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ABSTRACT: Fabrication of halide perovskite (HP) solar cells
typically involves the sequential deposition of multiple layers to
create a device stack, which is limited by the thermal and chemical
incompatibility of top contact layers with the underlying HP
semiconductor. One emerging strategy to overcome these
restrictions on material selection and processing conditions is
lamination, where two half-stacks are independently processed and
then diffusion bonded to complete the device. Lamination reduces
the processing constraints on the top side of the solar cell to allow
new device designs, expanded use of deposition methods, and self-
encapsulation of devices. While laminated perovskite solar cells
with high efficiencies and novel interlayer combinations have been
demonstrated, there is a limited understanding of how the lamination process parameters affect the diffusion-bond quality and
material properties of the resulting HP layer. In this study, we systematically vary temperature, pressure, and time during lamination
and quantify the resulting impacts on bonded area, grain domain size, and photoluminescence. A design of experiments is performed,
and statistical analysis of the experimental results is used to quantitatively evaluate the resulting process—structure—property
relationships. The lamination temperature is found to be the key parameter controlling these properties. A temperature of 150 °C
enables successful bonding over 95% of the substrate area and also results in increases in apparent grain domain size and
photoluminescence intensity. Based on these insights, the lamination temperature of functional perovskite solar cell devices is varied,
demonstrating the importance of the resulting bond quality on device performance metrics.
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B INTRODUCTION

Perovskite solar cells (PSCs) have emerged as a promising
technology for efficient and cost-effective photovoltaic energy
conversion. Halide perovskites (HPs) offer several advanta-

methods. For example, this approach was shown to enable
devices with dual-passivation of both the electron transport
layer (ETL)/HP and hole transport layer (HTL)/HP
interfaces using self-assembled monolayers (SAMs), which

geous properties, including high efficiencies, the use of earth-
abundant materials, and the potential for low-cost, scalable
production. However, several challenges hinder their wide-
spread adoption, including limitations in their stability and
manufacturability."

Perovskite solar cells are commonly fabricated through a
sequential layer-by-layer deposition process, in which each
layer of the solar cell (transport, passivation, contact layers, HP
film) is fabricated on top of the preceding layer. However,
during sequential deposition, the processing of the top
transport, passivation, and contact layers (whether using a p-
i-n or n-i-p structure) are restricted by the chemical and
thermal constraints of the underlying HP layer. Lamination is
an emerging processing strategy that can overcome the
challenges of sequential deposition, enabling new PSC device
designs that are not possible using sequential-deposition
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would be difficult to achieve using sequential deposition
processes.”’

An example of lamination processing involves the integration
of two independently processed half-stacks, which are each
comprised of an electrical contact, transport layer, and
perovskite layer (Scheme 1). The two half-stacks are bonded
to form a complete laminated perovskite solar cell (L-PSC). In
this approach, the transport, passivation, and contact layers on
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Scheme 1. Lamination Process Flow”
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“(A) Parallel fabrication of separate half-stacks, with the HP material as the final (top) layer. (B) Lamination of the two half-stacks through the
application of elevated temperature and pressure. (C) Resulting L-PSC device architecture.

both sides of the cell are processed prior to depositing the HP
film.*”'* Lamination thus allows for the use of deposition
processes such as solution processing with incompatible
solvents, vapor deposition using reactive precursors, and/or
high temperature annealing, which cannot be performed on
top of the HP film in the device stack.””

Furthermore, L-PSCs can utilize glass substrates on both
sides of the device, which facilitates self-encapsulation to
improve device stability.”'" This self-encapsulation enables
thermal processing of the HP film at elevated temperatures
that would otherwise degrade the HP material.”*'* For
example, we have previously shown that conventional
annealing of the FAysMA, 15Csg osPbl, ¢Bry , perovskite materi-
al used in this study at 150 °C results in an increase in the
presence of the Pbl, phase in the film relative to the HP phase,
while lamination between two glass substrates at the same
temperature resulted in a decrease in the ratio of the Pbl,
phase relative to the HP phase.” This is attributed to the
“confined annealing” condition during lamination, where the
self-encapsulation between two glass substrates minimizes the
likelihood of outgassing of the volatile organic cation species
from the film.

Various combinations of transport layers and lamination
interfaces have been used to create L-PSCs in recent years.
These have resulted in devices with an increased efficiency and
improved stability. The initial study in 2018 reported diffusion
bonding at a perovskite-perovskite interface with a cell
efficiency of 10%.” Since then, functional devices have been
laminated at the perovskite-perovskite and perovskite-transport
layer interfaces, achieving efficiencies up to 22.3%."° As an
alternative strategy, conductive glue layers have also been used
as an interfacial adhesive to promote lamination.”*~"°

While lamination represents a promising manufacturing
strategy for PSCs, most studies to date have focused on device
fabrication and characterization, with limited knowledge on the
detailed process-structure relationships that occur during
diffusion bonding at the perovskite-perovskite interface. As
illustrated in Scheme 1, diffusion bonding at this interface is of
particular interest for lamination because of the high ionic
diffusivity of HP materials, as well as the ability to separately
form, passivate, and optimize the HP/transport layer interfaces
prior to the final lamination step.
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The application of elevated temperatures and pressures is
known to result in changes in both the microstructure and
phase purity of HP films. For example, unencapsulated
perovskite films have been shown to degrade and form Pbl,
at elevated temperatures above 110 °C.”""? Perovskites have
also been shown to have self-healing capabilities when
compressive stress is applied at room temperature or with
heat treatments.'* This self-healing behavior is a result of
mechanical deformation and mass transport along the surfaces
of cracks within the perovskite film,'* which is analogous to the
diffusion bonding process that occurs during lamination. Past
studies have also shown an increase in grain domain size after
lamination, which can be beneficial to PSC performance and
stability.”® Therefore, there is a need to deepen our knowledge
of the mechanisms that guide the lamination process, which
could enable rational control of the resulting microstructure
and functional properties of the perovskite material.

In this study, we systematically investigate the role of
lamination parameters (temperature, time, and pressure)
during diffusion bonding at the HP-HP interface. The
percentage of area that is successfully bonded during
lamination is quantified using mechanical separation and
post-mortem optical analysis. The steady-state photolumines-
cence (PL) intensity of the films is also measured after
lamination to understand changes in the optoelectronic
properties of the film, which are relevant to solar cell
performance.”™'® Additionally, the trends in apparent grain
domain size were measured using scanning electron micros-
copy. Using a design of experiments to sample the parameter
space, the observed trends in the material properties and the
uncertainty surrounding these trends were quantitatively
analyzed by performing a Gaussian process regression.

Among the process parameters studied, temperature was
found to be the most important lamination parameter to
control the measured properties. A high bonding temperature
of 150 °C increases the bonded area up to 95% and results in
significant increases in apparent grain domain size and PL
intensity. In contrast, lamination pressure and time had less
significant effects over the parameter ranges tested, suggesting
an opportunity to increase throughput and decrease the
applied force in a manufacturing setting. Finally, L-PSC devices
were fabricated, and an increase in the short-circuit current
(Jsc) at elevated lamination temperatures was found to be the
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primary factor that caused an improvement in the power
conversion efficiency. These results illustrate the importance of
achieving a large percentage of area bonded to maximize
carrier collection efficiency and reduce recombination at the
bonded interface. By deepening our understanding of these
process-structure-property relationships, in the future, manu-
facturers can optimize their lamination process based on a
specific objective function, such as maximizing throughput
and/or minimizing cost and energy input requirements.

B EXPERIMENTAL METHODS

Perovskite Deposition. The composition of the HP solutions
used in this study is FAgsMAg;5Cso0sPbL¢Bros (~250 nm thick
before lamination) with 3 wt % excess Pbl, corresponding to a
bandgap of ~1.6 eV. The HP precursor solution was prepared by
adding the following substances to a glass vial in the order listed and
stirring in an argon-filled glovebox for at least 15 min: 18 mg of (Cs;
Fischer Scientific), 204.6 mg of (FAI; Greatcell Solar), 23 mg of
methylammonium bromide (MABr; Greatcell Solar), 77 mg of lead
bromide (PbBr,; Alfa Aesar), 606.7 mg of lead iodide (Pbl,; Fischer
Scientific), 1.6 mL of dimethylformamide (DMF; Acros Organics,
USA), 0.4 mL of dimethyl sulfoxide (DMSO; Sigma-Aldrich, USA).
The solution was used within four hours of mixing.

Precleaned substrates (25 X 25 X 0.14 mm) were spin-coated by
drop casting ~200 uL of HP precursor solution and then rotating at
6000 rpm. After 20 s of spinning (60 s before the end of the
program), ~200 uL of chlorobenzene (Sigma-Aldrich, USA) was
dispensed onto the substrates in a steady stream and rotated for 60
more seconds at 6000 rpm. Afterward, the HP-coated substrates were
annealed on a hot plate for 50 min at 100 °C. Further details on the
spin-coating experimental methods are provided in Supporting
Information section SI 1 A,B.

Lamination Process. All of the HP-coated substrates were
laminated using a hydraulic hot press with a custom-designed jig.®
The jig and hot press were heated to the desired lamination
temperature and given at least 10 min to reach steady-state. Two HP-
coated substrates were loaded into the jig face-to-face such that the
HP thin films contacted each other. The jig was loaded into the hot
press and pressure was applied, allowing for diffusion bonding to
occur at the HP-HP interface between the glass substrates (additional
details in SI 1 C). Finally, the jig was unloaded and cooled down for
~4 min before the samples were extracted for characterization.

Materials Characterization. Steady-state PL spectra were
collected using a class II 520 nm laser and a compact spectrometer
(CCS200, Thorlabs). PL was measured 3 times toward the center of
the sample (additional details in SI 1 E). For post-mortem optical
analysis, the samples were delaminated by inserting a razor blade as a
wedge between the glass substrates.'” Optical imaging was performed
using a digital microscope (VHX 7100, Keyence Corp). The bonded
area was calculated from the post-mortem optical microscope images
using a custom MATLAB software (additional details in SI 1 D). The
apparent grain domain size of the post-mortem HP films was
measured using a high-resolution scanning electron microscope
(SEM) (Tescan Mira3, USA). The apparent grain domain size was
calculated from these images using the linear intercept method”® with
a multiplying factor of 1.6 (further details in SI 1 F).

Statistical Framework for Analysis. A design of experiments
(DOE) was employed to explore the processing parameter space of
temperature, time, and pressure. A Box—Behnken design was used for
the initial space-filling DOE in this study.”" Informed by these initial
experiments, additional data points were sampled to further resolve
the observed trends (Figure 1).

A Gaussian process regression (GPR) was performed to describe
the trends of how the materials characterization data depend on the
lamination parameters. The GPR analysis provides a fit to the
experimental data across the measured parameter space in an
interpretable and statistically rigorous way. GPR is a machine-learning
modeling method based on Bayesian probability theory that is used
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Figure 1. Bonding parameter space explored in this study, with the
experimentally sampled lamination conditions marked in blue.

for this task because of its ability to capture general modeling
relationships, its built-in uncertainty quantification, and its robustness
to noisy and sparse data sets.”>”’ In this study, the GPR analysis was
used to produce response surface }zalot_s that allow for a visualization of
the trends in the parameter space.”*** Further details on the methods
used for the GPR analysis are provided in the Supporting Information
(S12).

Device Fabrication. Prepatterned fluorine-doped tin oxide
(FTO) coated glass and Au/Ni-coated glass substrates were
precleaned following the same procedures as the glass substrates (SI
1 A). A compact layer of SnO, was deposited as the ETL on Au/Ni-
coated glass substrates by spin-coating a 4% (v/v) diluted SnO,
colloidal solution (Alfa Aesar, USA) in DI water at 3000 rpm for 30 s.
This process was performed in two passes, with each pass followed by
a baking step at 150 °C for 30 min.

A bilayer of NiO,/MeO-2PACz was deposited on top of the
patterned FTO substrates as the HTL. First, NiO, was spin-coated
using the procedure described in Yadavalli et al, which includes an
annealing step at 400 °C for 1 h.> A MeO-2PACz SAM was deposited
on top of the freshly prepared NiO, layer by first dissolving 0.3 mg/
mL MeO-2PACz powder in ethanol and then spin-coating at 3000
rpm for 45 s, followed by annealing on a hot plate at 100 °C for 10
min. Next, perovskite layers were spin-coated on each of the two
transport layer half stacks, which were subsequently laminated using
the methods described above. For the devices, a 2X higher
concentration of HP precursor with the same solvent weight ratio
was used compared to the HP films that were directly deposited on
glass substrates. The as-deposited films deposited with a 2X
concentration were ~450 nm thick (SI 1 G), and after lamination,
the HP layer thickness in the device stack was ~900 nm (Figure S3).
This is consistent with previous studies that have shown that HP layer
thicknesses of ~1 ym are optimal for PSCs.”*™**

Device Characterization. The J—V characteristics of the L-PSCs
were measured using a Gamry Interface 5000 potentiostat under
simulated 1-sun illumination (AM1.5G, 100 mW-cm™2) produced by
a Class ABA solar simulator (Abet Technologies, USA) in ambient
conditions (room temperature, 40—60% relative humidity). The light
intensity was calibrated with a standard silicon reference cell (Abet
Technologies, model 15151). Measurements were performed in
reverse-scan mode (from Vi to Jc) followed by forward-scan mode
(from Jsc to Vo). The active area of each device was measured under
a digital optical microscope (VHX 7100, Keyence Corp). All of the L-
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Scheme 2. Illustration of a Diffusion Bonding Process, Showing (A) the Initial Separate Films, (B) Normal Stress and
Diffusion Flux during Bonding, and (C) Resulting Bond Formation, Grain Growth, and Remaining Small Voids after Bonding
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PSCs were aged in a glovebox for about a week before measurements
were conducted without any preconditioning.

B RESULTS AND DISCUSSION

A. Diffusion Bonding Fundamentals. Diffusion bonding
is a common manufacturing technique used to join two
materials by pressing them together, typically under elevated
temperatures.”” This can be performed with similar or
dissimilar materials; here we focus on the diffusion bonding
at a nominally identical HP-HP interface, which we have
previously shown enables L-PSC devices with power
conversion efficiencies (PCE) of 21%.”

Diffusion bonding is influenced by the properties of the
material being bonded (e.g., surface roughness, elastic
modulus, yield strength, diffusion coefficient), the surrounding
environment in which bonding takes place, and the process
parameters of pressure, temperature, and time.”” By tuning
these processing parameters, the resulting microstructure and
defects that are present can be altered. By controlling the
process-structure relationships during lamination, the resulting
mechanical and functional properties of the bonded materials
can be modulated, including bond strength/toughness,
optoelectronic properties, and other application-specific
properties of interest. A detailed understanding of these
process—structure—property relationships is thus important
when designing a material system with targeted performance
metrics. Here, we provide a brief overview of the fundamentals
of the diffusion process, to provide context for the following
results and discussion.

During diffusion bonding, elastic and plastic deformation of
the material surfaces can occur as a result of the applied
pressure, creating intimate contact between the two surfaces.
This mechanical deformation is coupled with diffusion of
atomic or molecular species along and across the bonding
interface (Scheme 2B). As a result of these coupled
deformation and diffusion processes, chemical bonds can
form along the interface (Scheme 2C).”

The initial surfaces will have a defined roughness and
contact will occur at local asperities, with the actual contact
area, A, being much less than the nominal contact area, A. As
argued by Bowden and Tabor,” there will be a relationship
between the nominal pressure, P, (defined as P = N/A, where
N is the applied normal force) and the actual contact area,
given by

P = HA, ()

where H¢ is the hardness, which is approximately equal to
three times the yield strength. Accordingly, the contact area
increases with either increasing pressure or decreasing
hardness.

After initial contact has been established across the surface
asperities, growth can occur by diffusion along the interface to
fill the voids.”' ~** Interfacial diffusion is driven by a gradient in
the chemical potential, y,, associated with the normal stress
(0,, defined as positive for tension and negative for
compression) across the interface:”*

H = —Qo, )

where Q is the atomic volume. The diffusional flux, J, is
proportional to the diffusion coefficient, D, and the derivative
of the normal stress along the contact area (eq 2 and Scheme
2), so that

do,
dx (3)

where «x is position. The functional form of the normal stress is
established as a result of the interaction between the applied
pressure, and the need to maintain continuity of chemical
potential with the curved surface at the tip of the void. The
diffusion coefficient is exponentially related to the temperature,
T,

] =DQ

D = D, e /() )

where D, is the self-diffusion coefficient, E, the activation
energy, and kg is Boltzmann’s constant. Therefore, temperature
is an important parameter in the bonding process.

If diffusion kinetics are rate limiting, one would expect the
bonded region to grow as the diffusion length (L) grows with
time, t,

L, = /Dt ©)

The formation of a bonded interface also relies on a chemical
reaction to form the bond across what will generally be
misoriented grains at the interface. In general, it is possible that
this step could be rate limiting.

Together, these equations provide a physical framework for
rationalizing the trends observed with respect to the lamination
parameters that are varied in this study. While a full
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multiphysics simulation of the diffusion bonding process would
involve a more complex analysis that is beyond the scope of
this study, the linear and nonlinear dependences of the
mechanical, thermal, and chemical processes occurring will
control the resulting material properties, which will be
experimentally measured and analyzed in the following
sections.

B. Percent Bonded Area. We define percent bonded area
(PBA) as the percentage of the interfacial area that was
successfully bonded during lamination. To quantify the PBA of
the samples after lamination, the two glass substrates were
separated by inserting a razorblade as a wedge (Figure 2A).
After this separation process, the exposed surfaces of the two
substrates were imaged using optical microscopy to analyze the
remaining film geometry on each side.

We identified three distinct types of regions on each
substrate. In regions where no perovskite layer was visible, the
transparent glass substrate was exposed. These exposed regions
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Figure 2. (A) Schematic illustration of the glass separation process,
where the debonded substrates contain regions with exposed
substrate, transferred perovskite, and unbonded perovskite layers.
(B) Example of debonded substrates with a low PBA, showing largely
unbonded perovskite regions on both substrates. (C) Example of
debonded substrates with a high PBA, where the left substrate is
mostly comprised of exposed glass and the right substrate is mostly
covered by transferred perovskite.

correspond to locations where the bonded perovskite layers
were transferred to the opposite substrate during the
separation process. This can be observed in Figure 2B and
C, where the exposed regions on one side are the mirror image
of what we refer to as “transferred regions” on the other side.
These transferred regions are where the thickness of the
perovskite layer after separation is double that of the original
perovskite layers before diffusion bonding. Therefore, these
regions are defined as the locations where the diffusion
bonding was sufficiently strong that the two HP layers did not
easily debond during the separation process. In other words, in
these locations, the failure occurred at a perovskite-glass
interface, rather than at the perovskite-perovskite lamination
interface.

The third category corresponds to regions where perovskite
films were observed on both sides after separation. As shown in
Figure 2B and C, these regions have a lighter optical contrast
in comparison to the transferred regions. This indicates that a
thinner film is present in the lighter regions, which results in
the increased translucency of the samples during post-mortem
optical microscopy. These lighter areas are labeled as
unbonded regions, where separation occurred at the perov-
skite-perovskite interface. Although weak bonding may have
been present in these regions after lamination, delamination
occurred preferentially at the perovskite-perovskite interface as
opposed to the perovskite-glass interface.

After the separation process, the PBA is calculated using
quantitative image analysis (further details in SI 1 D and Figure
S1). PBA is defined as the fractional area associated with the
sum of the transferred and exposed regions, which are mirrored
on each side. The measured PBA values ranged from 0 to 95%
across the lamination parameter space studied. The results of
the PBA analysis are shown in a series of response surfaces in
Figure 3. As described in the Experimental Methods, these
response surface plots were generated by performing a
Gaussian process regression on the experimental data. A full
list of the lamination conditions and PBA data are provided in
Table S1.

Each of the response surfaces shown in Figure 3 presents the
PBA trends as a function of temperature and pressure for a
specific (fixed) lamination time. In other words, each subplot
of Figure 3 represents a plane within the 3D parameter space
cube (Figure 1), where the time for each plot is held constant.

Figure 3A shows plots of the predicted mean values of PBA
across the parameter space, and Figure 3B plots the standard
deviation predicted by the GPR analysis at these conditions. In
regions of the plot at or near the data points that were
experimentally tested, the predicted standard deviation of the
model closely matches the experimentally measured standard
deviation, because the model has a lower degree of uncertainty
at these conditions. Regions of high standard deviation indicate
that the model has a higher degree of uncertainty in its
predicted values at these conditions.

As shown in Figure 3A, there is a monotonic increase in
PBA with increasing temperature across the entire lamination
parameter space tested. Furthermore, increasing lamination
pressure at a constant temperature (moving from left to right
across an individual response surface in Figure 3A) also
generally results in a higher PBA. Overall, this results in a
general “up and to the right” trend, where the highest values of
PBA are at elevated temperatures and pressures, which is
expected based on the physics of diffusion bonding described
in section A above. However, we observe that while higher
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Figure 3. Response surfaces using the GPR analysis to show trends in (A) predicted mean and (B) predicted standard deviation in percent bonded
area over the parameter space. Conditions in the parameter space where experimental data were collected are labeled by the cyan points.

temperatures (e.g., 150 °C) are sufficient to achieve a large
PBA even at relatively low pressures (2 MPa), even at the
highest pressure tested (8 MPa), PBA monotonically increases
with increasing temperature. This illustrates that increasing
pressure is more helpful at lower temperatures, but is not as
critical at elevated temperatures, where faster diffusion occurs.

To further quantify the importance of each of the lamination
process parameters on PBA, an analysis of variance (ANOVA)
was performed. Across the data set, temperature was found to
have by far the most significant influence on PBA with a P-
value of 5 X 1072%, compared to that of pressure (2 X 107°)
and time (0.02) (Table S2). Furthermore, the relative
importance of pressure diminishes at elevated temperatures,
and is more significant at lower lamination temperatures of
80—100 °C, where increasing the pressure to 8 MPa results in
an increases the PBA to values of ~80%. This illustrates the
interplay between these process parameters in a manufacturing
context, where at a lower lamination temperature, higher
pressures would be beneficial, but if temperature can be safely
increased to 150 °C without damaging the perovskite or
surrounding materials, a lower pressure can be used.

As described in section A, the lamination pressure,
temperature, and time will have different influences on the
physics of the diffusion-bonding process. The strong influence
that temperature has on PBA can be traced back to the
exponential dependence of the diffusion coefficient on
temperature (eq 4). During the diffusion bonding process,
surface and interfacial diffusion occur to fill-in void space and
form chemical bonds.””*® While increasing time and pressure
can also contribute to a higher PBA (particularly at lower
temperatures), their influences are not expected to be
exponential in nature. It is possible that an increase in

temperature also leads to a sufficient reduction in hardness for
large-scale contacts to be formed very rapidly, which allows for
bonding across the interface.

The major influence of pressure is related to the initial
contact mechanics, which defines the initial contact area
between the two films (eq 1). Higher pressures will increase
the gradient in the chemical potential, which is the driving
force for diffusion (eq 2).>' The influence of time comes
primarily through the diffusion length, which increases with the
square-root of the diffusion coefficient and time (eq 5).

The fact that temperature was observed to be the most
important parameter in the bonding process, and there is
essentially no effect of time after S min, suggests that either
diffusion is very rapid, or it is the initial stage of the bonding
process that is most important. This further suggests that there
may be opportunities to increase the throughput of the
lamination process in an industrial manufacturing setting.

C. Photoluminescence. To study the influence of the
lamination processing parameters on the optoelectronic quality
of the HP material after bonding, PL analysis was performed.
PL is the measurement of emissive photon flux due to radiative
recombination from a photoexcited semiconductor. It is a low-
cost, high-throughput, and nondestructive method for
evaluating solar cell materials and devices.'” PL can be used
to predict PSC performance based on the optoelectronic
properties of the HP material within the solar cell. For
example, the steady-state PL quantum yield relates directly to
the quasi-Fermi level splitting in a PSC, which in turn provides
the largest possible photovoltage extractable from an
absorber.'>*® Previous work has also shown that the PL
intensity correlates with grain size of HP materials, with larger
grains typically yielding a reduction in nonradiative recombi-
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Figure 4. Response surfaces using GPR analysis to show tends in (A) predicted mean and (B) predicted standard deviation of PL peak intensity
over the parameter space. Conditions in the parameter space where experimental data were collected are labeled by the cyan colored points.

nation, improved stability, and better PCE."**73% Therefore,
PL can be used as a metrology tool to rapidly detect defects
and heterogeneities in HP materials, saving cost and time for
high-volume manufacturing processes. In this study, PL is used
as a proxy for rapidly screening the HP semiconductor
optoelectronic quality, as it allows for high-throughput
quantification without the cost and time requirements of full
device fabrication.

Based on the results from the PBA analysis, a new DOE was
created for the PL measurements with a narrower temperature
range from 100 to 150 °C. This range was chosen because the
measured PBA values were relatively low at temperatures
below 100 °C, and therefore are less likely to be relevant for
device manufacturing. This illustrates the “funneling” approach
of the experimental exploration in this study, where the widest
range of process parameters was studied for PBA analysis,
which was down-selected for PL analysis, and was then further
down-selected for full device testing.

A GPR analysis of the mean and standard deviation of PL
intensity is plotted in the response surfaces shown in Figure 4.
The raw experimental PL data are shown in Table S3. The PL
intensity was observed to increase substantially as the
temperature was increased to 150 °C (Figure S2), which is
consistent with the observed increase in average PBA with
increasing temperature. However, while PBA increased more
gradually with increasing temperature, a sharp, nonlinear
increase in PL intensity was observed from 120 to 150 °C.

The trends in Figure 4 were further analyzed using ANOVA.
Similar to the PBA experiments, temperature was by far the
most significant parameter, with a P-value of 1 X 107%,
compared to time (0.001) and pressure (0.03) (Table S4).

The differences between the response surfaces in Figures 3
and 4 suggest that although temperature is the most important
lamination parameter for both PBA and PL, the underlying
physical mechanisms that dictate the relative temperature
dependencies of PBA and PL may be different. A potential
explanation for the sharp increase in PL at elevated
temperatures is a change in grain size in the HP material
during lamination. The apparent grain domain size was
measured from post-mortem SEM images of the laminated
HP materials at 100, 120, and 150 °C (Figure S). Similar to the
observed trends in PL intensity, the extent of apparent grain
domain growth during lamination is highly sensitive to
temperature. In particular, while some grain growth occurs
between 100 and 120 °C, a more significant increase in
apparent grain domain size was observed when the temper-
ature was increased from 120 to 150 °C. This grain-growth
behavior was further validated by performing cross-sectional
SEM analysis of devices laminated at 120 and 150 °C (Figure
$3).

The observation of grain growth during lamination at
elevated temperatures is consistent with a previous study that
also observed grain growth in HP materials under applied
pressure and temgeratures,s and is supported by the theory of
grain coarsening.”"*’ In addition, small quantities of PbI, have
been shown to form during lamination at 150 °C,” which can
have passivating effects when present in low quantities.*' In the
future, physics-based modeling of the microstructure evolution
during lamination will be valuable to provide deeper insights
into these relationships.

Opverall, the fact that both the PL intensity and apparent
grain domain size experience a sharp increase as temperature is
increased from 120 to 150 °C, provides evidence to suggest
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Figure 5. SEM images collected after diffusion bonding, showing the
change in apparent grain domain size as a function of lamination
temperature. Samples were bonded at 1S min, 8 MPa, and the
temperatures are indicated in the subpanels.

that the origins of the PL trends are correlated with the HP
microstructure. These results demonstrate the importance of

understanding the coupled process-structure-property relation-
ships during lamination, which can be used for future tuning of
the process to rationally control the resulting structural and
functional properties of the HP material.

D. Impact of Lamination Temperature on Device
Performance. As described in the previous sections, both the
PBA and PL analyses showed that temperature is the
parameter that has the strongest influence on the lamination
process. This illustrates the power of using high-throughput
and low-cost screening methods to identify the critical process-
structure relationships, which would have been more slow and
costly to perform if a complete PSC device architecture were to
be fabricated for each condition. Equipped with this knowl-
edge, we down-selected a small subset of conditions to test
with full L-PSC devices, where we examined the effects of
lamination temperature as the key parameter. In these
experiments, pressure and time were held constant at 8 MPa
and 15 min, respectively.

The L-PSC material system and architecture were selected
based on our previous study, which demonstrated high power-
conversion efficiencies and good device stability.” L-PSC
devices were fabricated using SnOx as the ETL and a bilayer of
NiOy and MeO-2PACz as the HTL, which are contacted using
gold and FTO electrodes, respectively. Further details on the
fabrication procedure are included in the Experimental
Methods. This combination of transport layers was chosen
because they result in low PL quantum yield losses.*”

We further note that this combination of solution processing
(including SAM passivation) and postdeposition annealing of
both transport layers is uniquely enabled by the processing
flexibility offered by the lamination process. In contrast, the
conventional sequential deposition process restricts the
material and processing options of the transport, passivation,
and contact layers that are deposited on top of the chemically
and thermally sensitive HP layer. The SnOx cannot be
processed using aqueous solutions on top of the HP, as water
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degrades the perovskite film. Similarly, MeO-2PACz SAM
cannot be formed on top of the perovskite layer because it
does not provide an —OH terminated surface.

After processing the half-stacks in parallel, the final
lamination step was performed at the HP-HP interface, as
shown in Scheme 1. Lamination was performed at temper-
atures of 100, 120, and 150 °C. This was followed by device
characterization, with the current—voltage (J—V) responses
presented in Figure 6A and statistics of the critical performance
metrics (PCE, Vj, Js¢, and fill factor) shown in Figure 6B—E.

The highest performing device among the samples that were
laminated at a lower temperature of 100 °C had a measured
PCE of 13.5%, V¢ of 1.15 V, Jsc of 16.6 mA/cm?, and FF of
0.707. The performance is mainly limited by a low short-circuit
current. A low Jg. is expected to arise from incomplete bonding
at the laminating interface at this temperature, as evidenced by
the low PBA values. Owing to this incomplete bonding at low
temperatures, a significant fraction of the interfacial area will
have voids remaining. Regions that have a higher fraction of
remaining (microscopic) voids will have a lower interfacial
fracture toughness, and are thus more likely to debond at the
HP-HP interface when the razorblade is inserted (Figure 2).
The presence of these regions with a high void density within a
L-PSC could also limit the transport of photogenerated carriers
across the interface and effectively reduce the active area of the
device. The exposed surface area in unbonded regions could
also contribute to increased charge-carrier recombination,
which would further reduce Jsc by lowering the quantum
efficiency.

When the lamination temperature was increased to 120 °C,
the champion PCE increased to 18.6%, with aVy of 1.14 V, a
Jsc of 21.7 mA/cm?, and a FF of 0.748. This improvement is
primarily due to a sharp increase in Joc. We attribute these
improvements to the increase in PBA at 120 °C, which
provides a more continuous pathway for the transport of
carriers and a reduced rate of surface recombination in the
unbonded regions, compared to the 100 °C condition.

When the lamination temperature was further increased to
150 °C, the champion device had a PCE of 18.4%, aVy¢ of
1.13 V, a Jgc of 22.5 mA/cm2, and a FF of 0.721. When
comparing the devices that were laminated at 120 and 150 °C,
there was not a significant change in device performance. In
particular, we note that the V- and FF at 150 °C do not
demonstrate any statistically significant improvement when
compared to 120 °C, despite the fact that the PL intensity and
apparent grain domain size were both observed to increase
from 120 to 150 °C. Furthermore, the fact that the Jg.
increased significantly from 100 to 120 °C and then reached
a plateau at 150 °C agrees well with the trends in PBA under
these lamination conditions (Figure 3A and Figure S4).
Collectively, these observations illustrate that within the range
of lamination parameters tested, device performance is less
limited by the optoelectronic quality of the HP material itself
(because an increase in PL intensity and apparent grain
domain size did not significantly improve device performance),
and is instead more limited by the continuity of bonding along
the laminated interface.

B CONCLUSION

This study provides new insights into the interplay between
the lamination parameters (pressure, temperature, and time),
bonded area, HP microstructure, optoelectronic properties,
and device performance. A combination of Design of

Experiments and Gaussian process regression analysis are
used to present the trends within the parameter space. The key
findings of this study are summarized below.

1. Within the range of conditions explored, temperature
was observed to have the most significant influence on
both PBA and PL intensity, as supported by ANOVA
analysis. The strong temperature dependences observed
can be attributed to the exponential dependence of
diffusion coefficient on temperature.

2. While both PBA and PL were observed to increase with
temperature, PBA increases more continuously with
increasing temperature, while PL exhibited a sharp,
nonlinear increase at elevated temperatures. This
suggests that the underlying physical processes govern-
ing PBA and PL may differ. In particular, PBA is likely
controlled by surface and interfacial diffusion along the
lamination interface. On the other hand, PL shows a
direct correlation with the increase in apparent grain
domain size.

3. By performing lamination at elevated temperatures, a
high PBA and PL can be achieved over a wide range of
pressure and time conditions. This suggests that when
lamination is performed at elevated temperatures, there
is an opportunity to increase process throughput and
decrease the required mechanical force applied. On the
other hand, if lamination is performed at lower
temperatures, the application of additional pressure can
have some benefits. Overall, the understanding of these
coupled dependences can allow for improved process
optimization in a manufacturing setting, where the
objective function may be weighted based on
throughput, energy, and/or cost requirements.

4. The trends observed in the PBA and PL data allowed for
a down-selection of the processing parameters for full L-
PSC devices, where we focused on temperature as the
most important parameter. L-PSC devices were
fabricated at lamination temperatures of 100, 120, and
150 °C. An increase in temperature from 100 to 120 °C
significantly improved the PCE, and a plateau in device
performance was observed when temperature was
further increased to 150 °C. The largest improvements
with increasing temperature were in the Jg;, which is
associated with an increase in PBA. These results suggest
that L-PSCs are more limited by PBA than grain size or
PL intensity under these conditions.

This study deepens our knowledge of the relationships
between process parameters, material structure, and functional
properties during lamination of HP interfaces. These insights
are essential to optimizing material performance and, in the
future, will accelerate the translation of this technology toward
scalable manufacturing techniques such as continuous sheet-to-
sheet or roll-to-roll lamination. Furthermore, the statistical
model developed in this study will provide a basis to inform
physics-based modeling at multiple length scales, ranging from
lamination machinery to material microstructure. Because
lamination is a versatile approach that can enable new material
combinations and device architectures, L-PSCs have the
potential to create low-cost, mass-produced PSCs to improve
the affordability and increase the deployment of solar energy.
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