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A Universal Perovskite/C60 Interface Modification via
Atomic Layer Deposited Aluminum Oxide for Perovskite
Solar Cells and Perovskite–Silicon Tandems
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Quentin Jeangros, Christophe Ballif, and Christian M. Wolff*

The primary performance limitation in inverted perovskite-based solar cells is
the interface between the fullerene-based electron transport layers and the
perovskite. Atomic layer deposited thin aluminum oxide (AlOX) interlayers
that reduce nonradiative recombination at the perovskite/C60 interface are
developed, resulting in >60 millivolts improvement in open-circuit voltage
and 1% absolute improvement in power conversion efficiency.
Surface-sensitive characterizations indicate the presence of a thin,
conformally deposited AlOx layer, functioning as a passivating contact. These
interlayers work universally using different lead-halide–based absorbers with
different compositions where the 1.55 electron volts bandgap single junction
devices reach >23% power conversion efficiency. A reduction of metallic Pb0

is found and the compact layer prevents in- and egress of volatile species,
synergistically improving the stability. AlOX-modified wide-bandgap
perovskite absorbers as a top cell in a monolithic perovskite–silicon tandem
enable a certified power conversion efficiency of 29.9% and open-circuit
voltages above 1.92 volts for 1.17 square centimeters device area.

K. Artuk, D. Turkay, M. Othman, A. Hessler-Wyser, C. Ballif, C. M. Wolff
École Polytechnique Fédérale de Lausanne (EPFL)
Institute of Electrical and Microengineering (IEM)
Photovoltaics and Thin-Film Electronics Laboratory (PV-Lab)
Rue de la Maladière 71b, Neuchâtel 2002, Switzerland
E-mail: kerem.artuk@epfl.ch; christian.wolff@epfl.ch
M. D. Mensi
École Polytechnique Fédérale de Lausanne (EPFL-VS)
Institute of Chemical Sciences and Engineering (ISIC-XRDSAP)
Rue de L’Industrie 17, Sion 1951, Switzerland

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202311745

© 2024 The Authors. Advanced Materials published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work
is properly cited and is not used for commercial purposes.

DOI: 10.1002/adma.202311745

1. Introduction

In inverted perovskite solar cells (PSCs),
the most commonly used electron-transport
layers (ETLs) are small organic molecules
based on the fullerene—C60—or derivatives
thereof.[1–3] Due to their compatible band
alignment with the organic–inorganic per-
ovskite absorbers and efficient, fast charge
extraction, p–i–n devices with C60 ETLs
peaked up to 25.4% certified efficiency.[4–6]

At the same time, the interface between per-
ovskite absorbers and fullerenes is known
to limit the device performance due to
increased nonradiative recombination. Ar-
guably, the perovskite/ETL interface is one
of the reasons behind the difference in
open-circuit voltage (VOC) and device per-
formance between the n–i–p and p–i–n
configurations.[2] Hence, addressing the
perovskite/C60 interface to suppress the
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nonradiative recombination is of significant importance to ex-
ploit the potential of the p–i–n perovskite solar cells, especially
since p–i–n devices are optically superior when employed in
multi-junction devices.[7] General strategies include decreasing
the fraction of defective contact area between perovskite and C60
with wide bandgap dielectrics like LiF and MgFX

[8–11] (similar
to passivating contacts in silicon technology[12]) or improving
the band energetics via organic molecules like piperazinium io-
dide and 2,3,4,5,6-pentafluorobenzylphosphonic acid.[13–15] For
PSCs, several surface treatments have been shown. However,
most of them utilize spin-coated organohalides unsuitable for
processing on top of textured surfaces and likely incompatible
with large substrate dimension.[4,16–20] Indeed, conformally de-
posited passivation or interface improvement (atomic layer depo-
sition [ALD], thermal-evaporation, sputtering, and dip coating[21])
strategies compatible with textured silicon surfaces lag behind
solution-processed counterparts in terms of collective research
effort. Thin evaporated (≈0.5–1 nm) LiF, MgFX interlayers be-
tween the perovskite, and C60 have been shown to work effec-
tively to reduce nonradiative recombination leading to VOC im-
provements of more than 40 mV were demonstrated by differ-
ent groups both in single-junctions and monolithic tandems.[8,22]

The voltage enhancement due to LiF is attributed to the hole con-
centration reduction at the perovskite/C60 interface in the pres-
ence of fixed charges and a dipole effect.[23] However, Al-Ashouri
and Köhnen et al.[22] showed that the use of LiF comes at the price
of fill factor (FF) and stability. The reduced stability due to the LiF
is attributed to the mobile nature of the Li+ and F− ions – their re-
action with the electrode and the inferior C60 interface upon their
migration.[24] Liu et al.[25] showed that the introduction of MgFX
at the interface works effectively through a contact displacement,
reducing the number of mid-gap states at the perovskite/C60
interface, which enabled improved perovskite–silicon tandems
with better damp heat stability compared to LiF.

AlOX, deposited by ALD, has been shown to effectively im-
prove the PSCs’ performance when used between the perovskite
top surface and the transport layer. Zhao et al.[11] demonstrated
low-temperature (75 °C) ALD-deposited AlOX between the per-
ovskite and phenyl-C61-butyric acid methyl ester (commonly re-
ferred to as PCBM), leading to performance improvements. Kot
et al.[10] investigated Al2O3-CH3NH3PbI3 interface chemistry in
detail and proposed a complex passivation mechanism. More-
over, Choudhury et al.[26] also investigated the feasibility of the
self-saturated growth of AlOX on top of CH3NH3Pb(ICl)3. They
reported the breakdown of the perovskite crystal structure due to
the weakening of the intermolecular interaction between PbI3

−

and CH3NH3
+(MA). Most of the investigations and the reac-

tion proposed reaction mechanisms were made for MAPb(IX)3,
with a focus on the interaction with the MA+ cation; However,
there is to date no clear understanding of how these AlOX lay-
ers work, including on MA-free absorbers (e.g., CsFA, cesium-
formamidinium perovskite).

In this study, we utilize thin AlOX interlayers between organic–
inorganic Pb-based perovskite absorbers and the C60. We observe
single-junction device performance improvements via a higher
VOC. We probe these changes with steady-state photolumines-
cence (PL) and current–voltage (JV) measurements. The surface
chemistry and energetics changes are revealed via X-ray photo-
electron spectroscopy (XPS) and ultraviolet photoelectron spec-

troscopy (UPS) and rationalize the device improvements. More-
over, we find that using AlOX interlayers is not specific to single
compositions but is primarily impacted by stoichiometry, espe-
cially near the surface. By keeping a slight PbI2-excess, compara-
ble improvements in VOC are observed in triple-cation absorbers
(Eg = 1.63–1.65 eV), but also for (FAPbI3)0.98(MAPbBr3)0.02 (Eg
= 1.55 eV), hybrid-deposited wide bandgap CsFA (Eg = 1.7 eV),
and high-bromide CsFAMA (Br-content >30%, Eg = 1.72 eV)
achieving PCEs of 23.0%, 19%, and 18.5% respectively. More-
over, the baseline triple cation single junction devices’ operational
stability (quantified as the T80 lifetime) is improved from 80 to
530 h. Transferring the improvements of the single junction de-
vice structure into single-side–textured monolithic perovskite–
silicon tandems, a 1% absolute efficiency improvement is ob-
served, leading to devices with a certified efficiency of 29.89%.

2. Results and Discussion
2.1. Device Performance

We fabricate inverted PSCs with the device architecture
LiF/Glass/ITO/[4-(3,6-dimethyl-9H-carbazol-9-yl)butyl]phospho-
nic acid (Me-4PACz)/SiOx-np/Cs0.05(FA0.90MA0.10)0.95(I0.80Br0.20)3
/C60/ALD-SnOx/Ag with and without an ALD-deposited AlOX
layer between the perovskite and C60. Control devices show
19.2% average (19.6% champion) PCE with an average VOC of
1.13 V, FF of 83.5% and short-circuit current density (JSC) of
20.35 mA cm−2. Upon the introduction of a thin ALD-deposited
AlOX in between the perovskite and C60, the VOC and the FF of
the devices are influenced. For an optimized thickness of ten
cycles of AlOx (corresponding to ≈1.4 nm when measured by
ellipsometry atop a polished c-Si sample), we obtained an average
VOC of 1.195 V, an FF of 83.0%, and JSC of 20.5 mA cm−2 that
corresponds to an average device performance around 20.1%
with a champion PCE of 20.6%. Some of the best-performing
device JV characteristics and short-term maximum-power-point–
tracking (MPPT) measurements are shown in Figure 1A. This
corresponds to an average 1% absolute improvement, driven by
the higher FF x VOC product (≈50 mV improvement, Figure 1B;
Figures S1 and S2, Supporting Information), with no statistically
relevant impact on JSC (exemplary external quantum efficiency
[EQE] measurements are shown in Figure S3, Supporting Infor-
mation). Notably, devices with AlOX exhibit a slightly increased
hysteresis (Figure S1, Supporting Information) when measured
with our standard scan speed of 0.1 V s−1.

Still, the improved performance persists during MPPT mea-
surements. As the thickness of the AlOX layer increases, we ob-
serve a drop in performance, particularly in the FF and VOC
(Figure S4, Supporting Information). This thickness dependence
suggests that transport across the AlOX layer is reduced[27] above
a critical thickness. At the same time, we observe an even more
pronounced hysteresis under the same scanning conditions, in-
dicating the formation of an ion barrier leading to a more pro-
nounced accumulation of ions.

2.2. Origin of Improved Performance

To understand the origin of the improved performance, we car-
ried out a detailed PL study. First, we sought to understand if
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Figure 1. A) Current density–voltage characteristics (0.2 V s−1, reverse-scan) of some of the best-performing devices with (maroon) and without (dark
grey) devices alongside their maximum-power–point tracked power output (inset). B) Power-conversion–efficiency of control and AlOX-modified devices
versus fill-factor-open-circuit-voltage–product.

AlOX provides surface passivation of the perovskite absorber. At
1 sun equivalent laser illumination, we observe no notable ef-
fect on the photoluminescence quantum yield (PLQY) or the
calculated quasi-Fermi-level–splitting (QFLS) upon treating the
tested triple-cation absorber samples with AlOX (Figure S5, Sup-
porting Information). In contrast, when the perovskites are
in contact with the transport layers, we observed a significant
change in the PLQY (Figure S6, Supporting Information). Both
the self-assembled monolayer used in this experiment (MeO-
2PACz) and C60 reduce the photoluminescence compared to
the neat absorber. The losses associated with the choice of the
self-assembled monolayer can be mitigated by exchanging the
molecules (e.g., MeO-2PACz, 2PACz, or Me-4PACz) and by re-
ducing the contact area, for example, by introducing a partially
continuous insulating nanoparticulate layer.[15–28] The losses im-
posed by C60 are suppressed significantly upon insertion of AlOX,
resulting in a ≈tenfold increase in the PLQY, allowing for a
kBT/q × ln(10) ≈60 mV increase in VOC. A breakdown of the VOC
losses is shown in Figure S7 (Supporting Information). To fur-
ther study the impact of AlOX on recombination at the operat-
ing point, we furthermore performed intensity-dependent PLQY
measurements to generate pseudo-JV curves (Figure 2A) and ex-

tract pseudo-FFs as well as losses stemming from interfaces or
the absorber itself (Figure S7B, Supporting Information). Com-
bining both analyses, we can deduce the losses to the FF × VOC
product (Figure 2B). The higher VOC increase overcompensates
the increased transport loss (FF-loss, Figure S7B, Supporting In-
formation) (see also the reduction in nonradiative losses in full
devices, Figure S8, Supporting Information), resulting in an over-
all FF × VOC increase of ≈50 mV (0.955 to 1.00 V) when utilizing
AlOX. The efficiency improvement observed in the devices (≈1%
absolute = 1 mW cm−2 under AM 1.5G) is rationalized by this
increase (50 mV × 20 mA cm−2 = 1 mW cm−2). Albeit the effect
is explained we sought to understand the structural and chemical
properties of the AlOX layers.

2.3. Structural and Chemical Characterization of the AlOX Layer
on Top of Perovskites

Using grazing incidence wide-angle X-ray scattering, we iden-
tify diffraction patterns of different polymorphs of aluminum ox-
ide (Figure S9A,B, Supporting Information) and an additional
AlOX-related signal from a crystalline structure at ≈4 nm−1, when

Figure 2. A) Pseudo-JV curves of different layer stacks constructed from intensity-dependent PLQY measurements—glass/perovskite, half-cell with
HTL/perovskite, half-full–cell (HTL/perovskite/ETL), and target full-cell with AlOx alongside (HTL = ITO/Me-4PACz/SiOx-np, ETL = C60/SnOx).
B) FF × VOC loss analysis of AlOx and control samples with pseudo-FF × VOC extracted from intensity-dependent PLQY measurements and from
JV measurements for full devices (light grey).
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Figure 3. A) Azimuthally integrated GIWAXS signal as a function of incidence angle. The critical angle 0.15° is highlighted with an asterisk and angles
are expanded over the region of interest, where the AlOx peaks are out-of-the-way of the perovskite Bragg peaks. Here the critical angle is identified
by “*.” B) Perovskite thin film, expanded over the low-q region where the AlOx-related Bragg signatures are most visible. The azimuthal distribution of
the AlOx peak near 4 nm−1, shows no preferential orientation, following that of the polycrystalline perovskite thin film, nearing a random distribution.
C) Angle-resolved atomic concentration for Al, Pb, and N deduced from AR-XPS—as the tilt angle increases, measurement depth decreases. D) XPS
core level spectra for Pb 4f5/2 and Pb 4f7/2 for the as-deposited and AlOX-modified perovskite films with varying stoichiometry.

probing at the critical incidence angle of 0.15° (Figure 3A and
Figure S9B, Supporting Information). The evolution of the AlOx-
related diffraction signal peaks near the critical angle before drop-
ping away at higher angles, confirming the formation of a rel-
atively thin layer localized to the surface. When comparing the
azimuthal angular distribution of this signal, we observe that
on Si, the layer grows preferentially perpendicular to the sub-
strate plane. In contrast, the distribution is broader and uni-
form atop a perovskite, suggesting conformal growth on the
polycrystalline film (Figure 3B and Figure S9C, Supporting In-
formation), forming a crystalline layer without notable penetra-
tion. Angle-resolved X-ray photoelectron spectroscopy (XPS) con-
firms this observation, where aluminum is primarily measured
near the surface when probing at shallow incidence X-ray angles
(Figure 3C).

Photoemission spectroscopy is further used to understand any
potential impact of AlOx on the surface chemistry and surface
energetics of the perovskite with different surface-termination
(tuned by changing the stoichiometry from FAI-rich to PbI2-rich
in the precursor ink). On the one hand, reference samples with
AlOX exhibited a decrease of metallic Pb0 signal, close to the
Pb4f7/2 and Pb4f5/2 (Figure 3D), while the I 3d signal does not
change (Figure S10C, Supporting Information). A decrease in
Pb0 has often been attributed to improved interface quality and
operational stability.[29,30] On the other hand, stoichiometric

or FAI-excess samples show a different behavior compared to
the PbI2-excess case (Figure 3D and Figure S10, Supporting
Information). We observe no distinct Pb0 signal but a shoulder
next to the Pb4f7/2 and Pb4f5/2 peaks at lower binding energies.
Considering the appearance of a shoulder in the I3d signals
for these samples simultaneously, we assign this signal to
originate from PbI3

−. In all cases, upon depositing AlOX , the
additional species (Pb0 or PbI3

−) are suppressed, which, from
these observations, it is reasonable to speculate that the AlOX
layer or the deposition process would clean the surface in any
stoichiometry, reducing nonradiative recombination centers. Yet
we observe the opposite when fabricating devices for certain
stoichiometries; only samples with excess PbI2 benefited from
the AlOX interlayers, while for the other two stoichiometries,
we observe severe QFLS losses (Figure S11, Supporting Infor-
mation) despite no obvious change in the surface morphology
(Figure S12, Supporting Information). The XPS signal at 75.5 eV
stemming from Al 2p,[11,31] agrees with Al2O3 (Al─OH) where
no difference between different perovskite stoichiometries is
observed (Figure S13, Supporting Information). We further
observe the emergence of a small shoulder at lower binding
energies in the N 1s spectra (Figure S14A, Supporting Informa-
tion) after the deposition of ten cycles AlOX, which is attributed
to the deprotonation of MA by trimethylaluminum (TMA).[11]

We sought to understand if treatment with TMA alone, the
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aluminum precursor in our layers, is sufficient to induce the
alteration at the surface and create the benefit. Alternating
cycle treated samples (TMA-H2O-TMA-…, standard case) are
compared to samples with only TMA exposure (only TMA—ten
cycles) and a mixture of five cycles TMA and five cycles of AlOX
(TMA-H2O-TMA-…, again the standard case). The latter two
result in losses, both in VOC and FF (Figure S15, Supporting
Information), despite no observable structural damage caused by
TMA, even when exposing the samples to up to 100 TMA cycles
(Figure S16, Supporting Information). We investigate the ener-
getics of the perovskite via UPS (Figure S17, Supporting Informa-
tion). Upon treating the surface with the optimized AlOX layer,
we observe a shift of the valance band maximum from −5.93 to
−5.73 eV with respect to the vacuum level and simultaneously
an increase of the work function from 4.4 to 4.65 eV. Using
the optical bandgap as a proxy to estimate the conduction band
minimum (CBM), the surface exhibits a strong n-type character,
which is reduced upon AlOX treatment, in line with the reduction
of Pb0 observed in XPS (Figure 3D).[32] The shift in VBM/CBM
may result in a lower majority carrier offset (i.e., electrons) at the
interface, reducing nonradiative recombination[33] beyond a dis-
placement analogous to MgFX.[25] In summary, the interaction
between AlOX, or its precursor TMA, has several features that
need to be considered, which are likely responsible for the vary-
ing results obtained by different research groups. We observe that
the stoichiometry of the perovskite surface and the precursor play
a critical role. TMA is a potent Lewis acid and reacts, for example,
with halides (e.g., PbI3

−) at the surface, inducing nonradiative
recombination centers. When an organohalide-deficient surface
is treated with alternatingly TMA and water, forming a homo-
geneous layer, remnant Pb0 is reduced to Pb2+ and the energy
levels are favorably altered, suggesting reduced majority carrier
offsets.

A common strategy to reduce recombination losses in sili-
con solar cells is to reduce the interfacial area with high sur-
face recombination via partial contacting while passivating the re-
maining areas. Alternatively, full-area tunnel-oxide contacts have
been developed, where the current transport proceeds via tun-
neling through the thin-oxide layer.[34–37] The difference between
these two approaches is their spatial distribution or the appear-
ance of pinholes across the layer. The drastic transport losses
upon increasing the layer thickness (Figure S4, Supporting In-
formation), and the above characterization indicating a com-
pact layer, suggest that the transport across the AlOx layer pro-
ceeds via tunneling. In test samples with varying AlOX thick-
nesses (ITO/AlOX/Ag), the mean resistance increases exponen-
tially with the AlOX thickness, and the JVs in these structures
resemble the shape of a tunnel contact (Figure S18, Supporting
Information).

2.4. Device Stability

ALD-deposited AlOX thin films are known for their ability to in-
sulate against degrading humidity and gas exposure.[38] Hence,
to evaluate changes to the rate of degradation, we stored several
devices (single junction with FA-rich absorber) with and with-
out AlOX under ambient conditions (≈50% RH, 25 °C) for 30
days. We observed degradation into the yellow phase (Pb-related

by-products of degradation) for samples without the AlOX layer
(Figure 4A and Figure S19, Supporting Information). On the
other hand, devices with AlOX preserved their black phase and
showed milder signs of degradation (Figure 4B). Storage in the
ambient may be relevant for transport after fabrication, yet device
operation may lead to different forms of degradation. For exam-
ple, halide egress, metal diffusion, and subsequent metal–halide
reactions are effective degradation pathways during operation. In
this context, it is vital to measure the cells during operation, for
example, by tracking the maximum power point (MPP) over ex-
tended periods of time.

The operational stability of the solar cells with and without
AlOX (1.65 eV) interlayers are tested in N2 with 1 sun illumi-
nation intensity inside a temperature-controlled chamber where
cell temperature saturates around 40 °C without additional en-
capsulation. The MPP of 15 devices (six control devices with-
out AlOx and nine target devices with AlOx) was tracked for 140
h (Figure 4C). For each configuration, the best-performing and
the average are represented. The champion AlOX device retains
94.5% of its initial efficiency after 140 h and exhibits a degrada-
tion rate of ≈−0.008 abs% h−1 after the initial 40 h, correspond-
ing to a T80 lifetime of ≈530 h (after burn-in, ≈20 h). In contrast,
the average PCE retained ≈90% after 140 h and a comparable
degradation rate. In contrast, the champion device without AlOX
retained 70% of its initial efficiency after 140 h. It showed a degra-
dation rate of ≈−0.05 abs% h−1 after the initial 40 h, almost an
order of magnitude larger. This corresponds to a T80 lifetime of
≈80 h. None of the devices (15 devices) we have tested in this
study for operational study exhibited a terminal degradation such
as the one previously reported by Fu et al.[39] Several studies
showed that the decomposition of PbI2 into metallic Pb and I2
accelerates the degradation process.[29,40]

Based on the combined analysis, the stability improvement
originates from three key features: I) the AlOX interlayer slows
down any ingress of residual moisture or oxygen into the per-
ovskite while in the aging chamber; II) an initially lower Pb°

content (cf. XPS results, Figure 3D) results in fewer degrada-
tion nuclei, which is further reinforced by III) an inhibition of
volatile species (MA+, FA+, I2) leaving the perovskite, which re-
tards the decomposition by retaining the constituents in close
proximity, potentially enforcing a re-formation of the perovskite
instead of egress or terminal decomposition, for example, form-
ing AgIx.[42–43] We also demonstrate that the AlOX layer can slow
down gas in-/egress by exposing films with and without AlOX
to methylamine gas and observe a slow-down of methylamine
uptake[44] in the AlOX modified samples (Figure S20, Supporting
Information).

2.5. Device Performance Improvements across Multiple
Bandgaps and Integration into Monolithic Perovskite/SHJ
Tandem Solar Cells

We sought to demonstrate the universality of using an
AlOX interlayer by varying the composition and fabrication
method of the perovskite absorber. In detail, we fabricated
devices using a solution-processed lower bandgap perovskite
(FAPbI3)0.98(MAPbBr3)0.02 (1.55 eV), a solution-processed
wide bandgap absorber Cs0.05(FA0.7MA0.3)0.95Pb(I0.7Br0.3)3
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 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202311745 by Paul Scherrer Institut PSI, W
iley O

nline L
ibrary on [27/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 4. A,B) Optical photographs of full devices without (A) and with (B) AlOX interlayer kept in ≈50% RH for 30 days. C) MPP tracking of 1.65 eV—
CsFAMA perovskite solar cells with and without AlOx interlayer at 1 sun, 40 °C in a N2 atmosphere. Shadings correspond to one standard deviation of
the average.

(1.72 eV), and a perovskite deposited using the hybrid 2-method
Cs0.1FA0.9Pb(I0.77Br0.23)3 (1.67 eV). In all devices, we compared
the performance of control and AlOX-modified devices and
observed an improved VOC (≈30 mV, Figure S21, Supporting
Information) accompanied by a three–fivefold increase in PLQY.
The high-Br absorber achieved VOC values up to 1.24 V, the
hybrid absorber up to 1.16 V, and the FA-rich absorber up to
1.14 V, where the best device reached a stabilized efficiency
of 23% (Figure S22, Supporting Information). Notably, in all
compositions, we retained a slight PbI2-excess.

Finally, we transferred the newly developed perovskite
cell into front-side polished perovskite–silicon tandem solar
cells (schematic and scanning electron microscopy images in
Figure 5A). The composition and, accordingly, the bandgap
(1.65 eV, Cs0.05(FA0.9MA0.1)0.95Pb(I0.8Br0.2)3 with 6% excess PbI2),
and thickness (600 nm) of the absorber are slightly adjusted for
optimal performance in a monolithic tandem (details in the Ex-
perimental Section). Overall, the performance improvements of
the perovskite single junction described above are transferred
without additional losses into tandem devices, resulting in an
≈1% absolute improvement in PCE. The best-performing cells
reach a stabilized efficiency of 30.4% versus 29.4% without AlOX
(Figure 5B and Figure S23, Supporting Information). The im-
provement is driven by an ≈50 mV higher FF × VOC product
(Figure 5C). Our in-house measured champion device achieved
a PCE of 30.7% (VOC of 1.9 V, JSC of 19.59 mA cm−2, and FF
of 82.5%) in the JV scan and 30.4% when tracking the MPP.
One of the best devices was sent to Fraunhofer ISE CalLab for
independent certification (Figures S24 and S25, Supporting In-
formation). The certified steady state efficiency was 29.89% (VOC
of 1.925 V, a JSC of 19.61 mA cm−2, and an FF of 79.21% in the
reverse scan JV scan). The small differences in the in-house ver-
sus certification laboratory are subject to current investigations,
a likely possibility being a mild difference in sub-cell currents
when using the different light sources, impacting primarily the

FF.[45] The EQE of the certified device is shown in Figure 5D.
The perovskite top cell and the silicon-heterojunction bottom cell
have photogenerated currents of 19.88 and 19.52 mA cm−2, and
the cumulative photogenerated current is 39.4 mA cm−2, includ-
ing the shadowing losses from the metal fingers (≈1.5%).

3. Conclusion

In summary, we present atomic layer deposited thin AlOX
interlayers that improve the perovskite/C60 interface in inverted
perovskite solar cells. We first study the effect using a reference
triple-cation perovskite with a bandgap of ≈1.65 eV. Upon
introducing an ≈1.5 nm thick crystalline AlOX interlayer, the FF
× VOC product increases by ≈50 mV, where a mildly reduced FF
is overcompensated by a significant reduction of nonradiative
recombination, enabling VOC’s above 1.2 V. Simultaneously, the
operational stability, expressed as the T80 lifetime, increases from
≈80 to ≈530 h. We exclude a surface passivation mechanism and
instead reveal modified energy levels and suppression of Pb0

as primary mechanisms driving the improvements in efficiency
and stability. Surface-sensitive characterizations reveal that the
AlOx layer grown on top of perovskite forms a conformal thin
layer that is thin enough that the electrons can be transported
yet thick enough to reduce recombination at the perovskite/C60
interface. AlOx can be universally used when assuring a suitable
surface, for example, by changing the precursor ink composition,
where an excess of PbI2 is crucial for improved performance.
With four different systems/bandgaps, using two different
deposition methods, we showcase the universality of this inter-
layer, where the best (FAPbI3)0.98(MAPbBr3)0.02 device reached a
steady-state efficiency above 23%. The improvements for 1.65 eV
triple-cation absorber devices are transferred without additional
losses into perovskite/silicon tandem solar cells, leading to a
1% absolute improvement in PCE, enabling a certified PCE of
29.89%. This rapid and easy cell modification is compatible with
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Figure 5. A) Device structure and SEM image of monolithic two-terminal perovskite/silicon tandems utilized in this work. Scale bar is 300 nm (top) and
1um (bottom), respectively. B) JV curves of champion target and control devices with MPPT measurement over 10 min in the inset. C) PCE versus FF ×
VOC product with the certified device highlighted. D) EQE spectrum of the champion device.

textured devices, opening further possibilities in perovskite and
perovskite-based multi-junction solar cells, including for future
mass production, as Al2O3-ALD is already commonly used in
the PV industry.

4. Experimental Section
Perovskite Fabrication and Deposition: Triple Cation Absorber:

Triple cation perovskite (TCP) absorber utilized in this work was
Cs0.05(FA0.90MA0.10)0.95Pb(I0.80Br0.20)3. The absorber was fabricated
with one-step anti-solvent method. Three separate stock solutions were
prepared which were composed of 1.36 m FAI (Dyenamo, >99.99%),
1.5 m PbI2 (TCI, >99.99%) in 4:1 (volume ratio) DMF:DMSO and
1.36 m MABr (Greatcell Solar, >99.99%), 1.5 m PbBr2 (TCI, >99.99%)
in 4:1 (volume ratio) DMF:DMSO, and 1.5 m CsI (Alfa Aesar, >99.9%)
in DMSO. Then these solutions were mixed with 800:200:40 volume
ratio, respectively, in order to obtain the TCP (1.65 eV) precursor and
700:300:40 for 1.72 eV absorber. The precursor solution (100 uL) was
spread onto the substrate (2.5 × 2.5 cm2), then spun at 3500 rpm with
2000 rpm s−1 for 35 s. When 15 s left during the spin program, 300 uL
of Anisole (Sigma-Aldrich, >99%) was dropped onto the substrate. Then
the samples were annealed at 100 °C for 15–20 min inside the glovebox.
Unless specified as pentaflourobenzylphosphonic acid (pFBPA)-free, in
single junction and tandem devices utilizing triple cation absorber, 2 mm
of pFBPA (Sigma-Aldrich, 97%) was added.

Perovskite Fabrication and Deposition: FA-Rich Absorber: FAPI ab-
sorber utilized in this work was (FAPbI3)0.98(MAPbBr3)0.02. The ab-
sorber was fabricated with one-step anti-solvent method. Two stock
solutions were prepared which were composed of 1.36 m FAI (Dyen-
amo, >99.99%), 1.5 m PbI2 (TCI, >99.99%), 0.5 m MACl (Dyenamo)

in 8:1 (volume ratio) DMF:DMSO and 1.36 m MABr (Greatcell So-
lar, >99.99%), and 1.5 m PbBr2 (TCI, >99.99%) in 8:1 (volume ratio)
DMF:DMSO. Then these solutions were mixed with 985:15 volume ra-
tio, respectively, in order to obtain the FA-rich precursor. The precursor
solution (100 uL) was spread onto the substrate (2.5 × 2.5 cm2), then
spun at 1000 rpm for 10 s with 1000 rpm s−1 acceleration followed by
50 s of 5000 rpm spinning with a ramp up of 2000 rpm s−1. When
20 s left during the second spin-program, 300 uL of Anisole (Sigma-
Aldrich, >99%) was dropped onto the substrate. Then the samples were
annealed at 100 °C for 15–30 min inside the glovebox. For the champion
FA-rich devices, Me-4PACz in combined with SiOx-np wetting agent HTL-
stack was utilized instead of MeO-2PACz due to the improved interface
quality with same deposition details and processing procedure.

Perovskite Fabrication and Deposition: Hybrid Deposited—CsFA-Based Ab-
sorber: Hybrid fabrication process, composed of thermal evaporation
and solution-based deposition method for the perovskite absorber layer
Cs0.1FA0.9Pb(I0.77Br0.23)3 was developed.[46] In the first step, the inor-
ganic halide layers, CsBr (Abcr, >99.99%) and PbI2 (beads from Alfa Ae-
sar, >99.99%) were co-evaporated onto the substrate (18 and 180 nm,
respectively), with deposition rates of (0.1 and 1 A s−1) forming the in-
organic halide template. In the second step of the sequential hybrid pro-
cess, the organic halide precursors (FAI and FABr—Dyenamo, 99.99%)
dissolved in ethanol (EtOH) in 1 to 2 molar ratio, 0.46 m was deposited by
dynamic spin-coating (4000 rpm with 4000 rpm s−1) inside the glovebox.
After the spin-coating, substrates were annealed at 80 °C for 15 s inside the
glovebox to maintain certain degree of conversion before the annealing in
the humid environment. Then for the second annealing in the humidity-
controlled environment, substrates were taken out of the glovebox into a
humidity box (20% RH and 40 °C) and annealed at 150 °C for 30 min.

Solar Cell Fabrication: Fabrication of Single-Junction Perovskite Solar Cells:
0.7 mm ITO (15 ohm sq−1—Kintec) coated glass substrates was cleaned
with Helmanexx, DI, acetone, and IPA, respectively using ultrasonic baths
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for 15 min. Samples were exposed to UV–ozone for 15 min right before
the SAM deposition and during this time interval, SAM solution was ul-
trasonicated at 35–40 °C. SAM (e.g., MeO-2PACz) solution (1 mg mL−1)
was spin-coated onto substrates for 100 uL with a program of 10 s rest-
ing time, 3000 rpm, and 300 rpm s−1. During the spin-coating program
after the first 10 s, another 100 uL of SAM solution was dynamically
coated onto substrates. Then the substrates were annealed for 10 min at
100 °C. For the deposition of the perovskite absorber, the one-step ab-
sorber (TCP or FAPI) that were mentioned in the above sections were uti-
lized. 20 nm of C60 (NanoC, >99.95%) was deposited via thermal evap-
oration with a base starting pressure around 10–6 mbar with a rate of
0.2 A s−1. Then ALD-SnOx deposition was done at 100 °C with pulse purge
times of 0.3/6/0.1/6 s for 220 cycles with TDMASn and H2O sources. The
utilized thicknesses for baseline devices were 25 nm measured with ellip-
someter on c-Si. For the metal contact, 130 nm of Ag was deposited via
thermal-evaporation with a rate of 1.5–2 A s−1. 100 nm of LiF evaporated
on the glass side for anti-reflective coating. Device active area was 0.2 cm2.

Atomic Layer Deposition of AlOx: For the target devices with AlOx in-
terlayer, after the perovskite deposition, AlOx was deposited. PICOSUN R-
200 Standard ALD system was utilized. The deposition temperature was
75 °C at the pulse purge times were 0.1/40/0.1/100 s, respectively with
TMA and H2O sources. The approximate growth per cycle measured on
the c-Si substrate was 0.14 nm per cycle.

Fabrication of Monolithic Perovskite/SHJ Tandem Solar Cells: The bot-
tom cell fabrication process started with 190 um-thick monocrystalline Si
wafers that were n-type and had a 2 ohm-cm resistivity. A layer of SiNx was
applied to the front side using PECVD, and the rear side was textured us-
ing a KOH solution to create a random pyramid pattern. After removing
the SiNx layer from the front, the wafers underwent a wet-cleaning step.
Prior to PECVD of thin-film Si layers, an HF solution was used to eliminate
the thin chemical oxide layer from the surface. Through PECVD, hydro-
genated amorphous and nanocrystalline Si layers were deposited on both
sides. On the front side, a-Si:H(i), a-Si:H(n), nc-Si:H(n), and nc-SiOx:H(n)
were deposited at 200 °C. On the rear side, a-Si:H(i) was deposited at 200
°C, followed by ultra-thin SiOx and nc-Si:H(p) layers at 175 °C.[47] A con-
tact stack of IzrO and Ag was deposited using a shadow mask, creating a
contact area slightly larger than the active cell area. A 500 nm-thick SiOx
layer covered the rear side, including both metallized and non-metallized
regions. Additional Ag was sputtered onto the active area to finalize the
rear contact. The front side was completed by sputtering a 20 nm-thick
ITO layer for interconnection. As final step before top-cell processing, 4″

wafers were then laser-cut into 2.5 × 2.5 cm2 substrates, which were an-
nealed at 210 °C for 30 min in ambient to optimize the properties of the
solar cells.

Me-4PACz (Skemia, >97%) was spin-coated with the same recipe uti-
lized in single-junction devices. To improve the wetting of the perovskite
precursor on Me-4PACz, 0.2% wt SiOx-np (20 nm diameter) solution in
ethanol was spin-coated statically at 2000 rpm with 500 rpm s−1 accel-
eration followed by an annealing step of 10 min at 100 °C.[15] The ab-
sorber utilized in tandems was Cs0.05(FA0.9MA0.1)0.95Pb(I0.80Br0.20)3. The
absorber was fabricated with one-step anti-solvent method. Four sepa-
rate stock solutions were prepared which were composed of 1.57 m FAI
(Dyenamo, >99.99%), 1.7 m PbI2 (TCI, >99.99%) in 4:1 (volume ratio)
DMF:DMSO and 1.57 m MABr (Greatcell Solar, >99.99%), 1.7 m PbBr2
(TCI, >99.99%) in 4:1 (volume ratio) DMF:DMSO and 1.5 m CsI (Alfa Ae-
sar, >99.9%) in DMSO, and pFBPA (Sigma-Aldrich, 97%) in 28 mg mL−1

in 4:1 DMF:DMSO. Then these solutions were mixed with 800:200:40:20
volume ratio, respectively, in order to obtain the TCP precursor. The pre-
cursor solution (100 uL) was spread onto the substrate (2.5 × 2.5 cm2),
then spun at 3500 rpm with 2000 rpm s−1 for 35 s. When 10 s left during
the spin-program, 300 uL of Anisole (Sigma-Aldrich, >99%) was dropped
onto the substrate. Then the samples were annealed at 100 °C for 30 min
inside the glovebox. Similar procedures like the perovskite single junction
devices starting from C60 (15 nm instead of 20 nm) and ALD-SnOx was uti-
lized in perovskite sub-cell in tandem devices. After the ALD-SnOx, 35 nm
of bilayer IZO with sheet resistance around 185 ohm sq−1 was deposited
from 4 in. 90% I2O3 + 10% ZnO target with deposition power of 50 to
70 W and working pressure 2.2 mbar. After the TCO, 500 nm of Ag grid

was evaporated with a rate of 1–2 A s−1 which was followed by 100 nm
evaporation of LiF with 1 A s−1 rate.

Characterization: JV: The 4PP measurement method was used. JV-
measurements were obtained using a two-lamp (Halogen and Xenon)
class AAA WACOM sun simulator with an AM1.5G irradiance spectrum
at 1.000 W m−2. 0.1 cm2 shadows masks were used to measure cells with
area of 0.25 cm2 unless otherwise stated. Opaque devices were illumi-
nated from the glass side. The single junction cells were measured with
a scan rate of ≈0.20 V s−1. Three-point weight MPP measurements were
performed using an in-house written LabVIEW code.

For the measurement of tandem devices, before each measurement
the calibration of the AAA WACOM system was checked with three differ-
ent certified cells with different spectral response to minimize the spectral
mismatch of the sources. Then the cells with 1.21 cm2 were measured with
a scan rate of ≈0.1 V s−1 and similar MPP tracking algorithm was utilized
as the single junction perovskite solar cells. A temperature-controlled (25
°C) brass chuck was used.

Long-Term Stability Measurements: Cicci Research stability measure-
ment setup was utilized where the samples were kept in N2 atmosphere,
under 1 sun illumination by tracking the MPP with perturb and observe
algorithm. The devices were not temperature controlled and with the IR
thermometer the measured temperature during the stability tests was at
≈40 °C.

EQE: EQE spectra were measured with a custom-made spectral re-
sponse set-up where the samples were irradiated with chopped light at a
frequency of 217 Hz and the response measured with a lock-in amplifier.
For tandem cells white and blue LED biases were used to saturate comple-
mentary sub-cell and to measure each sub-cell near short-circuit condition
0.7 and 1.2 V bias voltages were applied to the cell when measuring top
and bottom cells, respectively.

SEM: SEM images were acquired with acceleration voltages ranging
from 1 to 5 kV using either an Everhart–Thornley or an in-lens detector
(JEOL JSM-7500TFE or Zeiss Nvision 40 microscopes).

Steady-State PL: Custom built steady state PL setup was utilized to
measure in situ PL and PLQY. The light from the laser diode was coupled
into a fiber directed into the integrating sphere and sample was illumi-
nated. Then the emission from the sample was homogenized by multiple
reflections within the integrating sphere and coupled out into another fiber
that was connected to a spectrometer. As long as the emission and the ex-
citation which in this case the values were (750 to 800 nm) and (532 nm),
careful comparison of the peaks enables to measure PLQY (down to 10−6).
OD filter wheel helps to change the light intensity in between 0.01 to 3
sun. As a calibration check, three fluorescent test samples with high spec-
ified PLQY (≈70%) supplied from Hamamatsu Photonics were measured
where the specified value could be accurately reproduced within a small
relative error of less than 5%. For QFLS measurements the light intensity
was tuned to 1 sun depending on the bandgap of the absorber using an
external c-Si photodetector.

Intensity Dependent Steady-State PL: The samples were illuminated in
the steady state PL setup as described above. A neutral density filter wheel
was used to attenuate the laser power in order to measure at different
intensities which was compared to the initial measured. The samples were
illuminated at a given intensity for 3 s illumination time using an electrical
shutter.

The pseudo-JVs were deduced from the intensity-dependent QFLS mea-
surements. This was done by calculating the dark-current density from the
generated current density at a given light intensity in equivalent suns. For
example, 1 sun corresponds to 21.0 mA cm−2, 1% of 1 sun to 0.210 mA
cm−2. The obtained dark current was then plotted against the measured
QFLS at the given light intensity to create a transport-free dark J–V-curve
which was then shifted to the Jsc in the JV-measurement to create the
pseudo-JV curve allowing to read of the pseudo-FF and Voc of the mea-
sured partial cell stack (e.g., glass/absorber, or half-cell, or the complete
cell).

XPS/UPS and AR-XPS: XPS and AR-XPS measurements were per-
formed using an Axis Supra (Kratos Analytical) with a monochromatic Al
K𝛼 X-ray line. The pass energy was set to 20 eV with a step size of 0.1 eV
for XPS, and to 40 eV with a step size of 0.15 eV for AR-XPS. The emission
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current was set to 15 mA. The samples were electrically grounded to
limit charging effects. UPS was measured using a He I UV source, with
the pass energy set at 10 eV and a step size of 0.025 eV. The intensity
of the UV source together with the measurement area was selected in
order to prevent the energy analyzer from saturating. Secondary electron
cutoff was used to assign the work function of the material, while the
valence band onset, was used to estimate the valence band maximum
with respect to the Fermi level.

Synchrotron-Based Grazing Incidence Wide Angle X-Ray Scattering: The
grazing incidence wide-angle X-ray scattering (GIWAXS) data were col-
lected at BM01 (SNBL/ESRF in Grenoble, France) using the PILA-
TUS@SNBL diffractometer. The monochromatic beam (𝜆 = 0.95638 Å)
presented an incident beam shape of 200 × 150 μm2 (H × V), and the pa-
rameters of the detector were calibrated using LaB powder using PyFAI.[48]

The obtained calibrations were implemented to Bubble for further az-
imuthal integration of 2D images. The sample surface was positioned
parallel to the synchrotron beam and the grazing angle was varied in
a scanning fashion near the critical angle of AlOx (estimated to be 𝛼i
≈0.15°). A continuous flow of N2 gas over the sample was employed
during the measurements to ensure the sample remained in a chemi-
cally inert atmosphere during irradiation. All collected 2D images were
azimuthally integrated using PyFAI and processed using a custom Python
routine.
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the author.
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