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ABSTRACT: As lab-scale perovskite solar cells (PSCs) approach their efficiency limits, —Reverss _——pCBMONy
reproducing this performance in large-area, manufacturable devices remains challenging. - - -Forward  ——0.3wt% Al,O/PCBM
Here, we show that printing interlayers of metal oxide nanoparticles, specifically Al,O; and T PewrkSnosReEM
SnO,, can systematically control the morphology and interfacial energetics of solution-
processed PC¢;BM electron transport layers (ETLs) in flexible roll-to-roll printed PSCs.
These nanoparticle interlayers enhance ETL uniformity, reduce pinholes, and increase shunt
resistance, improving power conversion efficiencies (PCEs) and reducing device failure rates
by 50%. Through a combination of systematic device characterization, morphological,
spectroscopic and energetic analysis, coupled with drift-diffusion simulations, the distinct
roles of insulating (Al,O5) and semiconducting (SnO,) nanoparticle interlayers in mediating
carrier extraction and recombination are elucidated. Al,O; suppresses interfacial
recombination and improves device reproducibility, albeit with some penalty in short-
circuit current, whereas SnO, enhances electronic coupling and charge extraction, delivering
a champion PCE of 11.0% (active area: 0.5 cm?). Incorporating SnO, interlayers into larger-
area modules (active area: 7.2 cm?) further demonstrates the robustness of this strategy under manufacturing-relevant conditions.
Together, these results provide an important framework for nanoparticle-mediated interface engineering and establish a simple,
effective, and scalable route to improving both performance and yield in printed large-area PSCs.
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H INTRODUCTION Presently, most MHP research is focused on spin-casting
films which, in an academic laboratory, is a simple process
resulting in high quality, reproducible films. However,
substrate size constraints, high material wastage, and
incompatibility with continuous processing makes spin coating
unattractive for commercial scale up.

Sequential printing of the required device layers is a
significant challenge for upscaling as methods used for small,
spin coated devices often do not translate directly to meniscus
assisted techniques such as blade or slot-die coating.’ An
example is the printing of PC5BM electron transport layers.
PC4,BM coating on perovskite is facile using a spin coater and
rarely requires extensive optimization for regular Pb based
perovskites. However, when moving to larger areas using blade

The power conversion efficiency (PCE) of research scale metal
halide perovskite (MHP) solar cells now exceeds 26%,'
comparable to the best silicon based modules. However,
significant challenges remain in reproducing this performance
at scales relevant for power generation. Compared to
traditional crystalline inorganic semiconductors, perovskites
are more tolerant to mechanical deformation, making them
attractive for continuous roll-to-roll (R2R) processing. 3
Perovskite films can be formed by either solution processing,
where a wet film containing the precursor materials is coated
onto a substrate, or by evaporation, where precursor materials
are evaporated under ultrahigh vacuum onto a substrate where
the perovskite forms.* Both are methods are being targeted for
industrial scale up, however, to the best of our knowledge, only ——
solution processing has been successfully demonstrated in a Received: December 2, 2025 T
continuous R2R process.” High capital expenditure to procure Revised:  February 3, 2026 :
equipment and the relatively early stage of evaporated Accepted:  February 9, 2026
perovskite research (as compared to solution processing) Published: February 18, 2026
currently makes this technique less attractive to industry. In
this work we focus on solution processed perovskite solar cells.
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Figure 1. (a) Simplified diagram of the roll-to-roll printing process used to produce the perovskite films in this work; (b) reference device stack; (c)
photographs showing example flexible devices; (d) histogram showing the PCE distributions of PSCs utilizing PC4,BM (black) and Cg, (purple)
ETLs (devices with PCE < 1% excluded); and (e) example JV curves of the PSCs shown in Figure 1d.

or slot-die coating, preventing pinhole formation and
dewetting becomes a significant challenge.”

The deposition of high-quality blade coated perovskite films
can be assisted by depositing noncontinuous metal oxide
nanoparticle seeding layers. The nanoparticles seed the
crystallization of a uniform perovskite film on top of hole
transport materials (HTMs) with poor wettability in both spin,
blade, and spray coated devices.”~'' Recent work by Jin et al.
demonstrated that the quality of spin-cast PCy4BM films
deposited on Sn—Pb narrow band gap perovskite was
improved by prior application of a thin layer of spin-cast
AlL,O; nanoparticles on the perovskite surface.'” They found
that this layer enabled the PC4BM to conformally coat the
perovskite surface, reducing shunts and improving device
performance. Uddin et al. and Li et al. have also previously
demonstrated that additives in the PC4;BM solution result in
improved performance in blade coated perovskite devices.”"?

The goal of this work is to improve the printing of fullerene
electron transport layers (ETLs) from solution, toward full
R2R solution processing of perovskite solar cells. To this end
we apply blade coated nanoparticle layers of two metal oxides,
alumina (Al,0;) and tin oxide (SnO,), between the perovskite
and PC¢;BM. The former is an electronic insulator, while the
latter is an n-type semiconductor. Both result in improved
uniformity of the PC¢BM film, increasing the reproducibility
and performance of the fabricated solar cells. We investigate
the impact of nanoparticle type on the modification of the
perovskite/PCy BM interface, demonstrating that nanoparticle
electronic structure plays a key role in governing interfacial
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charge transfer. Finally, we demonstrate the utility of this
approach for the fabrication of large area devices by applying
SnO, nanoparticles in minimodules.

B RESULTS AND DISCUSSION

Comparison of Evaporated and Solution-Processed
Electron Transport Layers

Typical p-i-n perovskite solar cells incorporate fullerene-based
electron transport layers, usually evaporated Cg, or solution
processed phenyl-Cg,-butyric acid methyl ester (PC4,BM). We
fabricated flexible p-i-n devices with the structure: polyethylene
terephthalate (PET)/ITO/NiO,/MeO-2PACz/perovskite/
fullerene/bathocuproine (BCP)/Ag, where ‘fullerene’ is either
solution processed PCy;BM or evaporated Cg,. In all devices
the NiO,, MeO-2PACz and perovskite layers were deposited
sequentially via slot die coating in a roll-to-roll process outlined
in Figure 1a.'* The PCg-BM/BCP layers were deposited
sequentially by blade coating and the C4,/BCP layers were
deposited sequentially by thermal evaporation. All devices had
thermally evaporated Ag cathodes. All printed layers were
processed in ambient air in a cleanroom environment.
Devices with blade coated PCy:BM ETLs exhibited
exceptionally low performance and poor reproducibility
compared to devices with evaporated Cq4 ETLs (Figure
1d,e). The performance drop in the PC4;BM devices is driven
by reductions in the open circuit photovoltage (Voc), the fill
factor (FF) and short circuit photocurrent density (Jsc), with

the shunt and series resistance (Ryyu, and Ri.) also

https://doi.org/10.1021/acsami.5c24295
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Figure 2. Impact of nanoparticles on the morphology of printed PC¢;BM films. All images were collected on films with the base structure of PET/
NiO,/Me-2PACz/Perovskite. (a—c) SEM images of Perovskite/PCyBM, Perovskite/Al,O; NPs/PCyBM, and Perovskite/SnO, NPs/PC¢ BM
films. (d—f) Maps of the intensity of the characteristic PC4;BM Raman peak at ~1460 cm™' of Perovskite/PCqBM, Perovskite/Al,O; NPs/
PC4BM, and Perovskite/SnO, NPs/PC¢,BM films. (g—i) Photographs of Perovskite/PCq BM, Perovskite/Al,O; NPs/PC¢,BM, and Perovskite/
SnO, NPs/PC¢ BM films. Diagrams outlining the impact on PCyBM film coating without (j) and with (k) a metal oxide nanoparticle interlayer.

decreasing and increasing respectively (Figure S1, Table S1).
Of the 136 reference PC¢BM devices fabricated for this study,
38% had PCEs below 1% (our threshold for a ‘failed” device),
compared to just 4% of the C4y based devices.

PCq:BM Film Formation Dictated by the Presence of
Nanoparticle Interlayers

A recent report by Jin et al. showed that inserting a
discontinuous, spin-coated Al,O; nanoparticle interlayer
between mixed Sn/Pb perovskites and PCqBM improves
PC¢;BM coverage and device performance.'” However, printed
metal-oxide nanoparticle interlayers for flexible, roll-to-roll
perovskite solar cells remain unaddressed. Here, we transform
this concept to scalable processing.

We blade coated both insulating Al,O; and n-type
semiconducting SnO, nanoparticles at a range of concen-
trations in isopropyl alcohol (IPA) followed sequentially by the
PC4,BM layer in o-xylene. o-Xylene was selected due to its
significantly lower toxicity compared to chlorobenzene, the
most common solvent used for PC4BM processing in PSCs.

The reduced toxicity makes o-xylene more attractive for scale
up manufacturing due to significantly reduced work place
exposure limits,">'°

The AL,O; and SnO, nanoparticles form a noncontinuous
layer on the perovskite, with the device optimized concen-
tration of 0.3 wt % resulting in approximately 20% surface
coverage of the perovskite film as quantified by scanning
electron microscopy (SEM) (Figures S2 and S3). The SEM
also demonstrates the functional difference between the
insulating Al,O; and the semiconducting SnO,. The increased
brightness of the Al,O; nanoparticles compared to the SnO,
nanoparticles is a result of charging of the Al,O; nanoparticles
by incident electrons from the field emission gun. Due to the
insulating nature of Al,Oj, incident electrons accumulate in the
nanoparticles, leading to scattering of successive incident
electrons.'” In contrast, the SnO, particles remain similarly
bright as the underlying perovskite due to their semi-
conducting nature allowing them to redistribute charge to
the perovskite surface and subsequently to ground.

https://doi.org/10.1021/acsami.5c24295
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Figure 3. Impact of metal oxide nanoparticle interlayers on device performance. (a) JV curves of representative devices with and without 0.3 wt %
nanoparticle interlayers. The inset diagram shows the complete device structure. (b) Histogram showing the PCE distribution of optimized devices
with PCE > 1%. The inset chart shows the percentage of devices of each type with PCE < 1%. (c) Statistics of selected performance parameters for

each optimized device type.

The impact of nanoparticles on PC4BM film formation is
shown in Figure 2. SEM images of the reference perovskite/
PCg BM films have large bright areas which are several microns
across; image analysis shows these regions cover approximately
7% of the total film (Figure S4). We note that these areas show
the morphology of the underlying perovskite film more clearly
and with a higher brightness. In contrast both the Al,O; and
SnO, modified films are more uniform under SEM, with no
large bright regions. Further SEM images of the films at
different magnifications are shown in Figure S5. To understand
the chemical makeup of these regions we applied Raman
mapping (Figures 2d—f and S6). By mapping the intensity of
the characteristic PC¢;BM peak at 1465 cm™" we find that the
bright areas in the SEM image are vacancies in the PC¢BM
film."®"” In contrast, the nanoparticle/PCgBM films have no
vacancies visible in either the SEM images or Raman maps.
The effect of these vacancies is evident to the naked eye, with
the PCy,BM only films appearing lighter in color, less uniform
and slightly cloudy compared to the nanoparticle/PCyBM
films which are uniformly the characteristic brown color of
PC¢,BM (Figure 2g—i).

The surface morphology of the films was investigated using
atomic force microscopy (AFM) (Figure S7). Unlike the work
of Jin et al. we saw no significant change in the roughness of
either the perovskite or perovskite/PCqBM films with and
without nanoparticles present.'” This suggests that the
roughness of the surface of the perovskite films is not the
cause of the poor coating of PC4BM on the reference
perovskite films.

Impact of Metal Oxide Nanoparticle Interlayers on PSC
Performance
To understand the impact of the improved PC¢BM film

morphology we applied the nanoparticle interlayers in PSCs of
the structure (PET)/ITO/NiO,/MeO-2PACz/perovskite/

12741

Metal Oxide Nanoparticles/PCs;BM/BCP/Ag. The results of
the optimized concentration (0.3 wt % Al,O, or SnO, in IPA)
are summarized in Figure 3.

Upon addition of AlL,O; nanoparticles we observe an
increase in the PCE, FF, and Ry, as well as a significant
reduction in device-to-device Vi variation. Additionally, we
observe a substantial reduction in the proportion of failed
devices (PCE < 1%) from 38% in the reference devices to less
than 18% in the Al,O; modified devices. Results of
experiments to optimize the coating parameters and concen-
tration of the Al,O; nanoparticle suspension are shown in
Figure S8. As the concentration of the Al,O; solution increases
from 0.15 wt % to the optimum 0.3 wt % we observe an
increase in device PCE, FF, V¢ and Ry, The addition of
Al,Oj; also results in decrease in device Jsc from an average of
15.3 + 1.5 mA cm™ in the reference devices to 14.0 + 1.7 mA
cm™ in the optimized AL,O, devices (Table S1). As the AL,O4
interlayer is noncontinuous (Figure S2), by increasing the
concentration of the Al,O; solution we are increasing the
surface coverage of the nanoparticles. Al,O; is an insulator
which is not expected to mediate charge extraction from the
perovskite,””*' and therefore the decreased current in the
devices with increased Al,O; concentration may suggest that
the AlL,O; nanoparticles block efficient charge extraction from
the perovskite to the PCq;BM ETL. This is confirmed by the
presence of significant ‘s-shape’ kink in the JV of the devices
with a 0.62 wt % Al,O; interlayer (Figure S8), which is
indicative of an extraction barrier at the ETL resulting in an
imbalance of electron and hole extraction rates.”””>*

To explore the effect of the electronic properties of the metal
oxide nanoparticles on device performance we replaced the
Al,O; nanoparticle interlayer with SnO, nanoparticles. SnO, is
an n-type semiconductor which is commonly applied as an
ETM in perovskite solar cells.”> Figure 3 compares the device
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performance characteristics of devices incorporating blade
coated layers of Al,O; or SnO, nanoparticles deposited from a
0.3 wt % solution. An increase in mean Jsc values of the SnO,
devices (17.8 + 1.2 mA cm™?) versus the reference and Al,O,
devices is observed, with minimal losses in both FF and V.
This leads to a significant increase in mean device PCE, with
SnO, based devices achieving 8.95 + 1.87% PCE, compared to
7.64 + 1.65% for the Al,O5-based devices and 4.39 + 1.90%
for the PC¢;BM only reference devices (Table S1). Addition-
ally, the proportion of failed devices (PCE < 1%) is unchanged
when AL, O; is replaced with SnO,, although device to device
variation is slightly increased. The performance of the SnO,
based devices is less dependent on the nanoparticle
concentration compared to the Al,Os-based devices (Figure
S9). As the concentration of SnO, nanoparticles increases from
0.15 wt % there is an increase in Vi, Jsc and FF. Both V¢
and FF reach their maximum values at 0.3 wt % of SnO, (the
same concentration as for the Al,O;). However, the Js of the
devices increases steadily to a maximum of 19.9 + 0.8 mA
cm™ at the maximum tested concentration of 1.85 wt %. This
suggests that, unlike the Al,O;, the SnO, is active in extracting
charges from the perovskite. Despite this high current, the drop
in FF and V¢ at high SnO, concentrations means that the
devices with the highest efficiency are fabricated using 0.3 wt %
of SnO,.

The performance of PC4;BM only devices are limited by low
shunt resistances, with most devices exhibiting shunt
resistances below 1000 Q cm? with a median value of 194 Q
cm? (Figure 3c). In contrast the median dark shunt resistances
for devices with optimized Al,O; and SnO, interlayers are
4803 and 3605 Q cm® respectively. This observation is
consistent with the large vacancies in the PC4BM film
observed in the SEM images. By preventing the formation of
these vacancies, the Al,O; and SnO, nanoparticle interlayers
prevent direct contact between the perovskite and the Ag
cathode — increasing the shunt resistance and therefore device
performance.

To assess the stability of the devices under study,
encapsulated Al,O; and SnO, nanoparticle modified devices
were exposed to 1 Sun illumination in air under maximum
power point tracking. The Al,O; and SnO, devices exhibited
Tgo of 112 and 400 h respectively (Figure S10).

We finally confirmed that the improvements in device
performance described are a result of the presence of the metal
oxide nanoparticles, and not because of the IPA solvent they
are suspended in. We fabricated devices which were treated
with an IPA ‘rinse’, where neat IPA was blade coated across the
perovskite prior to PC¢;BM deposition using the same coating
parameters as for the nanoparticles. We observed no difference
in the performance of the reference devices and those treated
with IPA, confirming that is the presence of the metal oxide
nanoparticles, not their method of deposition, which is
responsible for the observed improvement in performance
(Figure S11).

Role of Nanoparticles in Charge Carrier Recombination
and Extraction

External quantum efficiency (EQE) spectra of the reference
and optimized nanoparticle interlayer devices are shown in
Figure S12. All devices have a similar response onset, with
band gap analysis (Figure S13) confirming a photovoltaic
bandgap of 1.58 eV, oY Integrating the EQE spectra to find
the total current produced by the devices gives the same trend

as the Jsc under 1 Sun illumination. By normalizing the spectra
to their intensity at 400 nm the shape of the EQE responses
can be compared. The normalized EQE response of both the
Al,O; and SnO, devices are very similar in shape, suggesting
that the difference in current between the AlL,O; and SnO,
devices is due to more efficient extraction of photogenerated
charges in the SnO, device. The shape of the reference
PC¢BM EQE spectrum is also similar to the nanoparticle
modified devices at wavelengths <530 nm; however, at longer
wavelengths a significant relative reduction in EQE is observed.
Optical absorption depth in perovskite films is wavelength
dependent, with short wavelength photons more likely to be
absorbed close to the film’s surface and longer wavelength
photons absorbed deeper into the film (i.e., closer to the
perovskite/ETL interface).zg’29 The reference device’s reduced
EQE in the longer wavelength region is therefore consistent
with increased recombination of photogenerated charges
deeper in the film. Due to the incomplete coverage of the
PCBM film, this is likely caused by direct contact between
the perovskite and the Ag cathode.

We applied photoluminescence (PL) microscopy to partial
device stacks (without BCP or Ag) to understand the
nanoscale photophysical properties of the films, and local
charge extraction and recombination phenomena. Spatially
mapping the PL intensity and spectra of the perovskite/
PC4BM only film reveals wide distribution in PL intensity
(Figure S14). This is consistent with the incomplete surface
coverage of the perovskite in the PC4BM only sample leading
to a reduction in PCgBM/perovskite interfacial area and
consequently less surface recombination/PL quenching.
Addition of the nanoparticle interlayers reduces both the
baseline intensity and spatial heterogeneity of the PL spectra,
consistent with more complete surface coverage of the
perovskite by the electron extraction layers - resulting in
greater quenching of PL. The distribution of the PL peak
positions (likely a result of local differences in halide
composition in the perovskite) is unchanged by addition of
the nanoparticle interlayers and the ETL. This confirms that
the observations are a result of variation in interfacial charge
extraction efliciency, rather than perovskite composition.

Transient PL decays of perovskite/PCyBM samples with
and without nanoparticle modification are given in Figure
S15a. All three samples show a similar fast decay at early times
(7, = 1 ns), followed by a slower decay at longer times (), as
summarized in Figure S15b. The 7, decay is shortest for the
SnO, nanoparticle modified sample (22.9 ns at S X 10° Hz
laser repetition rate) followed by the Al,O; modified sample
(25.0 ns) then the reference PC;BM only sample (26.2 ns).
When interpreting the PL decay of perovskite films in contact
with charge transport layers, the slower decay component (7,)
is typically associated with the lifetime of carriers that are not
rapidly trapped or recombined at the interface and can
therefore be quenched by charge transfer to the fullerene
layer.”® Here we interpret the faster decays in the SnO,
samples as evidence for faster, more efficient, extraction of
charges — consistent with the broader set of data presented.
The slower decay in the reference sample is likely due to the
incomplete coverage of the perovskite by the PC4;BM resulting
in reduced quenching of the PL. Importantly these differences
in decay rate are independent of the repetition rate of the laser
used, suggesting that the relative extraction rates are unaffected
by state filling or carrier density.”"”>* We also note that as the
samples were illuminated through the PC4BM (meaning
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Figure 4. Results of Driftfusion calculations on the devices under study. Schematic diagrams of electron extraction processes at (a) Jsc and (b) Vo
of ALO; (top) and SnO, (bottom) nanoparticle-modified devices; (c) simulated JV curves illustrating four scenarios: reduced mobility near the
ETL interface and lower electron recombination current at the interface (Al,O; case, red), increased mobility and higher recombination current at
the interface (SnO, case, blue), and two intermediate conditions between these two cases.

generation will occur close to the perovskite/ETL interface)
the influence of carrier diffusion through the bulk perovskite
upon the PL lifetimes will be minimal.”’

To better understand the effect of the nanoparticles on
charge extraction and recombination, we model the devices’ JV
curves using Driftfusion,® a drift-diffusion software designed
to simulate ordered semiconductor devices containing mobile
ionic charge. Details of the simulation parameters are given in
Tables S2 and S3 and the protocol is given in the Methods
section. We note here that the HTL/perovskite interface was
treated as Schottky diode due to the highly doped nature of the
NiO**** and to simplify the description of the device stack
such that we can focus solely upon how changes in the ETL’s
properties affect the JV parameters. As Driftfusion only
considers one spatial dimension, we cannot explicitly model
the different nanoparticles due to their nonuniform spatial
distributions across the perovskite surface (see Figure S2).
However, by considering how their presence would alter the
rates of extraction and recombination at the perovskite/
PCgBM interface, we can describe their effects by changing
only two of the model’s parameters: the perovskite’s mobility
and the surface recombination velocity of electrons at the
perovskite/PCyBM interface.

To understand why this is the case, we refer to Figure 4.
Under short circuit conditions (Figure 4a), the AlO;
nanoparticles prevent the transfer of electrons from the
perovskite to the PCqBM due to their insulating nature.
Thus, to be extracted, electrons must diffuse around the Al,O4
nanoparticles until they reach a region where the perovskite
and PCy,BM are in direct contact.”’ The same is not true when
SnO, nanoparticles are added since SnO, is electronically
conductive. Consequently, electrons in the devices containing
the AL, O; nanoparticles will spend longer in the region of the
perovskite near the perovskite/PCyqBM interface than they
would in the devices with the SnO, nanoparticles. We can
include this effect in our simulations by lowering the mobility
of electronic carriers in the region of the perovskite close to the
perovskite/PC¢BM interface. We stress that this lower
mobility near the perovskite/ETL interface should be under-
stood as an effective mobility, which decreases due to the fact
electronic carriers must move laterally as well as in the
direction parallel to the field to be extracted. As the effective
mobility in this region decreases, electrons accumulate in the
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perovskite bulk and these accumulated electrons undergo trap
assisted recombination. This results in a lower Jy, as is evident
from the simulated JV curves shown in Figure 4c and matches
closely the experimental data.

Considering now open circuit conditions (Figure 4b), here
we propose that the presence of the electronically insulating
AL, O; nanoparticles reduces the fraction of the perovskite/
PC(BM interface across which there can be interfacial
recombination (i.e., recombination of a perovskite hole with
an ETL electron) when compared to the case of the SnO,
nanoparticles.”’ This difference can be included in our
simulations by lowering the surface recombination velocity of
electrons at the perovskite/PCy4 BM interface. As shown in
Figure 4c, changing this parameter recreates a shift in Vy¢
comparable to that observed experimentally.

To further explore the impact of the different nanoparticles
we performed surface photovoltage (SPV) measurements using
a Kelvin probe and white light source. We measured the SPV
of partial device stacks consisting of PET/ITO/HTL/Perov-
skite/PC¢BM, with and without nanoparticle interface
modification. The results of these measurements (Figure S)
show distinct differences in the turn-on and turn-off responses
of the different samples. The positive SPV response under
illumination indicates the accumulation of an excess of

——PCBM Only

1.0+ ——AlL,0; (0.30 wt%)/PCBM
——5n0, (0.30 wt%)/PCBM

=

o

[72)

o

Q

2

© 0.5

£

o Perovskite

=z

NiO,/SAM

PET/ITO
MOy
Nanoparticles
0.0 AUJ Light On Light Off
0 50 100 150 200 250
Time (s)

Figure S. Normalized surface photovoltage responses of reference
(black), ALO; (red), and SnO, (blue) nanoparticle-modified partial
device stacks under white light illumination (1/5 Sun).
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MPPT conditions.

electrons at the surface of the samples, as expected for this
sample architecture.”® The turn off response of all samples is
biphasic with a fast initial decay close to the time scale of the
measurement resolution (0.5 s), followed by a slow decay on
the 10—100 s time scale. The fast phase is attributed to the fast
relaxation of photogenerated charge carriers, in this case
through recombination of charges across the perovskite/
PC4,BM interface.’® The slow phase is related to the slow
recombination of trapped charge carriers and the slow
migration of ions in the perovskite layer.’*™’

The amplitude of the fast decay is much greater in the SnO,
modified sample, indicating more complete fast relaxation of
charges. This is consistent with the SnO, providing more
conductive pathways for charges to recombine following the
removal of the light bias. In contrast, in the Al,O; modified
sample, a greater fraction of the charge remains trapped in the
PC¢,BM layer leading to a reduction in the amplitude of the
fast phase. This could be a result of the insulating nature of the
Al,O; nanoparticles slowing the rate of electrons in the
PC¢BM recombining with holes in the perovskite, which is
consistent with its charge blocking characteristics in device.
Figure S16 gives the results of taking the first derivative of the
SPV decays of the samples under study. As can be seen all
samples show steep decays in the short time scales but
equilibrate to similar slow rates of decay at longer time scales.
This is consistent with the slow detrapping of charges and
redistribution of ions in the perovskite layer discussed in
previous work occurring by the same mechanisms in all
samples.***’

Demonstration of Minimodules

Finally, to demonstrate the utility of this approach to large
scale manufacturing we fabricated minimodules incorporating
an SnO, nanoparticle interlayer (Figure 6). In this scenario we
found a much higher nanoparticle concentration of 1.25 wt %
to be optimum, with similar results also achieved with
concentrations of 0.625 and 0.75 wt % (Figure S17). We
attribute this difference to the PC4BM needing to be near-
defect free across the whole 7.2 cm’ of the device for
acceptable performance, rather than just 0.5 cm® for the
previously discussed devices. No minimodules fabricated
without a nanoparticle modified interface achieved current
rectifying behavior. We further assessed the stability of the
encapsulated modules by subjecting them to maximum power
point tracking (MPPT) testing under 1 Sun illumination in
ambient air (Figure 6¢c). The modules exhibit a Ty, of

approximately 150 h (as measured from the PCE at T = 0 h).
The degradation is driven by changes in both the FF and Jg,
with the FF being primarily responsible for the ~20% increase
in PCE over the first 24 h (Figure S18). Further work is being
undertaken to understand the degradation mechanism of these
devices.

B CONCLUSIONS

In summary we have demonstrated that noncontinuous
interlayers of metal oxide nanoparticles can act as an interfacial
modifier in large area perovskite solar cells enabling printing of
continuous and high quality PC4,BM ETLs. Addition of the
nanoparticle interlayers prevents micron scale pinhole
formation in the PC4BM layer, significantly improving the
performance and reproducibility of the perovskite solar cells.
We further demonstrate the impact of the choice of
nanoparticle, comparing insulating Al,O; and semiconducting
SnO, nanoparticles. We show that Al,O; nanoparticles
passivate the perovskite/PCy4BM interface but, despite a
surface coverage of just 20%, also significantly hinder the
extraction of charges to the PCq;BM ETL resulting in a loss of
current. Replacement of Al,O; with SnO, nanoparticles results
in faster charge extraction to the ETL, producing a 24%
increase in average Jsc and devices achieving PCEs of up to
11%. Finally, we demonstrated the utility of this approach with
the fabrication of 7.2 cm® minimodules utilizing SnO,
nanoparticle interlayers. This work highlights the importance
of material selection for interfaces and presents a strategy for
improving interface quality and manufacturing yield in large
area printed perovskite solar cells.

B METHODS

Solutions

NiO, nanoparticle solution with initial concentration of 2.5 wt % was
diluted in a 1:10 proportion in ethanol prior to use. MeO2-PACz
(TCI) was diluted in ethanol to achieve a final concentration of 0.33
mg/mL. Pbl, (TCI), formamidinium iodide (Sigma-Aldrich), CsI
(Sigma-Aldrich) were weighted accordingly and dissolved in a DMF
free, DMSO based solvent system with 4% L-a-phosphatidylcholine
to achieve a Csy ;FAgg;Pbl; solution. Likewise, PbBr, (Sigma-
Aldrich), CsBr (Sigma-Aldrich) and formamidinium bromide (Sigma-
Aldrich) were diluted in the same solution to achieve a
Csg.17FA(3PbBr; composition. Both solutions were left stirring
overnight at 60 °C. One hour prior to use, the solutions were
mixed to achieve a final composition of a Csy;,FAgg3Pb(Iy3Brg17)3

ALO; (Sigma-Aldrich, nanoparticles, <50 nm particle size (DLS),
20 wt % in isopropanol) and SnO, (Avantama, nanoparticles, S wt %
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in isopropanol) suspensions were made up immediately prior to use
by dilution with anhydrous IPA to the required concentration.
PC¢,BM (Nano-C, 99%) solutions were made up to 20 mg/mL in o-
xylene and stirred overnight in an N, environment at 80 °C.
Bathocuproine (BCP) solutions were made up to 0.5 mg/mL in IPA
in an N, environment and stirred overnight at 40 °C.

Device Fabrication

All wet film processes were carried out in ambient air within a clean
room with controlled humidity (40—50% RH). A 10 cm wide PET-
based web coated with ITO (200 nm, 18 Q/sq) was used as the
substrate for device fabrication. The depositions were carried out in a
cleanroom environment with controlled humidity. NiO, nanoparticle
suspension was slot-die coated at 40 °C with a web speed of 1 m/min,
an ink flow rate of 0.50 mL/min. The resulting film was thermally
annealed in an in-line convection oven at 120 °C. Subsequently, the
SAM layer was deposited on top of the NiO, under the same
conditions. Perovskite slot-die coating was performed at 100 °C with
a web speed of 0.5 m/min and an ink flow rate of 0.30 mL/min.
Nitrogen gas quenching was applied to aid solvent removal and
enhance crystallization. The film was then thermally annealed at 150
°C in an in-line convection oven. The final perovskite film thickness
was approximately S00 nm.

~7 cm strips of the PET/ITO/NiO,/Me4-PACz/perovskite film
were cut for evaporation of C4,/BCP layers or blade coating of the
Al,05/8n0,, PC¢;BM and BCP layers. Al,O; and SnO, layers were
blade coated using an optimized gap height of 400 ym, blade speed of
S mm/s and bed temperature of 50 °C; for details of this optimization
we direct the reader to the Supporting Information file. PC4;BM and
BCP films were blade coated using a gap height of 400 ym, blade
speed of 10 mm/s and bed temperature of 60 °C. All blade coated
layers were deposited from 70 pL of the respective solution per
substrate (7 X 10 cm). For devices with C4 ETLs 20 nm of Cgy and 5
nm of BCP were sequentially evaporated under ultrahigh vacuum. All
devices were finished with a 100 nm Ag cathode deposited under
ultrahigh vacuum, with a shadow mask defining a pixel area of 0.5 cm®
each.

Devices were encapsulated in ambient air conditions using a flexible
barrier film (WVTR 107™* g/m? day) and a UV-curable epoxy-based
adhesive in a roll-to-roll machine, reaching a final adhesive thickness
of 30 um. The encapsulation process is discussed in greater detail by
Soares et al.*'

For the fabrication of mini-modules, a web containing a
mechanically defined P1 pattern was used as the substrate. All layers
were deposited according to the methods set out for the smaller cells,
apart from where specified in the main text. After the deposition of
BCP, a 532 nm laser with a fluence of 145 mJ/cm* was employed to
selectively remove the layers and expose the bare ITO surface, thereby
creating the P2 cut. Following the deposition of the silver cathode, the
same laser was used at a reduced fluence of 29 mJ/ cm? to remove the
metal layer, thus creating the P3 pattern.

Characterization of PSCs

Current density—voltage (JV) curves were collected using a Keithley
2400 with the device exposed to 1 Sun illumination (Wacom WXS-
156S-10 Solar Simulator) under flowing N,. A scan speed of 0.5 V/s
was used, with the devices being first being scanned in the reverse
direction from rest before being allowed to return to rest and scanned
in the forward direction. To avoid previously reported light-soaking
effects,® devices were first soaked for 2 min under open circuit
conditions before testing was carried out. Series resistances were
calculated from the gradient of the device JV curve under 1 Sun
around Vi and the shunt resistances were calculated from the
gradient of the device JV curve in the dark around 0 V.

Stability measurements were carried out using a custom LED solar
simulator with an intensity of 1000 W m™2 and approximate AM1.5G
spectral match. Encapsulated devices were tested in air and held under
MPP conditions for the duration of the test.

External quantum efficiency measurements were carried out using a
Sciencetech PTS-2-QE/ICPE.
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Scanning Electron Microscopy

Samples were mounted onto SEM stubs using carbon tape, and the
edges were painted with silver paint to improve electrical contact with
the stub. Images were taken on a Zeiss Gemini Sigma 300 FEG SEM
instrument operating at S kV, with a working distance =5.5 mm.
Image analysis to quantify the surface coverage of the nanoparticles
and PCgBM was performed using Image].*

Raman Spectroscopy

Raman spectral maps were collected using a Renishaw inVia
microscope in backscattering mode with the samples exposed to a
flowing N, atmosphere. An Ar ion laser (wavelength: 457 nm) was
used to excite the samples, with exposure times and laser power
optimized to increase the signal-to-noise ratio. An in-built 100 nm
resolution encoded stage was used to position the sample automati-
cally to produce the spatial maps. No degradation of the samples was
observed following exposure to the laser. Spectrometer calibration was
performed using an Si reference sample.

Atomic Force Microscopy
AFM images were collected using a Park NX10 AFM in noncontact

mode with Park silicon PPP-NCHR tips. The AFM was controlled
using SmartScan software and the images analyzed using Gwyddion.
Confocal PL Microscopy

PL imaging of the films was performed using an inverted fluorescence
microscope (IX71, Olympus) with air objective lens (UMPlanFl
100%/0.95, Olympus) and appropriate optical filters. The samples
were excited at 420 nm using a supercontinuum laser (Fianium
WhiteLase, with power of 3.22 W/cm?), and the signal was detected
with an electron-multiplying (EM) charge-coupled device (CCD)
camera (iXon, Andor Technology). For the spectral measurements,
the PL signal was further dispersed by using an imaging spectrograph
(CLP-SOLD, Bunkou Keiki) placed before the EM-CCD camera.
Time-Resolved PL Spectroscopy

Transient photoluminescence (TRPL) measurements were collected
using an Edinburgh Instruments FLS1000 fitted with a 405 nm
excitation laser (6 mW cm™ at 2 MHz). A long pass filter (>455 nm)
was fitted between the sample and the detector to reduce the impact
of reflected excitation light.

Simulations

To perform the drift-diffusion simulations shown in Figure 4, we used
Driftfusion.”® This software is designed to model the behavior of
ordered semiconductor devices which contain up to two species of
mobile ionic charge. Details of the treatment of the mobile ionic
charge can be found in our previous works.*>** To simulate the JV
measurements, the devices were first allowed to stabilize under
AM1.5G illumination at a forward bias of 1.1 V. Then the voltage was
swept from 1.1 to —0.1 V at a scan rate of 10 mV s™".
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.5c24295.

Detailed device performance statistics, SEM images,
Raman mapping data, AFM images, detailed device
stability data, EQE spectra, photoluminescence spectra,
and details of drift-diffusion simulations (PDF)
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