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Abstract

Transport layer and interface optimization are critical for improving the performance and stability
of perovskite solar cells (PSCs) but are restricted by the conventional fabrication approach of
sequential layer deposition. While the bottom transport layer is processed with minimum
constraints, the narrow thermal and chemical stability window of the halide perovskite (HP) layer
severely restricts the choice of top transport layer and its processing conditions. To overcome these
limitations, we demonstrate lamination of HPs — where two transport layer-perovskite half-stacks
are independently processed and diffusion-bonded at the HP-HP interface — as an alternative
fabrication strategy that enables self-encapsulated solar cells. Power conversion efficiencies (PCE)
of > 21% were realized using cells that incorporated a novel transport layer combination along
with dual-interface passivation via self-assembled monolayers, both of which are uniquely enabled
by the lamination approach. This is the highest reported PCE for any laminated PSC encapsulated
between glass substrates. We further show that this approach expands the processing window
beyond traditional fabrication processes and is adaptable for different transport layer compositions.
The laminated PSCs retained >75% of their initial PCE after 1000h of 1-sun illumination at 40°C
in air using an all-inorganic transport layer configuration without additional encapsulation.
Furthermore, a laminated 1 cm? device maintained a Vocof 1.16 V. The scalable lamination strategy
demonstrated in this study enables implementation of new transport layers and interfacial
engineering approaches for improving performance and stability.

1. Introduction

Halide perovskites (HPs) offer great promise for manufacturing highly efficient photovoltaics
using low-cost solution processing of earth-abundant materials.[1,2] Perovskite solar cells (PSCs)
are rapidly approaching the laboratory-scale record efficiency of single crystalline silicon solar
cells, but the challenges associated with their long-term stability and scalability are roadblocks to
commercialization[3,4]. While there has been progress in addressing these challenges through the



optimization of various layers and interfaces, PSC development is currently constrained by the
restrictive requirements of the conventionally used sequential thin-film deposition processes.

In both n-i-p and p-i-n architectures, the bottom transport layer (TL) has been extensively
optimized because of the wide processing window of the underlying substrate, which allows a
wide range of materials, deposition methods, and thermo-chemical processing conditions to be
used. However, the development of top TLs is constrained by the thermal stability and solvent
orthogonality requirements of the underlying HPs. The narrow processing window for depositing
the top TL restricts the quality of the deposited film, which limits the overall performance potential
in state-of-the-art PSCs, particularly for p-i-n architectures.[5] For example, the use of aqueous
solution-processed SnOx as an electron TL or a 2PACz-based-self-assembled monolayer (SAM)
as hole TL have exhibited a balanced combination of (a) suitable energy level alignment, (b) near-
zero loss in photoluminescence quantum yield (PLQY) when interfaced with HPs, and (c)
relatively stable interfaces with HPs at moderate temperatures.[5-7] However, in the highest
performing n-i-p and p-i-n PSCs, they are only used as the bottom TL[7,8] because they are
incompatible with the processing constraints for the top layers. Specifically, solution processing
of high-quality SnOx and MeO-2PACz layers requires the use of aprotic polar precursor solvents,
with the latter additionally requiring a hydroxyl-group terminated surface for deposition. For the
same reason, solution-processed inorganic TLs are typically restricted to the bottom TL, despite
the potential for superior stability of PSCs if they were used on both sides.[9]

To compensate for some of the losses associated with the limited choice of TLs and their process
conditions, additional interlayers have been incorporated at the HP/TL interfaces.[8,10] Bottom-
interface engineering has been performed through modification of the metal oxide surface with
thin insulating oxides,[11] alkali metal ions,[12] and/or SAMs[13] to improve energy alignment,
reduce interfacial defects, and prevent various interfacial reactions. For example, many SAMs
bond to the hydroxyl groups present on metal oxide surfaces, which otherwise form trap states that
promote interfacial recombination and degrade performance.[14,15] Additionally, top-interface
engineering has been performed by coating the perovskite film surface with low-temperature
processed metal oxide films, organic molecules, or polymers.[16,17] However, the choice of
material and the associated processing conditions are constrained by the incompatibility of the
underlying HP layer with many polar solvents and high temperature treatments. More importantly,
achieving a thin and conformal passivation layer on a rough polycrystalline HP layer remains a
challenge via typical solution-based approaches.[18]

To mitigate the processing constraints described above, Dunfield et al. proposed parallel
processing of TL-HP half stacks followed by lamination at the HP-HP interface.[19,20] Using this
process, a PCE of 10.6% was realized in bifacial PSCs with solution processed NiOx and SnOx as
TLs.[19] Subsequently, a report of devices laminated at the HP-HP interface in 2022[21] presented
fabrication of bifacial solar cells with a PCE of 15.1% on flexible substrates. Another recent report
demonstrated PSCs with a PCE of 22.3% on flexible substrates formed by bonding dissimilar
material half-stacks composed of lead iodide and ammonium halide, wherein the HP layer was
formed in situ during the lamination process.[22] In these studies, flexible substrates facilitated
lamination, but the limited thermal stability of the polymeric substrates restricted the choice of



TLs to organic materials.[21] In 2023, an efficiency of 17.2% was reported for highly stable
bifacial-PSCs that are self-encapsulated between glass substrates.[23] Dunlap-Shohl et al.
proposed bonding of HTLs using a conductive glue as an alternative strategy. This lamination
approach rendered a PCE of 15.7% on bifacial devices using glass substrates.[24,25] Additionally,
there are two other reports on lamination at TL- HP interface, with the highest PCE reported to
date being 17.5% for a single-junction PSC where lamination was performed at the Ceo-HP
interface.[26,27] This approach was used to fabricate multijunction HP-silicon tandem cells with
PCEs of 20%. [26]

In this study, we demonstrate:

1. A PCE of 21% in laminated single-junction PSCs through diffusion bonding of HP layers
and dual passivation of TL- HP interfaces using SAMs. This is the highest efficiency to
date in a laminated PSC encapsulated between glass substrates, and represents a proof-of-
concept demonstration that laminated PCEs can be competitive to state-of-the-art PSCs.

2. The ability to fabricate PSCs using transport layer combinations and processing conditions
that would be outside of thermal and chemical processing window of conventional layer-
by-layer deposition. For example, we simultaneously employ aqueous-processed SnOx and
MeO-2PACz as electron and hole transport layers. These TLs are known for their near
lossless interfaces in n-i-p and p-i-n PSCs, but have not been combined in conventional
PSCs due to processing constraints. We also utilize aqueous-processed SnOx and high-
temperature annealed NiOxas electron and hole transport layers, respectively, showcasing
the expanded processing capabilities enabled by the lamination approach.

3. Lamination of PSC devices over 1cm? large areas with complete retention of open-circuit
voltage and shunt resistance, which illustrates a pathway to scalable processing

4. Intrinsic self-encapsulation of the lamination process. The laminated PSCs retain (a) ~76%
of their initial PCE after continuous 1-Sun illumination at Voc for 1000 h at 40 °C and 10%
relative humidity (RH) in ambient air, using all-inorganic TLs. The performance drop
includes a burn-in loss of 20% within the first 100 h, followed by a minor decrease of only
4% in the subsequent 900 h; (b) 88% of their initial PCE after storage for 1000 h at 65 °C
and 10% RH in ambient, with simultaneous passivation of both interfaces using SAMs.

2. Experimental Methods

Processing:
Substrate/ Electrode Preparation: Finger-patterned electrodes (Figure S2) of 20 nm thick nickel

and 80 nm thick gold are sequentially deposited on a thin-glass substrate (18 mm x 18 mm x 0.2
mm) by thermal evaporation (Angstrom Evaporator, Lurie Nanofabrication Facility, UM) through
a shadow mask. Simultaneously, the FTO-glass substrate (25 mm x 25 mm x 0.9 mm) was edge
patterned using a Zn/HCI mixture. The substrates were then washed using soap and sonicated
stepwise in soap water, DI water, ethanol, acetone and isopropanol. The washed substrates were
treated with UV-ozone for 90 min prior to TL deposition.

ETL deposition: Compact layer of SnOx (ETL) was deposited on Au/Ni-coated glass substrates by
spincoating 2 % (v/v) diluted SnOx colloidal solution (Alfa Aesar, USA) in DI water at 3000 rpm




for 30s in three passes, which includes a baking step at 150 °C for 30 min after each pass. [28] I-
SAM was coated on SnOx surface by a chemical bath treatment [15] for 1 h in a 0.1 vol% (3-
iodopropyl)trimethoxysilane (Sigma Aldrich, USA) in isopropanol (IPA, Sigma Aldrich, USA),
following which the film was annealed at 100 “C for 5 min and rinsed with IPA several times.
HTL deposition: Hole-transport layers were realized by spincoating either a NiOx compact layer
or a MeO-2PACz SAMs layer. NiOx layer was processed in ambient while MeO-2PACz was
processed in an Ar- filled glovebox. For making NiOx precursor solution, 62.5mg of
Ni(COOCHS3)2:4H20 is dissolved in 2.5 mL of ethanol with 15 pL of ethanolamine, and 20 mg of
Cu(COOCHS3)2-H20 dissolved in 1 mL of ethanol. Both solutions were then stirred on hotplate at
50 °C for 120 min. The final NiOx precursor solution is obtained by mixing 13.25 pL of copper-
salt solution and 2.5 mL of nickel-salt solution. The precursor solution is then spincoated at
3000 rpm for 60 s, followed by annealing at 400 °C for 1 h in air. [29] For deposition of MeO-
2PACz SAMs, 0.3 mg/ml of MeO-2PACz powder was dissolved in ethanol and stirred for 1h
before spincoating at 3000 rpm for 45 s and annealing on hot plate for 10 min [6].

HP deposition: The HP thin films of composition, Cso.0sMAo.15FA0.80Pb(l0.87Bro.13)3 with 3 wt.%
excess Pblz, are prepared using the solvent engineering method inside a Ar-filled glovebox. The
precursor solution is prepared by dissolving 0.018 g Csl (Fischer Scientific), 0.204 g FAI
(Greatcell Solar), 0.023 g MABr (Greatcell Solar), 0.077 g PbBr2 (Alfa Aesar) and 0.606 g Pbl2
(Fischer Scientific) in 1 mL of a mixture (4:1 v/v) of N-N dimethyl formamide (DMF; Acros
Organics, USA) and dimethyl-sulphoxide (DMSQO; Sigma Aldrich, USA). The solution is spin-
coated at 1000 rpm for first 5 s and then at 6,000 rpm for 75 s onto pre-cleaned and FTO-coated
glass substrates (thickness =0.9 mm, Colorado Coating Company, USA), and gold-coated
(thickness=0.15 mm) glass substrates. At the end of the 20" second during spinning, 200 uL of
antisolvent chlorobenzene (Sigma Aldrich, USA) is dripped quickly at the center of the film. The
resulting films are then heat-treated using a hotplate at 100 °C for 50 min, to result in fully
crystallized standard HP thin films. [30]

Hot pressing
The glass/gold/SnOx/HP and glass/FTO/NiOx/HP half-stacks are placed in an in-house designed

jig (Figure S1) such that the perovskite layers on each of the stacks face each other. A glass offset
with thickness same as the FTO-glass is placed in between the two stacks to slightly displace each
other. Deformable silicon membranes are placed on either side of the full stack before loading into
jig. The jig is then transferred into the hydraullic hot press in an argon glovebox environment with
the heating plates pre-heated at 150 °C. The samples are allowed to heat up for 8 min, after which
the pressure is increased to 825 psi (5.7 MPa) over 1-2 min and is allowed to stay at that pressure
and temperature for a duration of 15 min. To obtain those pressure values, a force of 4 kN is
uniformly applied on the substrates over an area of 7 cm? (2.5 cm x 2.8 cm). Then the pressure is
slowly released over a duration of 3 min, and jig with the laminate is carefully taken out of hot
press using metal tongs and placed on a carbon mat. The jig is allowed to cool down for 10 min
before unloading the laminate. The offset glass doesn’t stick to the device and can be easily
separated with conducting layers in the device exposed. Silver paste was applied on the exposed



conducting layers of the device, to provide electrical contacts and to hold it onto a microscope
slide (25 mm x 75 mm) for mechanical support.

Characterization:

Materials

To perform material characterization, the laminated device was delaminated by inserting a razor
blade. During this process, the crack propagates towards the thin glass and transfers the diffusion-
bonded film onto the thick glass. A high-resolution scanning electron microscope (SEM; Tescan
Mira3, USA) was used to observe top surfaces and cross-sections of the films. The average domain
size was determined using the linear-intercept method [31] applied to the SEM images, in
conjunction with the ImageJ image-analysis software, where >100 grains were used. X-ray
diffraction (XRD) of top surfaces of HP thin films was performed (Cu Ka radiation) using a high-
resolution diffractometer (Rigaku SmartLab, USA). Theta-2Theta scans were performed on the
HP films at a chi angle of 15°. The XRD spectra were analysed using PDXL, an Integrated X-Ray
Diffraction Software. Atomic Force Microscopy (AFM) was performed on FTO, Au-coated glass
substrates using Veeco Dimension Icon AFM in PeakForce tapping mode and the Root-Mean-
Square (RMS) roughness of the surface was measured using Gwyddion software.
Photoluminescence quantum yield (PLQY) measurements were carried out using a home-built
setup consisting of a 532nm laser coupled into an integrating sphere. Laser light was modulated at
993Hz and signal was collected via a lock-in amplifier (Stanford Research Systems, SR830) using
an amplified photodetector (Thorlabs PDA100A2) fitted with a 600nm longpass filter (Thorlabs,
FELH®600) on a filter slider (Thorlabs, ELL6).

Devices

The J-V responses of PSCs were measured using a potentiostat (Gamry Interface 5000) while being
exposed to simulated 1-sun illumination (AM1.5G, 100 mW-cm-2) which is generated by a Class
ABA solar simulator (Abet Technologies, USA) in air (RT, 40%-60% RH). The light intensity
was calibrated using a standard silicon reference cell (ABET Technologies, Model: 15151). As an
initial screening method to determine whether the fabricated PSCs were functional, the Voc was
measured using a multimeter under ambient light conditions, and only devices with a Voc>50 mV
were subsequently tested. The measurements were performed in reverse (R) scan (from Voc to Jsc),
followed by a forward (F) scan (from Jsc to Voc) between V=-0.2 V and 1.2 V, with a scan rate of
20 mV/s. A typical active area of 0.1 cm? was defined using a non-reflective mask. The design of
the device holder with mask, and the device loading procedure are illustrated in Figure S3. All the
PSCs were aged in glovebox for about a week and then measurements were done without any pre-
conditioning. The hysteresis index (%) was determined using the relation (PCEr-PCEr/PCER)/100.
External quantum efficiency (EQE) measurements were collected on a homebuilt setup consisting
of a Xenon arc lamp source into a Newport CS260 monochromator equipped with harmonic filters.
The light was mechanically chopped at 493 Hz, focused onto the sample region of interest, and the
cell was contacted using alligator clips. Incident light intensity was calibrated using a Thorlabs
S120VC photodiode power sensor, and the accuracy of the entire homebuilt system was checked
by measuring the EQE/Jsc. EQE of a calibrated Si reference cell from Abet Technologies (Model
15150). Under 0.1 Sun of white light bias, the wavelength of light incident on the sample was
swept from 300 to 900 nm, and signal was collected across a 50Q2 shunt resistor via a lock-in



amplifier (Stanford Research Systems SR830). For light-soaking durability test, the laminated
PSCs which were pre-aged in glovebox for one month, were exposed to 1-Sun intensity of white-
LED illumination and held at Voc at a temperature of 40 °C and at a humidity of 15% RH. J-V scans
were performed intermittently to measure the performance metrics.

3. Results and Discussion

Step 1: Parallel Processing of Half-Stacks Step 2: Diffusion Bonding of HPs
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Figure 1: Schematic illustrating the lamination process of a single junction perovskite solar cell,
enabling the utilization of novel combinations of TLs and interlayers.

TLs and HP thin films (~450 nm) with the nominal composition Cso.osMAo.15FAo.80Pb(lo.s7Bro.13)3
were solution processed as two independent half-stacks on FTO-patterned and Au-patterned glass
substrates, respectively (Figure 1). Further details on the fabrication procedure are included in the
in supplementary information (SI). The half-stacks were then loaded into a customized sample
alignment jig with the HP films facing each other (Figure S1). The sample edges were offset in the
lateral direction, to expose the conductive electrodes for electrical contacts. The sample stack was
loaded into a hot-press in a glovebox environment and compressed at a stack pressure of 5.7 MPa
and a temperature of 150 °C for 15 min to form a laminated device. This is the first demonstration
of a laminated PSC using the state-of-the-art composition of TLs and HP layer (refer to Table S1).
Further details on the patterned electrode and device geometry are provided in the Supporting
Information (Figure S2).

3.1 Structure and Properties of laminated HP

To assess the quality of the laminated HP layers and the corresponding microstructural changes
that occur during hot pressing, scanning electron microscopy (SEM) analysis was performed. The
SEM images in Figures 2A-B show the microstructure of the HP film prior to bonding, as well as
the laminated HP film. Cross-sectional imaging revealed that the laminated film has a thickness
approximately twice that of the as-deposited film, and exhibits bonding at the mating surfaces,
with small and intermittent interfacial voids present primarily at the HP domain boundaries
(additional SEM images are provided in Figure S3). Additionally, the top-view SEM images
demonstrated that the average grain domain size increased from 252+18 nm to 493 +29 nm. This



observation of grain domain growth is consistent with previous reports on thermomechanical
processing of HPs and is believed to result from thermally induced solid-state grain growth.[25]
Grain coarsening is typically viewed as beneficial, as it leads to superior optoelectronic properties
and stability. [32,33]
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Figure 2: Cross-section and top-view SEM images of (A) as-deposited and (B) laminated HP thin
films. (C) XRD patterns of corresponding films and a reference HP film heated at 150 °C without
application of pressure

To study the influence of hot pressing on the HP phase and crystallinity, X-ray diffraction (XRD)
was performed on the as-deposited and laminated HP films. Corresponding XRD patterns are
shown in Figure 2C and the positions and full width half maxima (FWHM) of the HP phase peaks
are summarized in Table S2. There is no significant change in the HP peak position or change in
the FWHM, signifying the absence of permanent changes in macrostrain and microstrain,
respectively. The phase composition is maintained after hot-pressing at 150 °C, with a small
increase in relative intensity of HP (001) phase with respect to Pbl2 (001) from 3.1 to 3.9. This
contrasts with a conventional annealing treatment at same temperature for the same duration,
where the relative intensity of HP (001) phase with respect to Pblz (001) phase decreased from 3.1
to 2.8, owing to a minor degradation of HP to Pbl2. The application of pressure during hot pressing
ensures that the HP film is annealed in a confined space within the stack, and the self-encapsulation
provided by the enclosing glass substrates likely reduces outgassing of organic cations and
mitigates degradation of HP to Pblo.

To understand the effect of lamination process on the optoelectronic properties,
Photoluminescence quantum yield (PLQY) of the laminated and unlaminated films was compared
directly, without any additional passivation. Figure S5 shows similar PLQY values approaching
1% for both these films. This indicates that hot-pressing at 150 °C does not introduce significant
non-radiative recombination centers within the film. Furthermore, the achievable photovoltage of
1.20 V is maintained, which is implied by the quasi-Fermi level splitting indicated by the PLQY
measurement.



3.2 Device Performance

An important opportunity in the lamination approach to manufacturing PSCs is the ability to use
materials and processing conditions that would be prohibited by traditional sequential layer-by-
layer deposition because of incompatible chemical and thermal processing requirements. To
demonstrate the versatility of this approach, devices with two different TL combinations were
initially fabricated and tested: (a) ‘all-inorganic TLs”, with solution processed SnOx and NiOx TLs
and (b) “HTL SAM”, with SnOx as the ETL and a SAM of [2-(3,6-Dimethoxy-9H-carbazol-9-
yl)ethyl]phosphonic Acid (MeO-2PACz) as the HTL. To fabricate these TLs, the SnOx ETL was
deposited using an aqueous solution and thermally annealed at 150 °C, neither of which would be
feasible on top of a HP layer in a sequential process because of the chemical and thermal sensitivity
of the HP material. Similarly, the NiOx HTL was deposited using solution processing in ethanol
and annealed at 400 °C, a temperature that would rapidly degrade the HP layer if it were present
underneath. The MeO-2PACz SAM HTL was formed on FTO-coated glass terminated with
hydroxyl groups, which also could not be performed on top of the HP. We further note that these
specific combinations of ETL, HTL, and bonded interface (triple cation HP) have not been
previously reported in any laminated PSC device (refer to Table S1).

The corresponding device responses are presented in Figure 3A, and the performance parameters
are summarized in Table S3. Figure 3A shows the J-V characteristics in reverse and forward scans
for the champion devices for the “all-inorganic TLs” and “HTL SAM” device configurations. The
“all-inorganic TL” device has a PCE of 15.2%, Voc of 1.08 V, Jsc of 21.5 mA/cm? and a FF of
0.659, The performance is mainly limited by the low FF, which has contributions from both a
relatively high series resistance as well as a low shunt resistance (Table S2), indicating the need
for further optimization.

Replacing the NiOx HTL with (MeO-2PACz) SAMs, in the “HTL SAM” configuration, improved
all device-performance metrics (Table S2). The champion device has a PCE of 20.6%, Voc 0f 1.14
V, Jsc of 23.2 mA/cm?, and FF of 0.782. This efficiency is higher than any previously reported
laminated single junction PSC device due to an increase in Voc and Jsc (refer to Table S1). The
superior performance obtained with (MeO-2PACz) SAMs is attributed to the favorable energy
level alignment, low trap density, and the ability to form a thin conformal layer on transparent
conducting oxide substrates [6]. This is the first time that the combination of aqueous solution-
processed SnOx as an ETL and 2PACz- based SAM as an HTL has been reported for a functional
PSC device. The ability to form this architecture is facilitated by the lamination approach, because
processing of SnOx is heavily constrained on top of an underlying HP layer, while analogous
processing of PACz-based SAMs is not feasible. Each of these TLs has previously been shown to
exhibit the highest photoluminescence quantum yield (PLQY) reported to date for any ETL and
HTL, respectively, but each of them has previously been restricted to only the bottom TL of the
device [5]. In summary, the lamination approach has enabled simultaneous utilization of aqueous
solution-processed SnOx as ETL and either NiOx films that have been post-deposition annealed or
MeO-2PACz SAM as the HTL, a possibility that was previously limited to the bottom TL in the
highest-performing p-i-n and n-i-p structures owing to the processing constraints of the top TL

([7,34]).



The lower performance observed in the 'all-inorganic TLs' configuration, relative to the 'HTL
SAM' configuration, is attributed to a lower fill factor (FF) of 0.66, compared to 0.78 in the latter.
This disparity arises from the inferior quality of the NiOx layer, which exhibits a combination of
shunting pathways as well as low hole-conductivity. This is evident in by the low shunt resistance
(Rsh) and high series resistance (Rs) values of 375 Q-cm? and 5.63 Q-cm?, respectively. The limited
performance with ‘all-inorganic TL’ configuration’ is also influenced by the energy level
misalignment at the HP-NiOx interface, which is minimized with HP- (MeO-2PACz) interface, as
well as the ‘lossless’ nature of the latter.[6] In the future, improving the NiOx film quality through
further process optimization could lead to higher device performance with the 'all-inorganic TLs'
configuration. We further note that the thermal and chemical constraints on further process
optimization of the HTL are now reduced because of the parallel processing that is enabled by the
lamination technique.
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Figure 3: (A) J-V characteristics in reverse and forwards scans for champion devices with “all-
inorganic TLs” configuration, “HTL SAM” configuration, and “dual-SAMs" configuration, (B)
Stabilized power output from the champion device of “dual-SAMs” configuration at V= 0.95V (C)



Statistical variation in PCE of 15 devices each, of the three transport layer configurations described
in A, measured from reverse J-V scans, (D) External Quantum Efficiency for corresponding
devices.

In addition to enabling the integration of new TL combinations, the lamination approach facilitates
new opportunities for interface engineering, which is crucial for realizing high performance and
stability in PSCs. [15,35] Towards the goal of simultaneously engineering both the TL- HP
interfaces, a “dual-SAMs” configuration is presented, where the HP layer is passivated with a 3-
iodopropyl trimethoxysilane SAM (I-SAM) on the ETL side, and a MeO-2PACz SAM on the HTL
side. To realize this configuration, the I-SAM and MeO-2PACz SAMs were deposited on the SnOx
and FTO surfaces terminated with hydroxyl groups, respectively [6,15]. Further details on these
deposition processes are provided in the Experimental Methods section. Although the benefit of
using these SAMs has been demonstrated separately in previous studies, to date, [6,15] they have
only been applied to the bottom interface because of the limitations of sequential processing, as
these SAMs cannot be directly deposited on the HP surface. In contrast, with the lamination
approach, both of the oxide surfaces (SnOx and FTO) are exposed before depositing the HP layers
on each half-stack, thereby enabling independent optimization of each TL-HP interface.
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Figure 4: Plot showing highest-reported PCEs for PSCs laminated within the TLs, at TL-HP
interface or HP-HP interface.[19,21,23,24,26,27,36]

Figure 3A shows the J-V characteristics in reverse and forward scans for the champion device for
the “dual-SAMs” configuration. The device has a PCE of 21.0%, Voc of 1.15 V, Jsc of 23.35
mA/cm?, and a FF of 0.780. This is the highest efficiency reported for a laminated PSC
encapsulated between glass substrates, to date (Figure 4). Compared with “HTL SAM”, the “dual-
SAMs” configuration results in a higher Voc leading to a higher PCE, and a lower hysteresis index
of 2% (using a J-V scan rate of 20 mV/s) both of which are a result of the passivation and
improvement of band alignment at the SnOx-HP interface. Figure 3B shows a stabilized power



output of >20.2% for the device at the maximum power point voltage of 0.95 V, indicating high
device performance under conditions that eliminate any hysteresis effects.

The statistical reproducibility for all device configurations reported in Figure 3A is shown in
Figure 3C, where low variability is shown over a set of 15 devices per configuration. Additionally,
the performance metrics of 20 high-performance laminated PSCs with ‘HTL SAM’ and ‘Dual
SAM’ configurations' are shown in Figure S5. Overall, the statistics include data for 50 devices
with PCE in the range of 18-21%, with 17 of these devices exhibiting a PCE exceeding 20%.

Figure 3D shows the external quantum efficiency and integrated current density of the
corresponding devices. The champion device with ‘Dual SAM configuration’ (PCE= 21%)
demonstrated an integrated current density of 21.7 mA/cm? while the Jse measured from JV sweep
showed a value of 23.4 mA/cm? under reverse bias, a value that is 7% higher. The larger Jsc
measured in the I-V scan compared to EQE is typical in PSCs and is widely reported in
literature,[37] the root cause of which remains poorly understood.

In summary, these results demonstrate the ability to fabricate PSCs with unique TLs and interlayer
combinations using lamination, which enables high PSC performance. Additionally, the
lamination approach enables future efforts to further enhance and optimize these layers using a
range of manufacturing processes, including atomic layer deposition (ALD), inkjet printing,
sputtering and chemical bath deposition (CBD), owing to the reduced processing constraints for
the top layers of the PSC devices [38—41].

3.3 Scalability

While the lamination approach shown above has demonstrated promise to produce highly efficient
PSCs, the ability to commercialize devices in large-scale manufacturing environments depends on
the ability to scale-up the lamination process and develop modules conducive to the process.
Previous reports on laminated PSC devices have been restricted to active areas < 0.15 cm? (Table
S1). Therefore, to explore the feasibility of scaling-up the lamination process, we laminated PSCs
with an active device area of 1.15 cm?. All device layers were fabricated using the procedure
described in section 2.2 for the "dual-SAMs" configuration.

Figure 5 shows the J-V responses in reverse and forward scans of the large-area laminated device.
The device has a PCE of 17.3%, Jsc of 22.8 mA/cm?, Vo of 1.16 V, FF of 0.652, Rs of 10.2 Q-cm?,
and Rsnh of 1047 Q-cm?. The high Voc, Jsc, and Rsh values that were measured on small-area (0.1
cm?) devices in the “dual-SAMs” configuration (Figure 3A) are retained over the larger 1.15 cm?
area. This demonstrates the promise of scaling up the lamination approach, by maintaining a high
shunt resistance over large areas. The ability to maintain a high Rsh is attributed to the improved
quality of the TL- HP interfaces, specifically the ability to optimize the top TL without the
processing restrictions of sequential thin-film deposition and post-treatments on top of the
underlying HP material. In addition, we note that in the laminated devices, the TLs are directly
deposited on the TCO and Au electrode surfaces, which have a low surface roughness (7.53 nm



and 6.10 nm, respectively). This can facilitate easier deposition of continuous (pinhole-free) TLs
compared to direct deposition on the rougher HP surface (14.5 nm).
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Figure 5: J-V responses in reverse and forward scans of a large-area (1.15 cm?) laminated PSC
with “dual-SAMs” TLs configuration.

The overall performance of the larger-area device is limited by a decrease in FF from 0.780 to
0.652, which arises from an increase in series resistance from 3.46 to 10.18 Q-cm?. This increase
is attributed to the sheet resistance of the TCO and linearly increases with the active area,
signifying that losses are from geometrical constraints which can be addressed in the future by
developing electrode patterns compatible with the lamination process. For example, if the fill
factor were to be increased to 0.780 through appropriate electrode engineering, the efficiency of
the scaled-up device would increase to 20.68%. To improve the scalability of Imainated PSCs
further, thin film deposition techniques such as ALD and CBD could be explored for uniform
deposition of bottom as well as top TLs over large areas. Although these techniques have been
optimized for bottom TLs, their application to top TLs has been limited by processing constraints
in the layer-by-layer deposition methods. The scalability of the diffusion bonding approach
demonstrated here could facilitate the use of these methods for improved yield in large area PSC
fabrication.

In the future, there are additional scalability considerations that require further investigation: 1)
Module design requires additional engineering efforts to enable traditional scribing processes; 2)
Development of continuous lamination strategies such as hot calendaring; and 3) Designing
contacts to further reduce series resistance. We further note that lamination is already a part of
module integration and encapsulation step in commercial PV manufacturing process, suggesting
the feasibility of its implementation in device fabrication.

3.4 Stability of laminated PSCs

To evaluate the durability of laminated PSCs, various configurations were tested under prolonged
exposure to light and heat in an ambient air environment. To assess the light soaking durability,
devices with “all-inorganic TLs” and “dual-SAMs” configurations were subjected to Voc aging (at



40 °C, 15% RH) and the device performance metrics were intermittently measured by performing
J-V scans. It is important to note that aging treatment at Voc is typically harsher than the standard
maximum power point tracking but can elicit different degradation mechanisms and modes.[42,43]
Figure 6A shows the normalized PCE of the devices as a function of light exposure time. Both
device configurations exhibit an initial burn-in loss during the first 100 h. Following this period,
the PCE of “all-inorganic TLs” device exhibits a minimal (~4% relative) degradation for the
subsequent ~900 h resulting in an overall relative drop of 24% of initial PCE. However, the “dual-
SAMs” device shows a continuous decay in performance, albeit at a slower rate compared to the

initial burn-in, resulting in a relative drop of 56% in PCE. The J-V scans of the corresponding
devices before and after the test are shown in Figures S8A-B.
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Figure 6: (A) Normalized PCE, (B) Voc, (C) Jsc, and (D) FF of PSCs with "dual-SAMs" and "all-
inorganic” TL configurations as a function of time under the following condition: continuous
illumination at 1-sun intensity, aging at open-circuit voltage (Voc), unencapsulated, at 40°C and

10% RH. (E) Normalized PCE of PSCs with corresponding TL configurations, aged in dark at
65°C and 10% relative humidity RH



Figures 6B-D show the variation in all the device performance parameters. The “dual-SAMs”
configuration shows a Voc loss of 0.05 V in the first 25 h and is stable for the next ~1000 h of
testing. On the other hand, there is a continuous decline in Jsc and FF leading to a gradual decrease
in PCE over time. In the case of the “all-inorganic TLs” configuration, the initial Voc is maintained
throughout the 1000 h of testing. After the initial burn-in loss in Jsc and FF within the first ~100h,
the FF increases while Jsc further decreases modestly during the subsequent duration of the test.
These divergent trends lead to a minimal PCE loss of ~4% during the following light exposure for
~900 h. However, one consistent observation in both device configurations is the continuous
decrease in carrier collection manifested as a decline in Jsc, while the Voc remains relatively
constant throughout. The convergence of Voc over time observed in devices with and without
passivated interfaces (Figure S10B) suggests that prolonged exposure to Voc under ambient
conditions may lead to the suppression of passivation initially provided by the SAMs. The
durability tests of additional devices with these transport layer configurations, under same testing
conditions, are presented in Figure S11.

To measure the thermal stability, the devices with “all-inorganic TLs” and “dual-SAMs”
configurations were aged at 65 °C and 10% RH. Figure 6E shows the normalized PCE of the
devices as a function of time. The J-V scans of the corresponding devices before and after the test
are shown in Figures S7A-B. The “dual-SAMs” device demonstrated good stability with only a
12% relative drop in PCE after 1000 h. This observation indicates the resistance of passivated
interfaces to thermal degradation and highlights the effectiveness of self-encapsulation in
preventing the outgassing of organic cations from HP layer. The “all-inorganic TLs” device
configuration also exhibited a similarly good thermal stability, with only a <10% relative drop in
PCE after 860 h of thermal ageing under these conditions.

To evaluate the effectiveness of glass self-encapsulation, we conducted an accelerated degradation
test to compare the stability of two configurations: a laminated HP stack, which is self-
encapsulated between two glass substrates, and an as-deposited (unbonded) HP stack on a glass
substrate. Both stacks were subjected to a temperature of 65°C, light exposure equivalent to 1 Sun,
and ambient humidity. The corresponding photographs are presented in Figure S12. After 48 hours
of exposure, the glass laminated (self-encapsulated) areas indicated by red-dashed boxes in the
laminated device remained unchanged in color and appearance. In contrast, the unlaminated areas
in both stacks experienced complete discoloration, turning yellow, which indicates the degradation
of the perovskite material to Pbl>.

4. Conclusions

The present study introduces the use of lamination for the fabrication of highly efficient, scalable,
and stable PSCs as an alternative to the conventional layer-by-layer deposition method. The
lamination approach enables parallel processing of both TLs before depositing the HP layers on
each half-stack and diffusion bonding at the HP-HP interface. This overcomes the challenges
associated with depositing TLs over the chemically and thermally sensitive HP layer in the layer-
by-layer deposition process. The key findings of this study are summarized as follows:



1. The lamination approach allows for the solution deposition of unique TL and interlayer
combinations such as “all-inorganic TLs” and “dual-SAMs” interface passivation which
are essential for realizing high performance and stable PSCs. These TLs typically require
the use of aprotic polar solvents or high-temperature annealing treatments, which can not
be implemented using conventional layer-by-layer deposition methods on top of a HP layer
because of the constrained thermal budget and chemical incompatibility restrictions.

2. The DB approach demonstrates a power conversion efficiency (PCE) of ~21% using the
"dual-SAMs" TL configuration. This is the highest reported value for laminated PSCs
encapsulated between glass substrates, surpassing the previous highest PCE of 17.2%.

3. The DB approach is scalable, with the PSC maintaining its open-circuit voltage, short-
circuit current density, and shunt resistance during scale-up from 0.1 cm? to 1 cm?. The
primary limitation on device performance at this scale-up is an increase in series resistance
stemming from the sheet resistance of the TCO substrate. This limitation can be addressed
by utilizing optimized electrode patterns.

4. The DB approach results in self-encapsulation of the devices between glass substrates,
effectively protecting them from atmospheric contaminants and limiting loss of volatile
species. The PSC with the “all-inorganic TLs” configuration retains 76% of its initial PCE
after 1000 h of light-soaking at Voc in ambient air at 40 °C, and the PSC with “dual-SAMs
TLs” configuration retains 88% of its initial PCE after ageing in ambient air at 65 °C.

In the future, these results suggest that the lamination technique holds great promise for fabricating
PSCs with greater flexibility in materials selection and processing conditions. The findings
strongly encourage the adoption of lamination as a means to explore novel top TL materials and
interface engineering approaches using scalable methods, that can drive significant improvements
in the durability of PSCs.[44] The processing flexibility offered by the lamination approach can
drive synergistic improvements in performance, scalability, and durability, bringing PSCs closer
to commercialization. Future work should focus on developing module designs conducive to the
lamination process and further optimizing interfaces and TLs designs to improve device
performance and stability.
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