transfer onto the micro-pyramidal silicon substrate. As demonstrated by Esparza, et al, certain
polymeric materials conform more readily than others; furthermore, film thickness also influences
whether full adhesion will occur, vs film “snap-back.” Fortunately, as we were working with such
thin films, we observed no issue with film adhesion, and films readily adhered under atmospheric
conditions to the silicon substrate, as confirmed by optical microscopy (Figure 4.1a). Further

confirmation was shown through cross-sectional SEM (Figure 4.1d).

4.3.2 Influence of HTL on Precursor Morphology

On planar substrates, perovskites are typically spin-coated via the solution deposition of
all the constituent components from one precursor solution, followed by the rapid addition of an
anti-solvent in order to crash out the perovskite crystals and initiate grain formation. On pyramidal
substrates, this method would inherently result in flooding of the substrate valleys and poor
coverage of the peaks. Thus, a 2-step deposition method is commonly employed in the literature
to overcome this challenge, and we acted likewise. First, an inorganic scaffold of Pbl, and CsBr
was co-evaporated via vacuum thermal deposition. The CsBr was included in order to stabilize
the final perovskite chemistry; at room temperature, formamidinium lead iodide (FAPDbIs) is
inherently unstable and reverts from its black, light-absorbing alpha phase to the yellow, photo-
inactive delta phase. The inclusion of cesium stabilizes the structure and inhibits the phase

transition from occurring.

61



Interestingly, we observed an unusual morphology of this scaffold layer, as shown in SEM
image Figure 4.3d. Specifically, we observed what was termed a “feather-like” morphology, with
highly porous structure with grains fanning out from the substrate. Such a morphology is ideal for
a 2-step conversion as it offer a high surface area for infiltration of the organic precursors during

the subsequent conversion reaction.

Intriguingly, this morphology was only observed on our pyramidal substrates coated with
HTL via SPD. We note that the pyramidal silicon solar cells have a ~100 nm thick coating of ITO
deposited on the surface to act as both a current collector and an anti-reflective layer. When the
scaffold layer was deposited onto planar ITO substrates that had been coated with poly-TPD via
spin-coating, a more dense morphology was observed. Even more interestingly, we observed the
continuation of the feather-like structure in some regions of our solar cells where the poly-TPD
film did not conformally adhere to the pyramids (incomplete HTL coating was a phenomenon
observed in our earlier trials while the stamping procedure was still being optimized). Previous
work by our group has shown how the deposition method of conjugated polymers has a strong
influence on film morphology, texture, and polymer chain orientation. Thus, we conclude that the
surface texture of the poly-TPD film generated from the SPD process, in combination with the
energetics of the ITO top electrode, act in tandem to preferentially nucleate Pbl, crystals in this

outward orientation throughout large areas of the film.

4.3.3 Comparison of Perovskite Conversion Methods

The conversion step of the perovskite layer synthesis involved the addition of our organic
precursor FAI, in order to generate FAPDI3; perovskite; more accurately, the nominal stoichiometry
of our absorber layers was (FAo.85CSo.15)Pb(lo.9sBro.0s)s, due to the inclusion of CsBr during the co-
evaporation process. For this conversion reaction, we investigated two different methods. The
first was a spin-coat conversion, wherein the Pbl, scaffold acts as a sponge, absorbing the

needed solution for a stoichiometric reaction. Excess solution is ejected from the substrate at a
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high spin speed. This method has been previously reported in the literature, and a highly porous
scaffold is needed to ensure adequate organic precursor penetration. The second method was
the use of chemical vapor deposition (CVD) using a vacuum tube furnace. By controlling the
source and substrate temperatures, both the vapor flux of FAI and the deposition and substrate
conversion kinetics could be controlled. In both cases, a conformal perovskite layer was
generated, and the resulting film morphologies and optoelectronic behaviors were examined in

detail.

As shown in Figure 4.3a, the spin-coat converted film exhibited markedly higher
photoluminescence than the tube furnace CVD film. Despite films looking similar after conversion
(a dark red color), it was challenging to detect any PL activity from the CVD films. In contrast, both
UV-vis and XRD showed minimal differences between the two types of films. Indeed, Tauc plots
for the two types of films (Figure 4.3b) show nearly identical bandgaps of 1.5 eV. This similarity
can be further noted in the films’ x-ray diffractograms (Figure 4.3c), which show a clear elimination
of the Pbl, precursor peak at 12° for both types of perovskite films. We note that full conversion
via CVD was not always achieved, and was highly sensitive to film placement within the tube
furnace. Nevertheless, in all films showing full conversion via XRD and identical bandgaps via
UV-vis, the large difference in PL remained. The cause of this discrepancy was revealed in film
analysis via cross-sectional SEM. As shown in Figures 4.3e-f, CVD films resulted in a more porous,
discontinuous, and less dense morphology than spin-coated films. These discontinuities can

inhibit charge transport, and serve as recombination sites that diminish PL and charge extraction.
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Based on these observations, the spin coat conversion method was determined to be the

preferred approach for perovskite synthesis.
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Figure 4.3 Comparison of spin coating and CVD for perovskite conversion. (a) Photoluminescence spectra,
(b) Tauc plots, and (c) X-ray diffractograms of perovskite films. (d-f) Cross-sectional SEM micrographs of
(d) Pbi2 scaffold, (e) CVD perovskite, and (f) spin coated perovskite.

4.3.4 Solar Cell Performance

When fabricating a tandem perovskite/silicon solar cell, it is required for the upper
perovskite solar cell two transparent electrodes, so as to allow longer-wavelength light to pass
through the top cell and into the bottom silicon layer. Typically, a transparent conducting oxide
(TCO) such as ITO or 1ZO is used. In our commercial silicon cells from Sunpreme, a charge
collection layer of ITO is already present, acting as a recombination junction in the middle of the
device. As of publication, however, the procedure is still being developed for depositing a top-
layer TCO, as well as a SnOx buffer layer needed to prevent damage during ITO deposition. As
a result, in order to probe the efficacy of our fabrication procedure, we prepared planar solar cells

on transparent ITO/glass substrates alongside our textured devices. This allowed us to deposit a
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non-transparent silver anode on top via previously established methods. The performance metrics
for these devices is shown in Figure 4.4. Current-voltage (J-V) sweeps are shown for spin-
converted perovskite on spin-coated HTL (a), spin-converted perovskite on SPD HTL (b), and
CVD-converted perovskite on SPD HTL (c). The device performance metrics (Voc, Jsc, FF, and
PCE) are given in in (d), (e), (f) and (g), respectively. Unsurprisingly, the spin-converted samples
out-performed our CVD converted devices, with a champion performance of 6.5% vs to 1.0%
PCE. We again attribute this to poor grain formation within the CVD films, resulting in poor charge
extraction and high recombination losses. We did observe higher performance in our spin-coated
HTL devices, although we attribute this mainly to the presence of inhomogeneities in our SPD
films. Such asperities were not observed in the textured substrates and would not be of concern
in our tandem devices. Overall, this device performance represents a promising first step towards
optimizing the device fabrication procedure, with the ultimate goal of testing device performance

of a fully integrated tandem perovskite/silicon device.

65



a Spun PO|y—TPD, b Stamped Poly—TPD c Stamped Pon—TPD,
Spun Perovskite Conversion Spun Perovskite Conversion Vapor Perovskite Conversion
25 25 s ‘ . ‘ ‘ 25 ‘ : ;
20 & ] O
g £ 20 g
<C £
= SN E 15 Zé
210 =< S s
= ) E 10 P
2 g B %
@ S 5F S
o o fa]
g 0 £ of =
E [ o
3 -5 5 5
o -5 O
g 3
-10 b~ : : : 10 L . Na N
00 02 04 06 08 10 00 02 04 06 08 1.0
Voltage, V[V
ge, V[V] Voltage, V[V] Voltage, V[V]
08l 4r T ?
120
C
= (5
= <
0.4 3
R ol
0.2 .
SC-HTL, St-HTL, St-HTL, SC-HTL, St-HTL, St-HTL,
SC-Con SC-Con V-Con SC-Con SC-Con V-Con
Processing Conditions Processing Conditions
f 0.55 g 7
0.50 6
0.45 5
0.40 =4 1
N =3
i § R 1
0.35 W Forward
’ 2 1 M Reverse
0.30
_— ——
025 ! = = ]
0
SC-HTL, St-HTL, St-HTL, SC-HTL, St-HTL, St-HTL,
SC-Con SC-Con V-Con SC-Con SC-Con V-Con

Processing Conditions Processing Conditions

Figure 4.4 Solar cell performance for perovskite devices. (a-c) Current-Density (J-V) curves for spin-coat
HTL/spin-coat perovskite (a), stamped HTL/spin-coat perovskite (b), and stamped HTL/CVD perovskite (c).
(d-g) Device performance metrics for our devices, showing Voc (d), Jsc (e), fill factor (f), and power
conversion efficiency (g).

4.4 Conclusions

We applied a new polymer coating technique—Solid Phase Deposition—for the conformal

deposition of polymeric hole transport layers onto textured micropyramids of silicon solar cells.

66



Experimental results show high degrees of film compliance with the substrates, with 20nm thick
films fully adhering to the surface of 3 um tall pyramids without ripping or tearing. The texture of
the polymer film has additional benefits for the subsequent deposition of perovskite absorber
layers, as it preferentially nucleates inorganic lead iodide crystals into a highly porous “feather-
like” orientation, compared to a more compact crystal structure formed on spin-coated HTL films.
This feather-like morphology is desirable for organic precursor infiltration, and results in a compact
perovskite film with large crystal size. In fabricating our FAPDI3 perovskite films, we investigated
two conversion methods, namely spin coating and tube furnace chemical vapor deposition. While
both achieved full conversion, the spin coated films exhibited markedly higher photoluminescence
due to larger grain boundaries, and also resulted in higher-performing solar cells. Future work in
this area will confirm these findings on textured cells upon completion of the device architecture,
and will hopefully represent a promising step forward towards the commercialization of fully

textured monolithic two-terminal tandem perovskite on silicon photovoltaics.

Chapter 4, in full, is a reprint of the material “Solid Phase Deposition of Polymeric Hole
Transport Layer for Conformal Coating of Monolithic 2-Terminal Perovskite/Silicon Tandem Solar
Cells” which is currently under preparation for submission, by Runser, R., Esparza, G., Cramlet,
J., Gupta, A., Kodur, M., Chen, A.X., Simon, ., Fenning, D.P., and Lipomi, D.J. The dissertation

author was the first author of this paper, all authors contributed to this work.
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Chapter 5. Conclusions and Future Perspectives

5.1 Interfacial Drawing

The first project in this dissertation presents a novel method for fabricating large-area
polymer thin films called Interfacial Drawing. The polymer of choice is dissolved in an organic
solvent and cast atop a water bath, where it spontaneously spreads and dries to form a solid,
free-standing thin film. By continuously injecting solution on one end of the trough, while
continuously rolling and transferring the opposite solid end onto a substrate, a continuous roll-to-
roll process can be achieved. This chapter described in detail the process parameters that
influenced film thickness, showing how it could be carefully tuned to yield films between 10-80nm
thick. In addition, we investigated the mechanical properties of the resulting films, and discovered
that they exhibited a lower modulus and greater fracture strain than films prepared via spin coating.
These properties are desirable for flexible applications, an area for which semiconducting
polymers are especially applicable. Finally, we demonstrated the utility of Interfacial Drawing to
the fabrication of organic electronic devices, namely flexible organic solar cells, showing their
performance again compared to spin coating devices.

This research offers numerous avenues for potential future investigations. While the
trough used for this study was limited to a width of 4 inches due to geometrical constrains, an
expansion to 6 inches (along with investigation of methods to delay or eliminate the observed
process termination) would allow for use with wafers and substrates more commonly used in
photovoltaic processing. Additional investigations into a broader array of substrates can also be
undertaken. Textiles and fabrics, whose porosity makes them challenging to coat with uniform
films via traditional solution processing techniques, are an ideal candidate. For example, fabric-
mounted solar cells could be produced for use in collapsible power generation or indoor Internet-

of-Things applications. Finally, further studies can be undertaken into the enhanced mechanical
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properties of films produced via Interfacial Drawing, particularly applications of their improved
deformability and the mechanism of film formation underlying this finding.

5.2 Graphene Barriers

The second project in this dissertation investigates the utility of graphene barriers for
encapsulating perovskite solar cells. Graphene is known to be impermeable to small species
ingress; nevertheless, numerous grain boundaries within a graphene film can offer pathways
through which moisture and oxygen can travel. Stacking multiple layers of graphene can block
access to those pathways, improving the film’s barrier metrics. We therefore investigated the
performance of single- and multi-layer graphene against a control barrier of Parylene-C, the
polymer support layer present in all of the films. Surprisingly, we found a remarkable improvement
in barrier performance upon the addition of a single layer of graphene, followed by minimal
subsequent improvements in 2- and 3-layer graphene. This finding suggests that mechanically
staked multilayer graphene offers substantial lateral material transport pathways, thus negating
any proposed benefit offered from multilayer graphene. Furthermore, given that each additional
layer confers a 3% decrease in optical transmissivity, the single-layer graphene was found to be
the optimal material among the barrier films tested.

5.3 Perovskite Silicon Tandem Solar Cells

The final chapter of this dissertation discusses the fabrication of fully textured monolithic
2-terminal perovskite silicon solar cells. A novel process called Solid Phase Deposition (SPD)
was recently demonstrated for its ability to conformally coat polymer thin films onto micropyramids
of anisotropic etched silicon. Similar to Interfacial Drawing, but via a batch-scale process, a
polymer solution is cast atop a water bath and allowed to spread and dry into a free-floating solid
film. The film can then be stamped with a microtextured substrate, and given the correct range of
elastic moduli and film thicknesses, the film will spontaneously deform to adhere to the pyramid

surfaces. In my work, we began with commercial silicon cells, which are themselves microtextured
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to enhance light trapping, and coated them with a conjugated polymer hole transport layer via
SPD. We subsequently deposited a perovskite light-absorbing layer via a two-step process. First
an inorganic lead iodide scaffold was deposited via thermal evaporation. Then, two methods were
investigated for the conversion reaction to a perovskite upon the addition of an organic precursor:
chemical vapor deposition (CVD) and spincoating. While both methods could fully react and
convert the lead iodide, the spin coat approach yielded much larger grains and consequently a
stronger photoluminescent output. The approach was validated via fabrication of planar solar cells,
which similarly exhibited better performance (higher power conversion efficiency) when fabricated
via spin-coating vs CVD.

Future work on this project first should focus on the conformal deposition of the electron
transport layer and transparent conducting oxide top contacts. These straightforward steps will
enable validation of the tandem architecture and allow for layer thickness and interface
optimization. In the longer term, silicon perovskite tandem cells offer one of the most promising
research avenues for exceeding the theoretical efficiency limit of single-junction solar cells. Silicon
photovoltaics are already a well-established technology with reliable power output, dependable
lifetimes, and plummeting costs; meanwhile, perovskite solar cells are being intensively
researched, with performance metrics continuing to improve, and raw materials being abundant
and inexpensive. At the moment, fully textured perovskite silicon tandems are challenging to
research due to the difficulty of fabricating each layer of the perovskite top cell uniformly over the
silicon micropyramids. It is hoped that this work, and other research on conformal thin-film
deposition, can contribute to ongoing efficiency gains among multiple emerging photovoltaic

technologies.

73





