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yer-dependent degradation
mechanisms in perovskite solar modules

Marco Casareto, ab Saivineeth Penukula, b Wanyi Niec and Nicholas Rolston *b

It is imperative to understand how the design of perovskite solar modules (PSMs) affects their degradation

mechanisms and byproducts under environmental stressors to enable their long-term reliability. This work

reports on the impact of the hole-transport layer (HTL) on thermal cyclability and degradation mechanisms

of p–i–n PSMs by comparing 3 HTLs: NiOx, MeO-2PACz (a self-assembled monolayer), and a bilayer HTL of

MeO-2PACz on NiOx. We observe surprising thermal cyclability from a performance standpoint despite

generating clear degradation products. We find that without a fully dense HTL, seemingly insignificant

moisture/oxygen ingress through the edge of the PSMs can lead to rapid destabilization of the metal

halide perovskite (MHP) layer due to reactions between MHP degradation byproducts and the indium-tin

oxide layer. We also show that illumination-induced cation phase segregation is dependent on the

illumination of an inactive area (regions of the substrate uncovered by the rear electrode). As such, we

find that a dense interface between the MHP and ITO is necessary for chemically robust PSMs and

highlight criteria for testing field-relevant configurations in lab-scale architectures.
Broader context

Environmental stressors such as thermal cycling, light, and moisture can cause signicant degradation in perovskite solar modules (PSMs), hindering their
advancement for commercial viability. There is a need to better identify and understand differences in material-specic degradation byproducts for state-of-the-
art hole-transport layers (HTLs). This work compares the performance of encapsulated PSMs utilizing three different HTLs: a self-assembled monolayer (MeO-
2PACz), a metal oxide (NiOx), and a bilayer consisting of MeO-2PACz deposited on top of NiOx. The differences in degradation byproducts and mechanisms
unveil the importance of material selection with the end goal of commercial viability and long-term stability.
Introduction

Perovskite solar cells (PSCs) have made signicant advances in
recent years in their efficiency and stability, having reached 27%
power conversion efficiency (PCE) from advancements in the
metal halide perovskite (MHP) absorber layer, hole transport
layers (HTLs), interlayers, and encapsulation techniques.1–3

However, eld-related issues with stability persist due to both
intrinsic (ion migration, phase segregation, thermal instability)
and extrinsic (moisture, oxygen) factors, the latter of which can
primarily be addressed through improved packaging.2–6 These
issues are more apparent in perovskite solar modules (PSMs)
that introduce new interfaces through selective laser scribing of
layers within the device stack to allow for a series connection of
adjacent cells.7 The addition of laser scribing, along with chal-
lenges in maintaining the same quality of absorber and charge
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transport layers for larger active areas, can lead to accelerated
degradation of PSMs not seen with laboratory-scale PSCs.

Self-assembled monolayer (SAM)-based HTLs are increas-
ingly used individually or as a passivating layer on commonly-
used HTLs, such as NiOx, in the p–i–n architecture as
a “bilayer” conguration.8–10 The synthesis of SAMs can be quite
complex as they can be comprised of various organic groups for
each part of the SAM, and the most commonly used SAMs
(referred to as carbazole-based) are comprised of a phosphonic
acid, alkyl chain, and carbazole group for the anchor, spacer,
and terminal (functional) groups, respectively.9,11 The use of
SAMs as a standalone HTL has enabled consistent achievement
of PCEs over 20% with the p–i–n architecture.9,12 The bilayer
congurations of HTLs have become increasingly popular as
they allow for enhancement of a robust and reliable interface
through passivation of dangling bonds, enhancement of the
thermal stability of SAM-based devices, improvement in reverse-
bias stability, and may aid in the suppression of harmful redox
reactions, such as those between the MHP layer and high-
valence Ni3+ and Ni4+ ions found on the surface of NiOx.12–15

There have been several innovative implementations of
SAMs to aid in their reproducibility and scalability through
improved coverage, such as by using mixed SAMs, in which two
EES Sol.
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or more SAM molecules are used jointly, and co-deposition of
the SAM with the MHP.16–20 Changes in the chemical makeup
and structure of SAMs have aided in addressing common
degradation mechanisms seen in SAM-based devices, such as
corrosion of underlying metal oxide layers or adverse reactions
between the MHP and NiOx/indium-tin oxide (ITO) layer.21,22

Recent work found that MeO-2PACz (a commonly used SAM)
improved the stability and performance of PSMs under damp
heat testing when used in a bilayer conguration with NiOx

owing to the suppression of interfacial reactions between the
MHP and NiOx layers.23 However, while there has been an
increase in publications on the use of SAMs and/or SAM/NiOx

bilayers, there is still limited mechanistic understanding of the
degradation mechanisms caused by different HTLs under
environmental stressors. This work studies the differences in
degradation mechanisms under stressors that include thermal
cycling, moisture/oxygen ingress, and light exposure of PSMs
with three different HTLs: NiOx, MeO-2PACz, and a bilayer HTL
of MeO-2PACz coated on top of NiOx.
Results and discussion
Module fabrication for thermal cycling

This study utilizes a double-cation Cs0.2FA0.8PbI3 MHP compo-
sition in a p–i–n device architecture: glass/ITO/HTL/MHP/C60/
BCP/Ag. We compare 3 different HTLs: a sol–gel NiOx, MeO-
2PACz, and a bilayer HTL consisting of MeO-2PACz deposited
on top of NiOx. A cross-section of the module architecture can
be seen in Fig. 1(a), with the P1, P2, and P3 scribes labeled to
allow for series interconnection between adjacent cells forming
a 2-cell mini-module conguration. Fig. 1(b) shows a top-down
schematic of a 25 × 25 mm ITO-patterned glass substrate with
two 2-cell mini-modules. Regions on a PSM substrate covered by
the rear electrode will be referred to as the “module” area, while
Fig. 1 (a) Schematic illustration of the PSM architecture, (b) top-down
a single PSM outlined in green), and (c) initial PSM power conversion effi
show each quartile (25th, 50th, and 75th percentiles), with whiskers rep
mean.

EES Sol.
any MHP not covered by the rear electrode will be referred to as
the “inactive” area. Initial PSM performance of the three HTLs
aer encapsulation can be seen in Fig. 1(c). As expected, the
MeO-2PACz PSMs perform signicantly better than NiOx PSMs,
primarily due to higher open-circuit voltages (Voc) and ll
factors (FF), as seen in Fig. S1 and shown in the literature.24,25

However, while there are several MeO-2PACz PSMs that
outperform bilayer PSMs, the median of the bilayer PSMs is
slightly higher than the median of MeO-2PACz PSMs (14.6% vs.
14.1%), while their means are nearly identical, possibly indi-
cating a lower variance and more reliable fabrication method
for the bilayer architecture. This is likely due to improved
coverage of MeO-2PACz on NiOx vs. MeO-2PACz on ITO stem-
ming from improved bonding of the phosphonic acid group to
the substrate (tridentate vs. bidentate), as well as limiting the
effect of any harmful shunts that may arise from the use of
MeO-2PACz alone.23,26 It is worth noting that while NiOx as
a standalone HTL offers lower performance than both other
HTL congurations, it generally has a higher reproducibility
than MeO-2PACz PSMs as MHP coverage on sol–gel NiOx is
seldom an issue. Additionally, single-cell devices had signi-
cant variability seen in MeO-2PACz PSCs with encapsulation, as
seen in Fig. S2, due to Voc and FF changes, potentially due to
inhomogeneous contact at the MeO-2PACz/ITO and/or MHP/
MeO-2PACz interfaces. Conversely, bilayer PSCs exhibited the
most stable trend with encapsulation for all HTLs, indicating
a uniform and dense HTL layer with improved interfacial
contact with the MHP.

PSM stability for the different HTL congurations was rst
quantied through thermal cycling in an adapted manner of
IEC 61215 from−40 to 85 °C at an accelerated rate of 4 °Cmin−1

with a dwell time of 10 minutes.27 Fig. 2(a) shows PCE results for
each HTL type aer undergoing 300 thermal cycles with
measurements at every 100 cycles. A dashed trendline follows
view of the PSM design on 25 × 25 mm ITO-patterned glass (area of
ciency (PCE) prior to thermal cycling (post-encapsulation). Box plots
resenting the 5th and 95th percentiles and a square representing the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) PSM power conversion efficiency (PCE) with thermal cycling for the three HTL architectures described. Dashed trend lines follow the
progression of the box-plot median for each architecture. Photographs (taken from the ITO side) of representative (b) NiOx, (c) MeO-2PACz, and
(d) bilayer PSMs after 300 thermal cycles.
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the median for each PSM conguration so as to limit the effect
of outliers. NiOx PSMs were relatively stable throughout cycling
while MeO-2PACz PSMs displayed a higher degree of variability,
namely a ∼20% relative increase in the median PCE aer 100
cycles, which can be attributed to two PSMs nearly doubling
their PCE from the “healing” of shunts, as their current–voltage
behaviors show in Fig. S3. Notably, one of the PSMs in Fig. S3
reverted permanently to its shunted behavior aer 200 cycles.
We believe this variability in MeO-2PACz PSMs stems from less
uniform coverage or poor interfacial contact at the MeO-2PACz/
ITO and the MHP/MeO-2PACz interfaces, and the expansion
and contraction of the MHP layer with thermal cycling may have
remedied the contact between those layers. Bilayer PSMs di-
splayed a drop in PCE aer 100 cycles with a stabilization that
lasted through 300 cycles. Jsc, Voc, and FF trends with thermal
cycling for each HTL can be seen in Fig. S4. All PSM congu-
rations had noticeable drops in Jsc with thermal cycling which
we will discuss when examining degradation byproducts. MeO-
2PACz and bilayer PSMs maintain relatively stable Voc and FF
values throughout cycling.

Fig. 2(b)–(d) shows photographs of representative PSMs for
each HTL architecture aer 300 thermal cycles. Photographs
were taken from the ITO (i.e., sun-facing) side of the module
stack to examine degradation in the module area under the Ag
electrode. The visual degradation in MeO-2PACz PSMs seen in
Fig. 2(c) appears as yellowing under the electrode originating
from the edges of the module area. We also noticed a color
change under the electrode of NiOx and bilayer PSMs aer 300
cycles that appeared to be a lightening of the MHP layer, as seen
in Fig. 2(b) and (d). It is worth noting that we observed no
signicant degradation originating from the scribe lines of the
modules, regardless of the HTL conguration, contrary to
previous reports.6 Given this conguration and under these
stressing conditions, reactions between the rear electrode and
© 2025 The Author(s). Published by the Royal Society of Chemistry
MHP interface were not signicant enough to lead to device
failure.

Interestingly, we noticed a signicant visual degradation
accompanied by a drop in performance for MeO-2PACz PSMs
that were kept in the dark in an N2 glovebox for 7 days aer 200
thermal cycles, as seen in the thermal cycling data in Fig. 2(a)
and photographs in Fig. S5, primarily due to several MeO-2PACz
PSMs losing about 10% of their relative Jsc values (Fig. S4). This
delayed degradation was rst observed with MeO-2PACz PSCs,
wherein signicant degradation occurred months aer cycling
and being stored in the dark in N2, as seen in Fig. S6(a),
accompanied by a slight drop in PCE for MeO-2PACz PSCs as
shown in Fig. S6(b). A possible mechanism for the delayed
degradation will be discussed in more detail later. The primary
mode of degradation for MeO-2PACz PSCs is a reduction in the
Jsc, as seen in Fig. S7, whereas NiOx PSCs remained relatively
stable, even improving in PCE slightly.
Characterization of degradation products from thermal
cycling

In order to identify the degradation byproducts, X-ray diffrac-
tion (XRD) was performed on post-mortem PSMs that were
intentionally delaminated. Fig. 3(a)–(c) shows photographs of
the delaminated PSMs aer 300 thermal cycles, and solid rect-
angles show the module areas measured with XRD. Fig. 3(d)
shows the XRD results of the module area of uncycled (lighter
shade) and cycled (darker shade) PSMs for each HTL type. As
seen in the XRD results in Fig. 3(d), the module area of ther-
mally cycled MeO-2PACz PSMs displays peaks at 2q = 11.74°
and 26.26°, indicating the presence of d-FAPbI3 (hexagonal non-
perovskite structure).28,29 Additionally, Fig. 3(b) shows a lack of
black MHP on the edges of the module area for cycled MeO-
2PACz PSMs. These ndings reveal that the degradation
observed with thermal cycling for MeO-2PACz PSMs occurred
EES Sol.
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Fig. 3 Photographs of delaminated (a) bilayer, (b) MeO-2PACz, and (c) NiOx PSMs after 300 thermal cycles with solid rectangles outlining the
module areas that were examined with X-ray diffraction (XRD). (d) XRD results of the module areas of uncycled and cycled PSMs, with reference
patterns of a-FAPbI3, d-CsPbI3, and AgI (ICDD ref. 00-069-0999, 04-016-2300, and 00-009-0374, respectively).30–32 Only peaks with relative
values greater than 0.2 of the maximum peak are shown for the reference patterns. (e)–(g) Magnified views of the XRD results from (d) for the
(100), (200), and (210) planes with the addition of a cycled NiOx PSM that was never illuminated, highlighting the peak shifting in cycled NiOx/
bilayer PSMs. Dashed vertical lines represent reference scans for a-FAPbI3 (green) and a pristine double-cation MHP (black).
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from the MHP becoming more transparent as it transformed
into d-FAPbI3, and the yellowing is primarily due to the reec-
tion of C60 on Ag. While no d-FAPbI3 was present in any of the
NiOx PSMs and a relatively small number (2 out of 18) of bilayer
PSMs displayed d-FAPbI3, 50% (10 out of 20) of cycled MeO-
2PACz PSMs displayed d-FAPbI3 presence aer 300 thermal
cycles.
EES Sol.
Cycled NiOx/bilayer PSMs displayed peak shiing/splitting of
the peaks corresponding to the (100), (200), and (210) planes (2q
= 14.02°, 28.24°, and 31.66°, respectively), as seen in
Fig. 3(e)–(g), indicating the presence of a-FAPbI3.30–32 Addition-
ally, cycled NiOx/bilayer PSMs display peaks at 2q = 26.46° and
27.11°, indicating the presence of d-CsPbI3 (yellow ortho-
rhombic non-perovskite structure). These ndings are sugges-
tive of cation-phase segregation, a well-documented
© 2025 The Author(s). Published by the Royal Society of Chemistry
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phenomenon occurring with mixed cation MHPs that has been
observed under illumination and heat.33,34 Also shown in
Fig. 3(e)–(g) is a NiOx PSM that was cycled but never
illuminated/biased. Notably, this NiOx PSM does not display
a peak shi aer cycling, indicating the necessity for illumi-
nation to induce the observed cation phase segregation. We will
comment on the signicance of this nding later as we perform
illumination-based testing. Meanwhile, the uncycled samples
for all 3 HTLs had no noticeable degradation byproducts and
demonstrated nearly identical XRD patterns with each other.
The differences in degradation byproducts between MeO-2PACz
and NiOx/bilayer PSMs indicate an HTL-dependent degradation
mechanism.

Fig. S8 shows the XRD results of the inactive area (regions on
a module substrate not covered by the rear electrode) for
uncycled and cycled PSMs. The d-FAPbI3 observed in the
module area of cycled MeO-2PACz PSMs is not seen in the
inactive area, indicating that the observed degradation is elec-
trochemically driven by the device's built-in electric eld. While
the formation of a small AgI peak at 2q = 22.32° is noticeable in
the module area for all HTL types, its relative intensity for cycled
Fig. 4 (a) Photoluminescence (PL) results of post-mortem cycled PSMs c
to the inactive area (not covered by the rear electrode). Note the peak sh
reduced PL emission in the MeO-2PACz module area, due to cation p
Maximumpositionmaps from hyperspectral PL images of NiOx, MeO-2PA
utilize the same scale for PL emission and physical size.

© 2025 The Author(s). Published by the Royal Society of Chemistry
samples is similar to that of uncycled samples, indicating MHP
degradation that is independent of the stressing conditions.
This demonstrates that a silver–halide reaction is not domi-
nating the observed phase changes. Similarly, the inactive area
of NiOx and bilayer PSMs contained no peak splitting or shiing
associated with cation phase segregation, something which we
will elaborate upon further when discussing additional stability
tests.

Photoluminescence (PL) measurements were taken on post-
mortem cycled PSMs to compare relative intensities and peak
positions, the results of which can be seen in Fig. 4(a). There is
a clear shi in peak position in the module area as compared to
the inactive area for NiOx and bilayer PSMs, while the nearly
nonexistent peak under themodule area of theMeO-2PACz PSM
indicates the high presence of d-FAPbI3 and lack of a photo-
active MHP phase. A visualization of this can be seen in
Fig. 4(b)–(d) with maximum position maps generated from
hyperspectral PL imaging. The PSMs in Fig. 4(a) are different
from those in Fig. 4(b)–(d), however, they are representative of
the trends observed. The images in Fig. 4(b)–(d) are taken at the
border of the module and inactive areas, showing a noticeable
omparing emission spectra of theMHP that was part of themodule area
ifting present in the NiOx and bilayer module areas and the significantly
hase segregation and the formation of d-FAPbI3, respectively. (b)–(d)
Cz, and bilayer PSMs, respectively, taken at the edge of the PSM. (b)–(d)

EES Sol.
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peak shi for NiOx PSMs from ∼790 nm (1.57 eV) under the
inactive area to ∼810 nm (1.53 eV) in the module area, in
agreement with the cation phase segregation observed in XRD
and steady-state PL measurements. The bilayer displays a more
signicant extent of the cation phase segregation immediately
outside the module area, as Fig. 4(d) demonstrates regions
bordering the module area as having a maximum intensity at
∼810 nm. The presence of MeO-2PACz on NiOx may accelerate
the cation phase segregation, as seen with the XRD and hyper-
spectral PL results; however, we will discuss the relevance of this
nding in more detail later. Below we explore possible reasons
for the HTL-dependent degradation.

Testing for moisture- and oxygen-induced degradation

Our initial hypothesis for the edge-initiated degradation seen
with MeO-2PACz PSMs was that moisture and oxygen ingress
was responsible for the observed phase changes. Previous work
has shown that both moisture and oxygen are required for the
rapid degradation of FA1−xCsxPbI3 MHPs into d-FAPbI3 and d-
CsPbI3, and it was demonstrated that either stressor alone is not
sufficient to induce rapid degradation of the MHP.35 The UV
resin encapsulant we utilized during thermal cycling has
a relatively high water vapor transmission rate (WVTR) and was
used without an additional material as the edge seal. Further-
more, our device architecture has a relatively short distance
from the edge of the encapsulant to the edge of the module area
(referred to as the edge seal width), on the order of 2–4 mm,
leading to an architecture susceptible to moisture and oxygen
ingress. In order to test the hypothesis that moisture/oxygen are
the main stressors for the observed HTL-dependent degrada-
tion, we constructed test structures of a full device stack without
electrical connections and adjusted two parameters: the
encapsulant used and the edge seal width. We also constructed
a test structure with no HTL (MHP in direct contact with ITO),
as we hypothesized this would follow a similar degradation
pathway as the MeO-2PACz sample. Table 1 lists the WVTRs of
the two UV resins used for this experiment (Eversolar AB-302
and AB-341) as well as a third UV resin (AB-313) that was used
to encapsulate half of the PSMs in Fig. 2(a). AB-302 and AB-313
were used interchangeably for PSM encapsulation during
thermal cycling due to their nearly identical WVTRs. Poly-
isobutylene, the industry standard for moisture-barrier edge
seals, is also listed in Table 1 for reference. We performed
a separate study comparing all three UV resins listed in Table 1
for thermal cycling of encapsulated NiOx and MeO-2PACz PSCs,
shown in Fig. S9. Overall, we did not observe any signicant
difference in the performance of the PSCs aer 200 cycles,
Table 1 Water vapor transmission rate (WVTR) of encapsulants

Encapsulant WVTR (g m−2 days−1)

AB-302 < 4
AB-313 < 6
AB-341 < 10−2

Polyisobutylene ∼10−6

EES Sol.
regardless of the resin or HTL used, likely due to the larger edge
seal width found on substrates containing PSCs instead of
PSMs.

We adjusted the edge seal width of the test structures by
performing an edge deletion of all device layers (carried out with
laser ablation) to leave an 8 × 8 mm active area in the center of
the substrate and by using two different sizes for the cover glass:
a smaller cover glass similar to that used for PSM encapsulation
(∼10 × 10 mm), and a larger cover glass identical in size to the
substrate (25 × 25 mm), leading to respective edge seal widths
of ∼2.5 and ∼8.5 mm, as shown in Fig. 5(a). A cross-sectional
schematic of the test structures is shown in Fig. 5(b). We sub-
jected these test structures to the same thermal cycling condi-
tions as the PSMs and photographed them. Fig. 5(c) shows
photographs (from the ITO side) at 0 cycles, 200 cycles, and 7
days aer 200 cycles (stored in dark/N2) of the 4 architectures
encapsulated with the higher WVTR resin (AB-302) and the
smaller cover glass (2.5 mm edge seal width), the condition
presumed to allow the greatest moisture/oxygen ingress and
lead to the most signicant degradation. Photographs of the
remaining test structures are shown in Fig. S10 and S11. We
observed that the only samples with visible degradation were
the MeO-2PACz and ITO architectures with a 2.5 mm edge seal
width and encapsulated with AB-302. Notably, while there was
little discoloration seen in both the MeO-2PACz and ITO
samples aer 200 cycles, there was a signicant amount of
yellowing 7 days later aer having been stored in the dark in an
N2 glovebox, similar to the degradation trend of cycled MeO-
2PACz PSMs in Fig. 2. We did not observe any visible degrada-
tion of the MHP originating from cation phase segregation in
any of the NiOx or bilayer structures that we had previously seen
in PSMs aer thermal cycling, reinforcing that illumination is
necessary for cation phase segregation. It is worth noting that
a systematic error in encapsulation of the 2.5 mm edge seal/AB-
302 bilayer sample led to an even smaller edge seal width than
2.5 mm, yet no visible degradation was observed, as seen in
Fig. 5(c).

Fig. 5(d) shows XRD scans of test structures encapsulated
with AB-302 for both 2.5 and 8.5 mm edge seal widths. The XRD
results of the remaining test structures encapsulated with AB-
341 can be found in Fig. S12. The MeO-2PACz and bare ITO
architectures with a 2.5 mm edge seal width encapsulated using
AB-302 show a clear d-FAPbI3 and d-CsPbI3 presence—in fact,
the ITO architecture completely converted into d-FAPbI3 and d-
CsPbI3, as seen by the lack of the characteristic cubic MHP
peaks. Fig. 5(e)–(g) shows magnied views of the XRD scans for
the peaks corresponding to the (100), (200), and (210) planes,
and it is evident that neither the NiOx nor bilayer structures
display the peak shiing associated with cation phase segre-
gation. These ndings indicate a difference in the degradation
mechanisms dependent on the HTL used: moisture/oxygen play
a signicant role in the degradation of MeO-2PACz PSMs, likely
driven by contact of the MHP with the ITO, and moisture/
oxygen and thermal cycling alone are not enough to drive the
cation phase segregation seen in NiOx and bilayer PSMs. We
would like to note that the MeO-2PACz and ITO samples
without d-FAPbI3 formation (AB-302/8.5 mm and all AB-341
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Top-down view schematics of test structures with 2.5 mm and 8.5 mm edge seal widths. (b) Cross-sectional schematic of test
structure architecture. (c) Photographs of test structures (from ITO side) to evaluate the effect of moisture/oxygen ingress for the three HTLs
studied and a bare ITO architecture, using the UV resin AB-302 with a 2.5 mm edge-seal width. (d) XRD results of the test structures comparing
differing edge seal widths (2.5 mm and 8.5 mm) of the four architectures encapsulated with the UV resin AB-302. The same reference patterns in
Fig. 3d are shown here. (e) and (f) Magnified views of XRD results from (d) for the (100), (200), and (210) planes, respectively. Dashed vertical lines
represent reference scans for a-FAPbI3 (green) and a pristine double-cation MHP (black).

Paper EES Solar

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

1/
19

/2
02

5 
6:

53
:4

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
samples) displayed a noticeable PbI2 peak (2q = 12.67°).
Without moisture and oxygen ingress causing the formation of
d-FAPbI3, a separate degradation mechanism occured involving
the MHP and MeO-2PACz and/or MHP and ITO that formed
PbI2. This mechanism may be kinetically slower than the
formation of d-FAPbI3 in the presence of moisture/oxygen,
which would explain why we did not observe noticeable PbI2
presence for samples containing d-FAPbI3. Below we propose
© 2025 The Author(s). Published by the Royal Society of Chemistry
possible mechanisms for the observed HTL-dependent
degradation.
Discussion of degradation mechanism observed in thermally
cycled MeO-2PACz PSMs

Previous work has shown that high heat and reverse bias can
accelerate etching of the ITO layer by A-site cation salts, leading
to In3+ migration into the MHP layer and signicant device
EES Sol.
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Fig. 6 XPS spectra of In 3d for ITO, MHP/MeO-2PACz (no d-FAPbI3),
and d-MHP/MeO-2PACz. Synthetic components are shown as light-
colored lines and the total fitting is shown as a black dashed line.
Backgrounds are shown as dashed colored lines.
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degradation.36 Recent work expanded upon this and proposed
that a positive feedback loop can be established wherein an
initial stressor, such as moisture, can cause the formation of
MHP degradation byproducts, such as HI, which in turn can
etch the ITO layer to release In3+ and additional moisture,
further degrading the MHP.37 This proposed mechanism aligns
well with our observations of MeO-2PACz and ITO structures:
although there was minimal visible degradation in samples
with moisture/oxygen ingress aer 200 thermal cycles, storing
the samples in N2 for 7 days allowed any trapped moisture/
oxygen to continue this positive feedback loop, rapidly desta-
bilizing the perovskite lattice and forming large amounts of d-
FAPbI3. While the previous result highlighted that an ETL such
as SnOx is porous enough to allow for the above mechanism to
take place and utilized a chelating layer between the ITO and
SnOx to block HI passage, sol–gel NiOx (annealed >300 °C) may
bemore dense than traditional nanoparticle SnOx, allowing it to
serve as a more effective barrier to prevent this mechanism.38

The sensitivity of PSMs with thin, organic transport layers such
as MeO-2PACz demonstrates the signicance of how even
marginal moisture/oxygen ingress can lead to rapid deteriora-
tion of PSMs without proper barrier layers between the MHP
and ITO. A future study comparing different NiOx deposition
methods/thicknesses or alternative buffer layers that mitigate
ion migration is therefore of value.39

An alternative mechanism we consider is more specic to the
chemical composition of the MeO-2PACz molecule itself.
Extensive work has shown that the phosphonic acid anchoring
groups commonly found in carbazole-based SAMs (MeO-2PACz,
2PACz, Me-4PACz, etc.) can etch and corrode underlying metal
oxide layers such as ITO and NiOx, particularly as hydrolysis can
decompose parts of the SAM molecule.21 One study proposed
the following mechanism involving the phosphonic acid group:
hydrolysis of the P–O bond can produce a free hydroxyl group
on the P atom, resulting in the formation of hydronium ions
that are capable of etching the ITO and releasing In3+ and
H2O.40 While the mechanism mentioned previously (MHP
degrading frommoisture/oxygen, leading to HI etching the ITO)
explains the degradation seen in test structures with MHP on
bare ITO, we cannot conrm the extent of the latter mechanism
in this study.

In order to validate these mechanisms and explore the possi-
bility of degradation of the ITO from acidic degradation byprod-
ucts, X-ray photoelectron spectroscopy (XPS) was carried out on
the surface of cycled structures and compared against pristine
ITO. Degradation of the ITO would result in a difference in the
binding energy of the In 3d spectra as new chemical states are
formed, with the most likely byproducts being In(OH)3 and InI3 as
In3+ reacts with the MHP. Fig. 6 shows narrow scans of the In 3d
spectra for two of the test structures in Fig. 5, labeled as follows:
MHP/MeO-2PACz (thermally cycled without moisture ingress and
no d-FAPbI3 formation) and d-MHP/MeO-2PACz (thermally cycled
with moisture ingress and d-FAPbI3 formation). A scan of pristine
ITO is also shown for reference. The wide scans of each sample
can be found in Fig. S13(a). It is worth noting that small scratches
on the MHP surface due to handling allowed for probing of the
ITO layer without completely removing the MHP. Although the
EES Sol.
presence of theMHP layer led to a reduced signal-to-noise ratio for
the In 3d peak, complete removal of the MHP—either through
physical scraping or dissolution of the MHP in DMF—was not
performed. We speculate that complete MHP removal could
remove the degradation byproducts formed between the In3+ and
MHP.

Fitting of the In 3d 5/2 peak for pristine ITO can be carried
out with two symmetrical components located at 444.3 and
444.9 eV; previous reports have shown that these two compo-
nents do not represent different chemical states of In but are
a result of screened and unscreened core holes, respectively,
leading to two distinct energy states during photoemission.41

The In 3d peaks for MHP/MeO-2PACz and d-MHP/MeO-2PACz
are shied to progressively higher binding energies than that
of the pristine ITO, indicative of different chemical states for In.
Fitting of the MHP/MeO-2PACz spectra can be performed with
three components representing the following compounds: ITO,
In(OH)3, and InI3. Fitting of the ITO component for the MHP/
MeO-2PACz spectra was performed with only one synthetic
peak so as not to complicate the model, and its position aligns
well with reported values. The d-MHP/MeO-2PACz spectra
displays an even higher energy shi and thus can only be tted
with two components with positions corresponding to In(OH)3
and InI3. The peak locations and FWHM for each component
can be seen in Table S1 and agree reasonably well with the
previous literature.42–44 The signicant shi of the In 3d peak for
the d-MHP/MeO-2PACz sample indicates a greater amount of
In(OH)3 and InI3, likely resulting from more extensive degra-
dation of the ITO, which can be correlated to increased d-FAPbI3
formation. Although we still observe degradation byproducts
for the MHP/MeO-2PACz sample with no d-FAPbI3, we theorize
this may be due to degradation of the ITO by the phosphonic
acid group that has not yet triggered detrimental device
performance and is independent of the positive feedback loop
linked with d-FAPbI3 formation.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. S13(b) shows the I 3d spectra of the aged samples
compared to pristine MHP, showing a minimal shi. This is not
entirely surprising because of the relatively small amount of InI3
molecules compared to the host MHP-related iodine bonds and
the very similar binding energies of iodine in the host MHP
(619.3 eV) vs. InI3 (619.1 eV). We believe that the formation of
new In-containing compounds is compelling evidence that the
positive feedback mechanism is occurring in samples with
MeO-2PACz and moisture/oxygen ingress. We believe that the
presence of NiOx effectively prevents this mechanism from
occurring.
Light-soaking to evaluate cation phase segregation in NiOx/
bilayer PSMs

In order to probe the phase segregation seen in cycled NiOx and
bilayer PSMs, we performed a study examining the effect of
Fig. 7 (a) Cross-sectional view of test structures and (b) PSCs for illum
(taken from ITO side) after illumination in N2 for the three different HTLs an
from ITO side) after ∼200 h of illumination under the same conditions as
with a reference scan of freshly made MHP on NiOx; the solid rectangle i
Magnified view of the XRD results from (e) of the (100), (200), and (210)
bilayer PSCs sample after illumination.

© 2025 The Author(s). Published by the Royal Society of Chemistry
light-soaking on test structures identical to the four architec-
tures explored in Fig. 5 (3 HTLs + MHP/ITO). We also illumi-
nated a bilayer PSC substrate (containing 6 individual pixels).
Cross-sectional schematics of the test structures and bilayer
PSC can be seen in Fig. 7(a) and (b), respectively. Samples were
encapsulated and illuminated in an N2 glovebox for ∼350 h (the
bilayer PSC was illuminated for ∼200 h) under 1-sun illumina-
tion. Photographs of the test structures and bilayer PSC (taken
from the ITO side) can be seen in Fig. 7(c) and (d), respectively.
Unlike the PSMs in Fig. 2, none of the full-coverage structures in
Fig. 7(c) had any color change associated with cation phase
segregation, while the bilayer PSCs in Fig. 7(d) had noticeable
discoloration under the Ag pixels, similar to that seen in the
module areas of cycled NiOx/bilayer PSMs. XRD was performed
on all samples aer aging, the results of which are shown in
Fig. 7(e). A magnied view of the peaks corresponding to the
ination-based aging. (c) Photographs of encapsulated test structures
dMHP directly on ITO. (d) Photograph of a bilayer PSC substrate (taken
those in (c). (e) XRD results for the samples shown in (c) and (d), along
n (d) indicates the region explored with XRD for the bilayer PSC. (f)–(h)
planes, respectively, showing that peak shifting is present only in the

EES Sol.
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(100), (200), and (210) planes is shown in Fig. 7(f)–(h). A refer-
ence XRD scan of a fresh NiOx PSM is shown in the XRD results
for comparison. While the test structures with a full blanket
coverage have no signicant peak shiing/splitting aer illu-
mination, the bilayer PSCs display signicant peak shis to
lower 2q values, indicative of cation phase segregation. We
would like to note that this did not appear to have a detrimental
effect on the PCE of the bilayer PSCs as observed in Fig. S14,
contrary to previous reports.33 It may be that this extent of
cation phase segregation is not as detrimental on small area
devices. Below we explain a reason for the observed discrepancy
with cation phase segregation.

Previous work has shown that the mechanism driving cation
phase segregation under illumination arises from an energetic
favorability to pass charge carriers through a pure a-FAPbI3
phase, and a large amount of charge carriers generated upon
illumination can overcome the entropy of mixing that formed
the double-cation phase, thus leading to phase segregation.33

Additionally, it has been shown that illuminating a substrate
with an inactive area leads to a greater bias developing in the
inactive area than in the device area, and this can lead to arti-
cial degradation mechanisms not seen when using a photo-
mask or module-relevant conguration (i.e., full coverage).45 We
did not use a photomask during JV measurements of PSMs and
PSCs, and the results from the test structures and bilayer PSCs
in Fig. 7 indicate that the presence of the inactive area is playing
a key role in the observed cation phase segregation. It is clear
that module-relevant congurations (i.e., samples with no
inactive area) do not display cation phase segregation under
these conditions. We therefore conclude that the key chemical
degradation mechanism relevant to commercialized modules
we have observed under these conditions is conversion of the
MHP into d-FAPbI3 if in near/direct contact with the ITO layer in
the presence of moisture/oxygen, and that the cation phase
segregation we observed in cycled NiOx/bilayer PSMs was an
articial degradation mechanism.

Conclusion

We highlight the differences in degradation in encapsulated p–
i–n PSMs with three different HTL architectures: NiOx, MeO-
2PACz, and a bilayer consisting of MeO-2PACz deposited on
NiOx. NiOx and bilayer PSMs exhibit higher reproducibility and
stability with thermal cycling than MeO-2PACz PSMs in the
presence of moisture and oxygen ingress. Without a sufficiently
thick, dense, and uniform HTL, contact between the MHP and
ITO can lead to a positive feedback loop involving etching of the
ITO from MHP degradation byproducts and further destabili-
zation of the MHP, resulting in the formation of non-
photoactive d-FAPbI3. Stressing under illumination revealed
that cation phase segregation observed in cycled NiOx/bilayer
PSMs is an articial degradation mechanism stemming from
the presence of an inactive area that was not masked during JV-
testing. We highlight the importance of testing multiple
stressors at once to determine eld-relevant degradation
mechanisms of PSMs and the necessity to consider the buried
charge transport layer selection for the commercial
EES Sol.
advancement of PSMs. We lastly emphasize that there are
thermomechanical degradation modes at the panel scale (∼m2)
which were not tested in this study that warrant further inves-
tigation and consideration.
Experimental section
Materials

NiOx ink was prepared using nickel(II) nitrate hexahydrate
(Sigma-Aldrich-99.99%), anhydrous ethylene glycol (EG)
(Thermo Fischer Scientic-99.8%), and ethylene diamine (EDA)
(Thermo Fischer Scientic-99%).

MeO-2PACz ink was prepared using [2-(3,6-dimethoxy-9H-
carbazol-9-yl)ethyl] phosphonic acid (MeO-2PACz) (TCI Amer-
ica-98% purity) and anhydrous ethanol (Thermo Fischer
Scientic-99.5+%).

MHP ink was prepared using cesium iodide (CsI) (Sigma-
Aldrich-99.999% trace metal basis), formamidinium iodide
(FAI) (Great Cell Solar Materials-99.99%), lead-iodide PbI2 (TCI
America-99.99%), N,N-dimethyl formamide (DMF) (Sigma-
Aldrich-99.8%), and 1-methyl-2-pyrrolidinone (NMP) (Thermo
Fischer Scientic-99+%, ACS reagent).

Fullerene (C60) (TCI-99.5%, puried by sublimation), bath-
ocuproine (BCP) (TCI-99%, puried by sublimation) and Ag
pellets (TCI-99%) were thermally evaporated as the electron
transport layer, buffer layer, and rear electrode, respectively. All
materials were used as received without further purication.
Cell and module fabrication

Substrate preparation. Indium-tin oxide (ITO) patterned 25
× 25 mm glass substrates were purchased from Xin Yan Tech-
nical group (Rsheet = 10 U/). Substrates were cleaned before lm
deposition in the following manner: scrubbed with a brush with
a solution of 1 : 10 extran : water, rinsed thoroughly under DI
water, and sonicated for 15 minutes in DI water, acetone, and
IPA. Substrates were dried with an N2 gun in between each
sonication step. Substrates were then surface treated using UV-
ozone for 15 minutes immediately before HTL deposition.

HTL deposition. For NiOx-based PSCs and PSMs, nickel(II)
nitrate hexahydrate was dissolved in a 96 : 4 volume ratio of
ethylene glycol and ethylene diamine to make 1 M NiOx sol–gel.
The ethylene diamine was added to the solution aer the
ethylene glycol. Prior to deposition, NiOx sol–gel was ltered
using a 0.22 mm PVDF lter. NiOx sol–gel was spin coated in
ambient conditions on cleaned substrates by dispensing∼80 mL
of 1 M NiOx sol–gel and spinning at 5000 rpm for 30 seconds
with an acceleration of 2500 rpm s−1, and samples were
subsequently annealed at ∼320 °C for 60 minutes in ambient
conditions. For MeO-2PACz-based PSCs and PSMs, 1.5 mgmL−1

of [2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl] phosphonic acid
powder was dissolved in ethanol in an N2 glovebox and shaken
at 600 rpm for 10 minutes and sonicated for at least 15 minutes
before spin coating. MeO-2PACz solution was spin coated on
freshly cleaned ITO substrates at 3000 rpm for 30 seconds with
an acceleration of 1000 rpm s−1 followed by annealing at 100 °C
for 5 minutes. Prior to beginning spinning, MeO-2PACz
© 2025 The Author(s). Published by the Royal Society of Chemistry
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solution was allowed to rest on the ITO substrate for ∼20
seconds to allow the phosphonic acid groups to self-assemble.
The MeO-2PACz layer in bilayer PSCs and PSMs was deposited
directly on NiOx without any treatment of the NiOx and using
the same deposition parameters for MeO-2PACz devices.
Deposition of the MeO-2PACz layer in bilayer PSCs and PSMs
was carried out within 1 hour of nishing the NiOx annealing
step.

MHP deposition. 1.4 M Cs0.2FA0.8PbI3 MHP solution was
prepared in an N2 glovebox in a 1 : 6.5 volume ratio of NMP :
DMF and shaken for at least 90 minutes at 700 rpm. The MHP
solution was ltered using a 0.22 mm PVDF lter prior to
deposition. MHP lms were deposited through a 2-step gas-
quench assisted spin coating method in the following
manner: 500 rpm for 10 seconds with 250 rpm s−1 acceleration
followed by a second spin step of 5000 rpm for 34 seconds with
an acceleration of 1125 rpm s−1. 100 mL of MHP solution was
used for deposition on NiOx, while 150–200 mL of MHP solution
was necessary for complete coverage of MeO-2PACz or bilayer
devices. 10 seconds aer reaching the desired nal spin speed
in the second step (i.e., 14 seconds into the second spin step to
account for 4 seconds of ramp-up time), the N2 ow was opened
using a manual regulator inside the glovebox to quench the lm
for the remaining 20 seconds of spinning. NiOx, MeO-2PACz,
and bilayer devices were quenched with N2 owrates of 3.8,
4.3, and 4.9 standard cubic feet per minute (scfm), respectively,
as each HTL was found to have differing optimal gas quench
owrates. Optimization of gas quench owrates for the MHP on
each HTL can be seen in Fig. S15 as PSC performances are
compared. Bilayer PSCs displayed little variation with quench-
ing owrates, so 4.3 scfm was used as it displayed the tightest
data distribution. The gas quench outlet was positioned
∼2.5 cm above the substrate. The gas quench setup was
arranged in the following manner:46 in house N2 was supplied
through a rigid Nylon tube (McMaster Item#: 5548K74) with an
outer diameter (OD) of 1/400 and inner diameter (ID) of 11/6400

and delivered to a 600 long metal pipe (Grainger Item#: 1XBT4)
with an OD of 11/1600 and ID of 1/2”. A manual regulator and
owmeter (McMaster Item#: 8051K218) were placed in the gas
quench setup between the N2 supply and gas quench straw in
order to report standardized quenching conditions. The N2

glovebox was kept purging during MHP deposition.
ETL, buffer layer, and rear electrode deposition. For electron

transport and buffer layer deposition, C60 and BCP were ther-
mally evaporated using an Angstrom evaporator inside an N2

glovebox at a rate of 0.2 Å s−1 to yield 25 nm and 4 nm thick
lms, respectively. Ag evaporation was carried out in the same
evaporator at a rate of 1 Å s−1 for a rear electrode thickness of
100 nm. Edge deletion with a razor blade was carried out prior
to Ag evaporation to reduce degradation of the contact pads at
the Ag/MHP interface. A shadow mask was used to create
individual pixels (i.e., PSCs) for a total of 6 pixels per substrate
(for PSCs) or two PSMs per substrate (for PSMs), with contact
pads extending beyond the active area.

Laser scribing for PSM fabrication. PSMs were fabricated in
a similar manner as described for PSCs with the addition of
laser scribing to introduce monolithic series interconnection
© 2025 The Author(s). Published by the Royal Society of Chemistry
between cells. P1, P2, and P3 laser scribing was all performed
using a Keyence UV-ns laser (MD-U1000C). Parameters for each
scribe (differing also by HTL for the P2 scribe) can be seen in
Table S2. Fluence calculations of each laser pulse were calcu-
lated with the knowledge of the laser marking energy (displayed
by the laser marking soware), a laser spot size of 25 mm (with
the laser spot focused on the substrate), and relevant marking
conditions (scan speed, frequency, and repetitions). The P1
scribe, necessary for electrical isolation of the front ITO contact,
was performed prior to substrate cleaning. The P2 scribe was
performed aer deposition of the nal active layer (BCP) and
before the rear electrode (Ag) to allow for interconnection of
cells, and the P3 scribe was performed aer Ag deposition to
electrically isolate cells on the rear electrode. The P2 and P3
scribes utilized a rastering technique in which subsequent
repetitions of the scribe are shied by a set distance (3 mm for
all scribes using rastering) to avoid damaging underlying layers
with excessive ablation. To avoid any sort of electrical connec-
tivity between the 2 PSMs on a substrate, a pseudo-P4 scribe
(utilizing P1 scribe conditions) was placed horizontally in the
center of the substrate between the two PSMs in order to ablate
through all active layers and the ITO. A diagram of the module
substrate can be seen in Fig. 1(b).

Encapsulation of PSCs and PSMs. Encapsulation was carried
out with a UV-curable resin acquired from Everlight Chemical
USA (WVTR values for the resins were provided by Everlight
Chemical as well). Three different UV resins were used
throughout this study: Eversolar AB-302, AB-313, and AB-341.
Microscope slides (Globe Scientic Item#: 1321) were cut
down to an appropriate size to be used as a cover glass for
encapsulation and were scrubbed with a solution of 1 : 10
extran : water, rinsed thoroughly in DI water, dried with an N2

gun, and baked at 150 °C for at least 10 minutes prior to
encapsulation, which was performed in ambient conditions. In
order to encapsulate devices, a small amount of UV resin was
dropped onto the cover glass which was then pressed on the
sample substrate to cover the cell/module area and held in place
for ∼1 minute with a 2 kg weight. Once the weight was removed
and aer ensuring no air bubbles were visible in the UV resin,
samples were brought under a UV lamp (365 nm, 300W) for∼30
seconds to allow the resin to cure. For the test structures
exploring the effect of moisture/oxygen and light, the encap-
sulation technique was the same as described above with the
addition of signicant edge deletion prior to encapsulation,
rst with a razor blade and then with P3-equivalent laser abla-
tion, leaving an active area of 8× 8 mm in the center of the 25×
25 mm ITO-patterned glass substrate.

Slight changes in PSM and PSC performance with encapsu-
lation over time were observed. Fig. S2 shows cell performance
before, immediately aer, and 3 days aer encapsulation
(referred to as “Fresh”, “Encap Immediate” and “3 days N2”)
compared to unencapsulated PSCs. Values have been normal-
ized to the mean of “Fresh” PSCs for each sample type, and
unencapsulated PSCs utilized the same measurements for
“Encap Immediate” as they did for “Fresh”. We attribute the
improvement of encapsulated PSCs to the nature of the
encapsulation process: pressing down on the device stack with
EES Sol.
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a 2 kg weight may improve the interfacial contact between layers
and thus reduce series resistance and heal shunts.47 Devices
had the largest change in PCE 3–5 days aer encapsulation, so
we collected the 0-cycle measurements 6 days aer encapsula-
tion and storage in an N2 glovebox before beginning thermal
cycling for PSMs.
Thermal cycling procedure

Thermal cycling was carried out in an environmental chamber
(Thermotron Item#: SM-8-8200) following adapted guidelines of
IEC 61215: starting at room temperature, samples were cycled
from −40 to 85 °C at an accelerated rate of 4 °C min−1 with
a dwell time of 10 minutes. The relative humidity (RH) was set
to 25%, however each cycle presented spikes above 70% RH
when the chamber temperature dropped below 10 °C. Devices
were measured and photographed every 100 cycles.
Light-soaking

Light-soaking of PSCs was performed in an N2 glovebox under 1-
sun illumination using a Newport Class ABA LED Solar Simu-
lator (MiniSol™: LSH-7320) that was calibrated using an Asahi
Spectra 1-sun checker. JV-sweeps of bilayer PSCs were per-
formed every 24 hours until 96 h, and then aer 192 total h.
Light-soaking of the PSCs began 20 days aer initial encapsu-
lation of PSCs (stored in the dark in N2), and the 0 h measure-
ment was performed immediately before light-soaking.
Illumination-test structures were photographed every 24 hours
until 362 hours, aer which they were delaminated for XRD
analysis.
Characterization

Bragg–Brentano X-ray diffraction (XRD) was carried out using
a Rigaku high-resolution X-ray diffractometer from 2q = 5–50°
with a step size of 0.02° and a scan speed of 2.5° min−1. A 2 mm
soller slit was used and the incident slit was 0.5°. A b-blocking
Ni-foil was used before the receiving slit. A 2 mm length-
limiting slit was used to ensure accurate sampling of specied
areas (the width of the PSM area is 2 mm).

Photoluminescence (PL) measurements were carried out
using a BLACK-Comet UV-vis Spectrometer from StellarNet with
a laser excitation wavelength of 425 nm and integration time of
400 ms. The laser spot size (∼1 mm) was small enough to
accurately probe differences in PL signal between the module
and inactive areas of PSM substrates.

Current–voltage scans to measure PSC and PSM perfor-
mance were measured using an Asahi Spectra HAL-320 Xenon
solar simulator as a light source, calibrated with an Asahi
Spectra 1-sun checker. Voltage sweeps were carried out with
a Keithley 2450 in the reverse direction from 1.2 V to −0.2 V for
PSCs and 2.4 V to −0.2 V for PSMs with a voltage step size of
0.014 V and dwell time of 10 ms.

Hyperspectral photoluminescence imaging was carried out
using a Photon etc. IMA hyperspectral microscope as samples
were illuminated by a 405 nm laser. Hyperspectral PL cubes
were gathered at a 10-sun equivalent intensity calculated using
EES Sol.
an ideal Jsc of 26.5 mA cm−2 for the chosen MHP (Eg = 1.57 eV)
using the following equation:

P1 sun ¼ Jsc;ideal � hc

l

where P1 sun is the necessary laser irradiance for a photon ux
equivalent to 1-sun, hc is a physical constant equal to 1240 eV
nm, and l is the incident laser wavelength (405 nm).48 As such,
the necessary laser irradiance equivalent to 1-sun of photon ux
P1 sun = 81 mW cm−2, and the corresponding equivalent to 10-
suns of photon ux P10 suns = 810 mW cm−2. The laser spot size
is equivalent to the aperture of the 20× objective used for
imaging (A = 6.36 × 10−3 cm2), leading to a necessary laser
output power Pout = 5.16 mW for a 10-sun equivalent photon
ux. Due to losses of laser power prior to illumination of the
sample, calibration of the laser input power was necessary to
achieve the desired irradiance and was performed with a Thor-
labs PM121D laser meter. This resulted in a laser input power of
54 mW to achieve a power of 5.16 mW at the sample surface.
Imaging was performed with fully open apertures, and emission
scans were collected from 700–900 nm with a step size of 2 nm.
Dark images for references scans were taken for each sample to
standardize intensities. Maximum position maps (MPM) were
generated using the PhySpec soware once cubes were cali-
brated to their dark reference.

X-ray photoelectron spectroscopy was carried out using
a Kratos Axis Supra+ X-ray photoelectron spectrometer with
a monochromatic Al X-ray source (1487 eV) with an emission
current of 5.00 mA and voltage of 15 kV. A step size of 1.0 eV was
used for all scans, and a pass energy of 80 and 20 eV was used
for wide and narrow scans, respectively. A charge neutralizer
was used on all samples with an accelerating voltage of 1 eV.
The analyzer was operated in xed analyzer transmission mode.
All samples were charge-corrected using the main signal of the
carbon 1s spectrum assigned to 284.8 eV. The C (1s) spectra was
collected using high energy resolution settings.
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