SCIENCE ADVANCES | RESEARCH ARTICLE

MATERIALS SCIENCE

23.7% Efficient inverted perovskite solar cells by dual

interfacial modification

Matteo Degani'%, Qingzhi An?, Miguel Albaladejo-Siguan?, Yvonne J. Hofstetter?,
Changsoon Cho?t, Fabian Paulus?, Giulia Grancini'*, Yana Vaynzof**

Despite remarkable progress, the performance of lead halide perovskite solar cells fabricated in an inverted
structure lags behind that of standard architecture devices. Here, we report on a dual interfacial modification
approach based on the incorporation of large organic cations at both the bottom and top interfaces of the
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perovskite active layer. Together, this leads to a simultaneous improvement in both the open-circuit voltage and
fill factor of the devices, reaching maximum values of 1.184 V and 85%, respectively, resulting in a champion
device efficiency of 23.7%. This dual interfacial modification is fully compatible with a bulk modification of the
perovskite active layer by ionic liquids, leading to both efficient and stable inverted architecture devices.

INTRODUCTION

Metal halide perovskites have experienced a rapid progress in high-
impact optoelectronics, with particularly notable advances made in
the field of perovskite photovoltaics (1-3). In single-junction devices,
power conversion efficiencies (PCEs) of up to 25.5% have been
demonstrated to date (4). The record efficiency devices follow the
standard device architecture, in which the perovskite active layer is
deposited on top of an electron transport layer (ETL) such as titanium
dioxide (TiO;) or tin oxide (SnO;) and is then coated with a hole
transport layer (HTL) (5-7). Despite tremendous interest in inverted
architecture perovskite solar cells—in which the order of charge
extracting layers is inversed—the PCE of these devices lags behind,
with maximum values rarely approaching 23% (8, 9). For a detailed
overview over the recent progress in inverted architecture perovskite
solar cells, the readers are referred to several excellent reviews on the
topic (10, 11). The generally lower performance of inverted archi-
tecture perovskite solar cells is mainly associated with a reduced
current extraction and nonradiative recombination losses that limit
the device photovoltage and fill factor (FF) (12, 13). The develop-
ment of strategies to overcome these limitations has been subject to
intense research, including interface and bulk passivation of traps,
such as crystallographic defects, point defects, or higher-dimensional
defects (at grain boundaries) (14-22). Predominantly, these ap-
proaches led to an improvement in device performance due to
increased open-circuit voltage (Voc), with FFs remaining in the
range of 75 to 80%. This highlights the need to develop new methods
that would simultaneously improve the Vo and the FF of inverted
architecture devices. Here, we demonstrate an innovative strategy for
the dual modification of both the HTL/perovskite and perovskite/
ETL interfaces by introducing a series of large organic cations
(Fig. 1A): 2-phenylethylammonium iodide (PEAI), 4-chloro-
phenylethylammonium iodide (CI-PEAI), and 4-fluoro-
phenylethylammonium ijodide (F-PEAI) in both these interfaces.
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Despite this class of cations being commonly used for the formation
of low-dimensional perovskites (23-26), in our work, we adopt a
different strategy and use a very low concentration to modify both
interfaces of inverted perovskite solar cells. We find that this ap-
proach does not change the bulk perovskite crystal structure or
its dimensionality but rather improves the interfaces by facilitating
high-quality film formation on top of the HTL and inducing efficient
defect passivation at the perovskite/ETL interface. We show that the
modification of the buried bottom interface leads to a more homoge-
neous film formation and the elimination of nanovoids at the
perovskite/HTL interface. These improvements result in a significant
increase in the FF accompanied by a small increase in the short-
circuit current (Jsc). The modification of the top perovskite surface,
on the other hand, leads to its efficient passivation, resulting in a
substantial increase in the Vpc. The implementation of both modi-
fications at the same time results in a simultaneous increase in all of
the photovoltaic parameters leading to a superior device perform-
ance. As a result, we achieve a high PCE of 23.7%, with a net
improvement of device Vo up to 1.184 V and very high FF of 85%.

RESULTS AND DISCUSSION

Dual interfacial modification approach

In developing the approach for the dual optimization of the per-
ovskite active layer interfaces, we focused on integrating the modi-
fication into deposition steps that are already present in the device
fabrication of reference devices. In the case of the HTL/perovskite
interface, the highly hydrophobic nature of poly[bis(4-phenyl)
(2,4,6-trimethylphenyl) amine] (PTAA) (27, 28) HTL makes it necessary
to perform a prewashing step before the deposition of the perovskite
precursor solution in which the solvent N,N'-dimethylformamide
(DMF) is spin-coated atop the PTAA layer (29). This has been
shown to improve the wettability of the perovskite precursor solu-
tion on PTAA, allowing for the formation of the perovskite active
layer. To modify this interface, we introduce the various PEAI
cations (Fig. 1A) into the DMF solution used for the prewash step at
a 20 mM concentration. Following the prewash step that either con-
tains (HTL-modified) or does not contain (reference) the PEAI cat-
ion, the perovskite solution is deposited as previously reported
using the solvent engineering approach (30). To trigger the crystal-
lization of the perovskite layer, an antisolvent is dispensed onto the
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perovskite solution shortly before the end of the spin-coating step.
For the modification of the top surface (ETL-modified), we intro-
duce the PEAI cations into the antisolvent at a low concentration of
0.5 mM and complete the layer fabrication by thermal annealing.
These steps are schematically summarized in Fig. 1B. Considering
that each of the modifications can be introduced on its own, we
used this approach to fabricate four types of devices (Fig. 1C):
reference, HTL-modified, ETL-modified, and dual HTL + ETL-
modified, which enable us to study the effect of each interface
separately.

HTL/perovskite interface modification by PEAI cations

The introduction of the PEAI cations into the DMF wash step leads
to an improvement in the photovoltaic performance, which can be
seen in Fig. 2 (A to D). While no change in the Vo can be observed,
a small increase in the Jsc is observed and a significant increase in
FF. Together, these changes lead to an overall increase in the per-
formance and a narrower distribution of the PCE. To investigate the
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Fig. 1. Chemical structure of PEAI cations and schematics of the fabrication procedure and device architecture used in this work. (A) Chemical structure of PEAI,
CI-PEAI, and F-PEAI. (B) Schematic presentation of the fabrication procedure of the perovskite active layer. (C) Solar cell device structures with the different combinations
of passivated interfaces.

origin of this increase in FF, we characterized the microstructure of
the perovskite layers by scanning electron microscopy (SEM). Top-
view SEM images acquired on reference perovskite layers (deposited
on DMF-washed PTAA) exhibit a typical microstructure for triple
cation perovskites, which consists of perovskite grains in the range
of several hundreds of nanometers and small amount of excess lead
iodide, which appears brighter in the SEM images (Fig. 2E). Nano-
sized pinholes (marked in circles) are also visible between some of
the grains. Cross-sectional SEM reveals that small voids are also
formed at the interface between the perovskite layer and the DMF-
washed PTAA. On the other hand, samples that include an PEAI
cation in the DMF wash step (Fig. 2, F to H) compact layers with no
observable pinholes. This is also supported by the cross-sectional
SEM images that show a continuous interface between the PTAA
and the perovskite layers for the HTL-modified samples. Such a
continuous and more intimate interface is expected to improve the
efficiency of interfacial charge extraction and increase the shunt
resistance of the photovoltaic devices. A similar effect has been
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Fig. 2. Photovoltaic performance, microstructure, and interfacial composition of the HTL-modified devices. (A) Vo, (B) Js¢, (C) FF, and (D) PCE of HTL-modified
photovoltaic devices. Top-view and cross-sectional SEM of perovskite films deposited on (E) reference, (F) PEAI-modified, (G) CI-PEAI-modified, and (H) F-PEAI-modified
PTAA layers. Scale bars in top-view and cross-sectional images are 400 nm. C 1s, F 1s,Cl 2p, N 1s, and | 3d spectra measured on (1) reference, (J) PEAI-modified, (K) CI-PEAI-
modified, and (L) F-PEAI-modified PTAA layers. AU, arbitrary units.
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previously observed in standard architecture devices, where the
introduction of a self-assembled monolayer at the perovskite/ZnO
interface led to a much-improved microstructure and an enhanced
charge extraction (31). Recently, it has also been shown that reduc-
ing the voids formed at the buried interfaces of blade-coated per-
ovskites also improves the photovoltaic performance of perovskite
modules (32). Thus, our observation of a small increase in the ex-
tracted current density and the significantly enhanced FF of the
PEAI cation HTL-modified photovoltaic devices is a result of the
improved microstructure of perovskite layers formed on the PEAI
cation-treated PTAA. This optimized interface to the PTAA HTL
increases the shunt resistance of the solar cells (fig. S1), leading to
an enhanced FF.

The improvements in the microstructure suggest that the inclu-
sion of the PEAI cations in the DMF wash step leads to a modifica-
tion of the PTAA surface. This is confirmed by x-ray photoemission
spectroscopy (XPS) measurements performed on PTAA and modi-
fied PTAA (Fig. 2,1to L). All of the samples show the characteristic
C Is and N 1s peaks associated with the PTAA polymer, the latter
appearing at a binding energy of 399.5 eV, as expected from a tri-
arylamine unit (33). The presence of the PEAI cation on the PTAA
after the DMF wash step is confirmed by the appearance of an
additional N 1s peak at 401.8 eV, a I 3d doublet, and in the case of
CI-PEAI and F-PEA], also the Cl 2p and F 1s signals. The atomic
concentrations are summarized in table S1. This corroborates that a
certain amount of the PEAI cations is left on top of the PTAA layer
after the PEAI cation/DMF washing step. The presence of such or-
ganic salts—which are known to be polar—on top of the normally
hydrophobic PTAA layer leads to an increase in its surface energy
and consequently, a better wetting by the perovskite solution.
This can be directly observed during the deposition procedure: The
perovskite solution wets better the PEAI cation/DMF-washed PTAA
than the pure DMF-washed PTAA (fig. S2). The improved wetting
leads to an improved microstructure of the perovskite layer and the
elimination of nanovoids at the perovskite/HTL interface. We note
that the presence of the PEAI cations at the PTAA/perovskite inter-
face does not change the energetic alignment at this interface, as is
confirmed by ultraviolet (UV) photoemission spectroscopy (UPS)
measurements (fig. S3).

The fact that the perovskite layer is deposited from a solution of
DMF and dimethyl sulfoxide (DMSO) mixture—which can dis-
solve the PEAI cations—raises the question of whether any cations
are left at that interface after the deposition of the perovskite layer.
To simulate this scenario, but still have excess to probe the PTAA
surface via XPS, we rinsed the halogenated PEAI-modified PTAA layers
with a solvent mixture of DMF:DMSO (4:1) without the perovskite
precursors. As can be seen in fig. S4, a small I 3d and Cl 2p/F 1s signal
is observed in the rinsed samples, which demonstrates that a small
fraction of PEAI cations remains on the surface and is not washed
away. We note that the second, high binding energy species of io-
dine is associated with a small amount of elemental iodine at
the surface of the sample. To estimate the fraction of remaining
PEAT cations, we compare the atomic % of the marker F and ClI
elements in the rinsed samples as compared to the data collected on
the samples before the rinsing (table S1). We find that the atomic %
is reduced from approximately 2 to 0.2% suggesting that only 10%
of the PEAI cations remain on the PTAA surface after the rinsing
with DMF:DMSO. We note that this experiment differs slightly from
the case in which a perovskite layer is deposited atop the modified
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PTAA since, in that case, the perovskite precursors are available to
react with the PEAI cations and potentially a slightly larger fraction
of these cations will remain at that buried interface, so our estimate
represents a lower boundary to the amount of PEAI cations at that
interface. However, we highlight that the role of PEAI cations at the
bottom interface is related to their impact on the wettability of the
PTAA layer, which is greatly improved due to their polar nature.
The improved wettability prevents the formation of nanovoids and
results in a more uniform and homogeneous interface between the
perovskite and the PTAA layer. Even if most of the cations are
dissolved in DMF and washed away during the spin-coating, their
function was already achieved by improving the perovskite film for-
mation process.

Perovskite/ETL interface modification by PEAI cations

To examine the effect of introducing the PEAI cations into the anti-
solvent step, we fabricated devices in which the HTL was left un-
modified. Figure 3 (A to D) displays the photovoltaic performance
parameters of the devices that clearly demonstrate that the modification
leads to a significant increase in Voc and FF. Such an improvement
is typically associated with a passivation of the three-dimensional
(3D) perovskite interface by a two-dimensional (2D) perovskite
formed upon the introduction of large organic spacer cations (34-36).
To investigate whether a separate 2D perovskite layer is formed, we
performed x-ray diffraction (XRD) experiments on the reference and
PEAI cation-modified perovskite layers (Fig. 3E). Indexing the dif-
fraction reflections (fig. S5) reveals that only contributions from the
3D perovskites are observed. Since we observe no diffraction reflec-
tions that are associated with a 2D perovskite, it suggests that either
no 2D perovskite layers are formed or it is below the detection limit
of XRD. Similarly, no evidence of 2D perovskite is observed in
UV-visible absorption measurements (fig. S6). Surface and cross-
sectional SEM images (fig. S7) also do not display any evidence
supporting the formation of a surface 2D perovskite layer. More-
over, should a 2D perovskite layer were to form at the perovskite/
ETL interface, its low electron affinity would hinder the electron
extraction into the [6,6]-phenyl-Cgo-butyric acid methyl ester
(PCBM) ETL; however, no such effect is observed since the Jsc
remains largely unchanged (Fig. 3B). These results, together with
the fact that only a very small amount of PEAI cations is introduced
during the antisolvent step, suggest that it is insufficient to form a
separate 2D perovskite layer.

We note that the concentration of PEAI cations in the anti-
solvent step can be easily controlled. In fig. S8, we show the perform-
ance of photovoltaic devices fabricated with varying amounts of
F-PEAI (0.01, 0.25, 0.5, and 1 mg/ml). We find that the concentra-
tion (0.5 mg/ml) resulted in the optimal performance, which is why
we selected to use it throughout the study. Increasing the concen-
tration to 1 mg/ml led to a decreased performance, with a significant
drop in both the Jsc and FF. We believe that at this concentration,
a thin layer of 2D could form atop the 3D perovskite layer, which
would lead to a reduced electron extraction due to the high bandgap
of the 2D perovskite layer.

A possible reason for the increase in Vo can be a change in the
energetic alignment at the perovskite/PCBM interface by the pres-
ence of PEAI cations (37). UPS measurements show, however, that
no changes in the energetic levels of PEAI-modified perovskite lay-
ers occur (fig. S9). These results and the absence of a 2D perovskite
layer suggest that the increase in V¢ is associated with a passivation of
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Fig. 3. Photovoltaic performance, crystalline structure, photoluminescence, and compositional depth profiling of perovskite layers made by PEAI cations con-
taining antisolvent. (A) Vo, (B) Js¢, (C) FF, and (D) PCE of photovoltaic devices where the perovskite was deposited by antisolvent containing PEAI, CI-PEAI, and F-PEAI.
(E) X-ray diffractograms and (F) Photoluminescence (PL) spectra measured on reference perovskite films and perovskite films deposited by antisolvent containing PEAI,
CI-PEAI, and F-PEAI. (G) Cl 2p and (H) F 1s spectra collected upon etching the perovskite layers for up to 30 s using an argon cluster ion source.

the interface to the ETL by the PEAI cations (14). Photoluminescence
(PL) measurements confirm that the PL quantum efficiency (PLQE)
of the perovskite films is significantly enhanced in films that were
modified by including the PEAI cations in the antisolvent (Fig. 3F).
The PLQE of the reference film is 7%, while that of the modified
films is more than doubled at 14 to 16% (fig. S10). This increase
in PLQE suggests that the modified perovskite films exhibit sup-
pressed nonradiative losses, leading to an increase in their Voc.

The incorporation of the PEAI cations via the antisolvent
quenching step raises an important question regarding their distri-
bution in the perovskite layer. XPS measurements performed on the
reference and modified perovskite films confirmed that the PEAI
cations are present in the modified perovskite layers (table S2). To
investigate whether the PEAI cations are located exclusively at the
surface of the films or also in their bulk, we monitored the amounts
of Cland F in the CI-PEAI- and F-PEAI-containing samples via XPS
depth profiling (Fig. 3, G and H). It can be seen that already after
20 to 30 s of etching using an argon cluster ion beam, the Cl 2p and
F 1s signals are diminished. Considering the slow etching rate by the
argon clusters (1.08 nm/min), a 30-s etching duration would remove
less than 1 nm from the surface, thus confirming that the PEAI cat-
ions are exclusively located at the surface of the perovskite layers
and there passivate the perovskite surface defects at the interface to
the ETL.

Combined interfacial modification of both interfaces

Having examined the effects on each interface separately, it is im-
portant to explore whether both modifications can be combined
in a single device. To test this, dual modified perovskite solar cells
were fabricated and characterized (fig. S11). We observe that dual
modified devices combine the improvements observed at each in-
terface, resulting in a number of devices with PCE above 22% and
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a maximum value of 23%. Moreover, for such a dual interfacial
modification to find broad use in inverted architecture solar cells,
its efficacy needs to be examined in combination with a modifica-
tion of the bulk of the perovskite layer (38, 39). For example, recent
reports suggest that the introduction of ionic liquids into the per-
ovskite active layer can significantly increase their stability (40-42).
To explore this, we fabricated photovoltaic devices that combine both
interfacial optimizations shown above along with the introduction
of an ionic liquid (piperidinium salt [BMP]"[BF,]") into the per-
ovskite active layer. Figure 4 (A to D) displays the photovoltaic
parameters of the devices. In addition, in this case, we observe that
both interfacial modifications can be successfully combined to in-
crease simultaneously the Voc, Jsc, and FF of the devices. The V¢
of the F-PEAT and CI-PEAI devices was particularly high, reaching
a maximum of 1.184 V. Similarly, the FF of these devices was also
higher, reaching a maximum of 85%. Together, these improvements
have led to high PCE reaching a maximum of 23.7% for the F-PEAI-
modified device (Fig. 4E). The photovoltaic performance of the
champion devices of each type is summarized in Table 1.

Devices fabricated using F-PEAI cations consistently outper-
formed those made using the other derivatives. We believe that this
is associated with the fact that a larger quantity of F-PEAI remains
atboth the HTL and ETL interface as evidenced, for example, by the
higher atomic % of F at both these interfaces as compared to Cl. We
propose that this is associated with differences in the solubility of
the PEAI cations. We observe that F-PEAI cations are less soluble in
the antisolvent (fig. S12), thus they will precipitate of solution earli-
er during the drying process of the antisolvent, thus resulting in a
larger overall amount remaining on the surface.

We note that the biggest contribution to the increased perform-
ance comes from the increase in Voc. This is also evident from PLQE
and electroluminescence QE (ELQE) measurements performed on
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representative solar cells (Fig. 4, F and G). The PLQE of reference
devices is very low at 0.14%. On the other hand, F-PEAI-modified
devices reach a value of ~1%. Similarly, the ELQE of the devices is
increased by a factor of ~4 at current injection equivalent to Jsc,
confirming a significant decrease in nonradiative losses in the dual
modified devices (see fig. S13 for J-V-L measurements). The minor
increase in Jsc is consistent with an improved charge extraction due
to the more homogeneous, void-free perovskite/PTAA interface.
This is also supported by our observation that the dependence of
Voc and Jsc on light intensity is not affected by the dual interfacial
modification, as both the reference and the modified device (fig. S14,
A and B) display the same slope, thus suggesting that the bulk re-
combination in both cases is very similar. However, examining the
photocurrent decay (fig. S14C) shows that it is faster in the case of
the modified device, suggesting an improved charge extraction.
The integration of ionic liquids into the active layer leads to
an excellent stability of the dual passivated devices. For example,
Fig. 4H displays the evolution of the PCE of both the reference and
PEAI cation dual modified devices under continuous illumination
in Ny. It can be seen that the reference device is very stable, main-
taining 90% of its initial performance after 2000 min of continuous
illumination. The dual passivated devices, however, are even more
stable, maintaining their original performance for the entire duration
of the experiment. Examining the evolution of all the photovoltaic
parameters (fig. S15) reveals that the loss in the performance of the
reference device originates from a loss in Jsc, possibly as a result of
degradation at the perovskite/HTL interface mediated by the pres-
ence of nanovoids at that interface (30). No deterioration in any of
the photovoltaic parameters is observed for any of the dual modi-
fied devices. The observation that the dual interfacial modification
approach developed here is fully compatible with the integration
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of ionic liquids into the perovskite active layer is highly promis-
ing for the application of this methodology for further develop-
ment of efficient and stable perovskite solar cells in an inverted
architecture.

It is important to explore the applicability of the dual modifica-
tion approach for the fabrication of other types of inverted architec-
ture solar cells. The increasing recent interest in methylammonium
(MA)-free perovskite compositions (9, 43, 44) motivated us to
examine whether the performance of CsyFA(¢Pbl,9Brg; inverted
architecture solar cells can also be enhanced by dual modification
with PEAI cations. Figure S16 displays the photovoltaic performance
of the devices, which, similar to the results on triple cation per-
ovskite solar cells, exhibit a significant improvement in all of their
photovoltaic parameters. These results confirm that the approach can
be easily translated to the fabrication of inverted architecture solar
cells based on other perovskite compositions.

It is of potential interest to investigate whether the dual modifi-
cation approach can be applied also to standard architecture photo-
voltaic devices. To preliminarily examine this, we fabricated devices
with the architecture glass/indium tin oxide (ITO)/SnO,/perovskite/
SpiroOMeTAD/Au and performed the same interfacial modifica-
tion procedure as described above with the PEAI cation. The pho-
tovoltaic results show that, while not fully optimized, the dual
modified device performs significantly better than the reference
ones (fig. S17), particularly due to an enhancement in their Vo and
FF. This suggests that our approach can be applicable also to stan-
dard architecture solar cells.

The observation that the dual modification approach can signifi-
cantly increase the FF of the devices can be particularly useful in the
case of large-area solar cells, which are known to suffer from low
FFs (45). To investigate this, we fabricated devices with an area of
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Table 1. Vo, Jsc, FF, and PCE of highest performing photovoltaic devices in which both interfaces were modified by PEAI, F-PEAI, and CI-PEAI in
comparison to reference devices. Photovoltaic parameters for both reverse and forward directions scans are provided.

Reverse Forward
Voc (V) Jsc (mA/cm?) FF (%) PCE (%) Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
Ref 1.109 2333 83.4 21.58 1.109 23.33 80.9 20.92
PEAI 1148 2365 812 204 1155 2365 769 2100
CI-PEAI 1146 2368 850 2307 1141 2368 838 264
F-PEAI 1162 2413 846 8722 1155 2413 87 2332

70 mm? significantly larger than the small-area devices shown
above (4.5 mm?). We find that the dual modification approach is
entirely applicable to large-area devices, with significant enhance-
ments observed in all the photovoltaic parameters as compared to
the reference device (fig. S18 and table S3). We observe a major in-
crease in the FF of the devices, suggesting that our approach can be
used also for the fabrication of large-area solar cells.

In summary, we present a dual interfacial modification approach
by integrating large organic cations at both the electron and HTL
interfaces. We find that modification of the bottom interface leads
to an improved wettability, which eliminates the formation of
nanovoids at the interface with the HTL. The modification of the
top perovskite surface leads to its efficient passivation and a reduction
in nonradiative recombination losses. These two different mecha-
nisms for improved photovoltaic performance can be combined to
achieve a simultaneous improvement in all the photovoltaic param-
eters. Moreover, the dual modification approach can be easily com-
bined with the incorporation of ionic liquids into the perovskite
active layer, thus leading to both efficient and stable devices, reach-
ing a maximum power conversion efficiency of 23.7%.

MATERIALS AND METHODS

Unless otherwise stated, all materials were purchased from Sigma-
Aldrich or Alfa Aesar and used as received. Perovskite films and
devices were fabricated using Pbl, and PbBr;, (99.99% purity) pur-
chased from TCI, organic halide salts were purchased from Great-
Cell Solar, and cesium iodide (99.99% purity) was purchased from
Alfa Aesar. The poly(triaryl amine) (PTAA) was purchased from
Sigma-Aldrich. The PC¢BM was purchased from Solenne. The
bathocuproine (BCP; sublimed grade, 99.99% purity) was purchased
from Sigma-Aldrich. All the anhydrous solvents were purchased
from Acros Organics.

Perovskite film preparation and device fabrication

Prepatterned ITO/glass substrates were sequentially cleaned with
acetone and 2-propanol (IPA) by ultrasonication for 15 min in each
solvent. The ITO/glass substrates were then dried with N, and treated
with oxygen plasma at 100 mW for 10 min. The HTL and the per-
ovskite films were fabricated in a drybox (relative humidity (RH)
<1%), while the ETL and the contacts were deposited inside a glovebox
filled with inert atmosphere N,. For reference devices, an HTL of ~10-
nm thickness made of PTAA with a concentration of 1.5 mg ml™
dissolved in toluene was spin-coated at a speed of 2000 rpm for 40 s
and then annealed at 100°C for 10 min. After the annealing step, the
samples were washed by DMF by spin-coating it on the prepared
PTAA films at 4000 rpm for 30 s. The perovskite precursor solution
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(1.2 M) contained mixed cations (Pb, Cs, FA, and MA) and halides
(I and Br) dissolved in a solvent mixture (DMF/DMSO = 4/1)
according to a formula of Csg g5(FAssMA1/6)0.95Pb(Io.85Br0.15)3 with an
excess of PbI, of 1%. For devices containing an ionic liquid, a piperi-
dinium salt [BMP]*[BF,]” was dissolved in the perovskite solution
at a molar ratio of 0.25 mole percent. The perovskite layer was de-
posited via a two-step spin-coating procedure with 1000 rpm for 12 s
and 5000 rpm for 27 s. A mixture of antisolvents [chlorobenzene
(CB)/IPA = 9/1, 150 pl] was dripped on the spinning substrate
during the 21 s of the second spin-coating step. Subsequently, the
samples were annealed at 100°C for 30 min. The ETLs were dynam-
ically deposited from a PCgBM solution (20 mg/ml in CB) and
spin-coated onto the perovskite layer at the speed of 2000 rpm for
30 s (with a ramping speed of 1000 rpm/s) and annealed for
10 min at 100°C. Next, thin layers of BCP (0.5 mg/ml in IPA) were
spin-coated at 4000 rpm for 30 s (with a ramping rate of 1000 rp-
m/s) as hole blocking layers. The small-area devices with an area of
4.5 mm” were completed by thermally evaporating of Ag (80 nm).
For large-area devices, Ag electrodes with an area of 70 mm”* were
thermally evaporated. The devices with modified interfaces were
prepared by dissolving a small amount of the PEAI-cations in
DMEF (20 mM) used for washing the PTAA and in the mixture CB/
IPA (0.5 mM) used in the antisolvent step. For the fabrication of MA-
free perovskite solar cells, a 1.1 M Csy1FAoPbl, 9Bry perovskite
solution was prepared by dissolving powders of CsI, FAI, Pbl,, and
PbBr; in the molar ratio of 2:18:19:1 in 4:1 (v/v) DMF/DMSO. All
other device fabrication steps were unchanged.

Standard architecture devices were fabricated using the glass/
ITO/SnO,/perovskite/Spiro-OMeTAD/Au architecture. SnO, nanopar-
ticles (15% in a H,O colloidal dispersion, Alfa Aesar) were diluted
in deionized water with the volume ratio of 1:2. The prepared SnO,
solution was spin-coated on clean ITO substrates at 3000 rpm for
30 s. After annealing the samples at 180°C for 30 min in ambient air,
the substrates were treated by UV ozone for 15 min and transferred
into a drybox [<1% relative humidity (RH)] for further use. The
perovskite layer was deposited as described above. Spiro-OMeTAD
(99.8%; Borun New Material Technology Co. Ltd.) was dissolved in
CB (80 mg/ml) with 28.8 pl of 4-tert-butylpyridine and 17.5 pl of
Li-TFSI solution (520 mg/ml in acetonitrile) and spin-coated on top
of the perovskite layer. Last, the devices were completed by thermally
evaporating Au electrodes (80 nm).

Photovoltaic device characterization

Current density voltage measurements were performed in am-
bient conditions under simulated AM 1.5 light with an intensity
of 100 mW cm™2 (Abet Sun 3000 Class AAA Solar Simulator). The
intensity was calibrated using a Si reference cell (NIST traceable,
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VLSI) and corrected by measuring the spectral mismatch between the
solar spectrum, reference cell, and the spectral response of the pho-
tovoltaic device (fig. S19). The mismatch factor was approximately
1.1. Cells were scanned using a Keithley 2450 source measure unit
from 1.2 to 0 V and back, with a step size 0f 0.025 V and a dwell time
of 0.1 s, after light soaking for 2 s at 1.2 V. The pixel area was 3
mm by 1.5 mm. Intensity dependence studies were performed by
using neutral density filters. For transient photocurrent mea-
surements, the light of an inorganic light-emitting diode (Thorlabs;
TO-1 %, A = 465 nm) was pulsed by a function generator (Agilent/
Keysight 33510B; pulse length, 2 ms) and focused on the solar cell.
The resulting photocurrent was measured with an oscilloscope
(Picoscope 5443A) with a 50-ohm terminator placed across the
oscilloscope input.

XPS and UPS

Samples for XPS/UPS (glass/ITO/PTAA and glass/ITO/PTAA/
perovskite) were prepared as described above and transferred into
the ultrahigh vacuum chamber of the UPS system (Thermo Fisher
Scientific ESCALAB250Xi) for measurement. XPS measurements
were performed using an XR6 monochromated AlKa source
(hv = 1486.6 eV) and a pass energy of 20 eV. Argon cluster ion
beam etching experiments were performed using a MAGCIS ion gun
using a cluster energy of 4000 eV. The etch rate at these conditions
was determined to be 1.08 nm/min via reference etching experiments.
UPS measurements were carried out using a He discharge lamp
(hv=21.2 eV) and a pass energy of 2 eV.

X-ray diffraction

XRD patterns were measured in ambient air using a Bruker Advance
D8 diffractometer equipped with a 1.6-kW Cu-Anode (A = 1.54060 A)
and a LYNXEYE_XE_T detector in 1D mode in parallel beam
geometry. All scans (coupled 26/6, 26 = 5° to 50°, step size 0.05°)
were background-corrected using the Bruker Diffrac.Eva software.

Scanning electron microscopy

Surface morphology of the perovskite films was examined using SEM
(ZEISS GeminiSEM 500) operated at low voltage (1.5 keV). Cross-
sectional images of the layered devices were acquired on the same
setup with a 5-keV voltage for the electron beam.

PL spectroscopy

PLQE measurements were carried out inside an integrating sphere
(Labsphere) with excitation by a 405-nm continuous wave (CW)
laser (Coherent). The spectra were recorded using a QE65 Pro
(Ocean Optics) spectrometer. The PLQE was calculated following
the methodology of de Mello et al. (46).

Electroluminescence measurements

ELQE was characterized by directly covering the devices with a
calibrated Si photodiode (Thorlabs, FDS10X10). Two source meter
units were used for applying voltage to the device and reading
current from the photodiode, respectively, controlled by the
SweepMe! software.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj7930
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