Dual surface modifications of NiO,/perovskite interface for enhance-
ment of device stability
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ABSTRACT: Various phosphonic-acid based self-assembled monolayers (SAMs) have been commonly used for interface modifications in inverted
perovskite solar cells. This typically results in significant enhancement of the hole extraction and consequent increase in the power conversion
efficiency. However, the surface coverage and packing density of SAM molecules can vary, depending on the chosen SAM material and underlying
oxide layer. In addition, different SAM molecules have diverse effects on the interfacial energy level alignment and perovskite film growth, resulting
in complex relationships between surface modification, efficiency, and lifetime. Here we show that ethanolamine surface modification combined
with [2-(9H-carbazol-9-yl)ethyl]phosphonic acid (2PACz) results in significant improvement in device stability compared to devices with 2PACz
modification only. The significantly smaller size of ethanolamine enables it to fill any gaps in 2PACz coverage and provide improved interfacial
defect passivation, while its different chemical structure enables it to provide complementary effects to 2PACz passivation. Consequently, the per-
ovskite films are more stable under illumination (slower photoinduced segregation) and the devices exhibit significant stability enhancement. Despite
similar power conversion efficiencies (PCE) between 2PACz only and combined ethanolamine-2PACz modification (PCE of champion devices
~21.6-22.0% for rigid and ~20.2-21.0% for flexible devices), the T80 lifetime under simulated solar illumination in ambient is improved more than

15 times for both rigid and flexible devices.
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INTRODUCTION

Inverted perovskite solar cells (PSCs) have been attracting increasing attention
in recent years due to their simple fabrication, increased stability and lower
hysteresis compared to conventional devices, which still retain efficiency ad-
vantage mainly due to improved charge extraction.'> Among different materi-
als used as hole transport layers (HTLs), NiOx is commonly used,”'® since it
results in improved stability compared to various organic HTL alterna-
tives.>*%’ However, the efficiency of inverted PSCs with NiOx HTL is limited
by the low conductivity of NiOx and the properties of NiOx/perovskite inter-
face.® Significant effort has consequently been made to improve the charge
extraction in inverted PSCs, in particular those containing NiOx HTL. Charge
extraction improvement in NiOx-containing inverted PSCs can be achieved by
different approaches, such as doping as well as various surface functionaliza-
tion with different molecules.® The use of surface modifications to improve
hole extraction has an important advantage over doping, since it can also pro-
vide defect passivation at the NiOy/perovskite interface.’ One of the significant
issues affecting the performance (efficiency and stability) of inverted PSCs
with NiOx is the presence of surface/interface defects, which can be detri-
mental to the device stability and cause perovskite degradation.*®!* Various
interfacial defects (Ni*", the presence of hydrates and other secondary phases)
can also affect the growth of perovskite film and the formation of Pbl> or Nil»
upon light soaking.®

A variety of molecules has been used for surface modifications, including
amines, thiols, carboxylates, and phosphonic acid containing molecules.”?
Among these, various phosphonic acid-based surface modifications are partic-
ularly promising due to the strong bonding of the phosphonate group to metal
oxides, resulting in the widespread use of these types of molecules in
PSCs, 51141627 35 well as organic photovoltaics.**** These molecules can bind
to a variety of metal oxides, either by tridentate binding or a mixture of biden-
tate binding and hydrogen bonding.** Commonly used phosphonic acid-based
surface modifiers include [2-(9H-carbazol-9-yl)ethyl]phosphonic acid
(2PACz)%171821-3.2627 and MeOQ-2PACz ([2-(3,6-dimethoxy-9H-carbazol-9-
yl)ethyl]phosphonic acid).'®!*!82025:26 2PACz in particular has been identified
as a surface modifying molecule leading to favorable energy level alignment
and significant suppression of interfacial defects in PSCs.?

However, the binding of the surface modifying molecules in general is known
to be dependent on the imperfections of the surface, as well as the interactions
among the molecules, which are affected by the rotations of the molecule back-
bones and changes in the tail group configurations.?’ It has been shown that
MeO-2PACz exhibited inhomogeneous surface coverage on indium tin oxide
(ITO)."™ It was also proposed that the large size of 2PACz molecules can lead
to defects in packing and consequently surface coverage, so that metal oxide
may be exposed between the neighboring molecules.'” The coverage of surface
modifying molecules is dependent on the hydroxyl group concentration on the
surface, as the phosphonic acid group can bind to the surface hydroxyl group
by condensation reaction.'” The homogeneity and surface coverage were found
to be improved by atomic layer deposition of NiOx,'" as well as sputtered
NiOx.? This has led to a significant reduction in the standard deviation of
power conversion efficiency (PCE),"” and/or improved efficiency.”” Neverthe-
less, while NiOx offers enhancement of strong tridentate binding compared to
ITO,™ it is still expected that there will be defects arising from unavoidable
imperfect packing of molecules on any surface® and consequently exposed
metal oxide surface.

One possible method to address this issue is to use co-adsorption of surface-
modifying molecules. Co-adsorption of 2PACz with different molecules, such
as methyl phosphonic acid'? and MeOPACz'*" has been reported, with co-
adsorption serving the purpose to improve surface coverage'”"'? or to tune en-
ergy level alignment utilizing different molecular dipoles of co-adsorbed mol-
ecules.'® Other combinations of co-adsorbed layers include ((2,7-dimethoxy-
9H-carbazol-9-yl) methyl) phosphonic acid and 6-(iodo-A*-azanyl) hexanoic
acid.”* The combination of other types of molecules, such as alkyl ammonium-
based molecules, with phosphonic acid-based molecules can provide addi-
tional functionality, such as passivating defects in the perovskite in addition to
covering any exposed metal oxide.? Thus, there is an interest in surface mod-
ifying molecules that can passivate defects in the perovskite by forming hy-
drogen bonds with inorganic lead halide octahedra,>** and as a result various
amino-group containing molecules have been reported for NiOx surface mod-
ifications, such as 2-thiophenemethylamine® and diethanolamine.” It was also
proposed that in the case of diethanolamine, N forms a bond with Ni, while
the OH group interacts with uncoordinated Pb*".” Thus, ethanolamine-based



molecules have potential for interactions with both perovskite and NiOx, which
is beneficial for defect passivation.

Therefore, in this work we investigated NiOx surface modification with 2PACz
and ethanolamine (chemical structure of the two molecules is shown in Figure
S1). The NiOx nanoparticle layer could be deposited at low temperature and it
is compatible with flexible substrates. While 2PACz provides excellent hole
selectivity,? the ethanolamine molecule is expected to provide passivation of
the perovskite and it is sufficiently small in size that it is expected to provide
coverage of NiOx surface not covered by 2PACz. Surprisingly, we have not
found any significant enhancement of the efficiency or narrowing of the dis-
tributions of performance parameters with co-adsorption. However, dual sur-
face modification was found to lead to substantial enhancement of the device
stability, and device stability in general exhibited complex dependence on sur-
face passivation as a consequence of interplay between interfacial defect

passivation and energy level alignment across the device, as the buried inter-
face modifications affect not only hole collection, but also electron collection.®
It has been previously proposed that passivation of deep defects affects the
efficiency, while the passivation of shallow defects affects the stability, and
that immobilization of shallow point defects is not related to nonradiative re-
combination, so that devices with similar efficiencies can exhibit significantly
different stability.*® Different from using bulk additives,” here we show that
different methods of NiOx/perovskite interface passivation can have pro-
nounced effect on device lifetime in devices with similar efficiencies. Our
work contributes to improved understanding of the complex relationship be-
tween different types of defects, passivation molecules, interfacial energy level
alignment, and solar cell performance (efficiency and stability).
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Figure 1. Performance parameters of PSCs with different NiOx surface modifications (forward scan) a) Jsc b) Ve ¢) FF and d) PCE; e) I-V curves under simulated
solar illumination for forward scan (solid lines) and backward scan (dashed lines) f) EQE curves and corresponding integrated Jsc of PSCs with different NiOx

surface modifications.
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Figure 2 a) PCE distribution (forward scan) and b) I-V curves under forward (solid line) and backward (dashed line) scans of flexible PSCs with different NiOx

surface modifications.
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Figure 3 a) PL spectra and b) TRPL spectra of perovskite films on NiOx with different surface modifications. ¢) SCLC curves of hole-only devices with different

NiOx surface treatments.



RESULTS AND DISCUSSION

To investigate the effect of NiOx surface modifications, the concentrations of
each molecule have been optimized, as shown in Figure S2 and S3, and the
effect of the sequence of modification was examined, as shown in Figure S4.
In addition, since there are differences in performance trends of devices with
3D and 3D/2D perovskite layers on NiOy with different surface modifications,®
we prepared devices with PEAI top surface modification on top of 3D
CsFAMA perovskite, with performance parameters, I-V curves and corre-
sponding EQE curves shown in Figure S1 and summarized in Table S1, and
devices without PEAI top surface modifications, with performance parameters
shown in Figure S5, and summarized in Table S2. Generally, similar trends
are observed in devices with 3D/2D perovskite layer (Figure 1, Table S1) and
devices with 3D perovskite layer (Figure S5, Table S2). However, it can be
clearly observed that the NiOx and NiOx-amine devices with 3D perovskite
exhibit higher PCE (mainly due to higher Js), while in the case of devices
containing 2PACz modification 3D/2D PSCs have higher PCE. This is con-
sistent with our previous work, where we found that 2PACz modification of
NiOx/perovskite interface leads to more favorable energy level alignment
across 3D/2D/PCBM interface.® We can observe that the modification with
ethanolamine (denoted as NiOx-amine) results in an increase in Js, but a de-
crease in Vo, leading to a PCE comparable to that of unmodified devices. An
increase in Js is consistent with either improved charge extraction or reduced
recombination losses, from which an increase in Jsc would also be expected. A
possible cause of the reduced V.. would be unfavorable surface dipole orien-
tation, similar to the case previously observed for 2-thiophenemethylamine
passivation, where surface dipoles and trap passivation resulted in opposite
changes in V.. Surface dipoles are expected at NiOy/perovskite interface even
without any modification, depending on the surface chemistry (defects,
NiOOH species),*** and the energy level alignment at that interface can be
further changed by surface modifications, which in turn affects the V.. Dif-
ferent from NiOx-amine, we can observe a significant increase in the Vo in the
devices containing 2PACz interface modification, in agreement with previous
reports.'>? The samples with 2PACz interface modification also exhibit an in-
crease in Js.. The increase in short circuit current density can occur due to im-
proved energy level alignment at the interfaces between the perovskite and
charge transport layer,’ as well as enhanced perovskite film quality.” It has
been demonstrated that 2PACz modification results in a significant interface
dipole and consequent changes in energy level alignment within the perovskite
device,® which is likely responsible for the observed increase in Js. Similar
performance is obtained for 2PACz only modification compared to amine-
2PACz (slightly better champion device, similar average values) and similar
performance trends to those on ITO/glass substrates are also observed for flex-
ible devices, as shown in Figure 2 and summarized in Table S1. It should be
noted that for 3D perovskite active layer (Figure S5), small differences are
observed in Jsc and FF trends for 2PACz only and amine-2PACz devices, but
in this case as well the obtained efficiencies are similar. The hysteresis indices
(HI), however, exhibit significantly different dependence on surface modifica-
tions in 3D (Table S2) and 3D/2D devices (Table S1). In both cases, for amine-
2PACz we obtain a decrease in HI compared to unmodified NiOx, but amine
only and 2PACz only modifications exhibit higher HI compared to no modifi-
cation for 3D/2D devices and lower HI compared to no modification for 3D
devices. As hysteresis occurs due to charge accumulation at interfaces, caused
by surface dipoles and/or unfavorable energy level alignment across the inter-
face,** the reduction of hysteresis indicates a reduction in charge accumula-
tion at interfaces during operation. Due to inherent differences in energy level
alignment in devices with 3D and 3D/2D perovskite layers,® dependence of HI
on surface modification of NiOx differs for the case of 3D and 3D/2D perov-
skite. In the following, we will focus our investigation on the devices with
3D/2D layers, as this architecture leads to the best device performance for op-
timized interface modification.

To investigate the reasons for observed performance differences, we charac-
terized the perovskite films and devices for different surface modifications of
NiOx. From XRD patterns, shown in Supplementary Figure S6, all samples
contain 3D CsFAMA perovskite and some amount of hexagonal Pbl,. Diffrac-
tion lines belonging to ITO are also visible. The mixed cation 3D phase crys-
tallizes in cubic P-43m space group with the unit-cell parameter a = 6.269(7)
A which is in accordance with previous report.*’ The cell refinement was con-
ducted by using structure published by Tian et al.*’ as a starting structural
model while the A-site occupancies were modified constrained to Cso.os FAo.79
MAuo.16. For each sample, the area ratio of Pbl>(004) and 3D(001) diffraction
lines was calculated and amount to: 0.4, 0.36, 0.28 and 0.22 for NiOx, NiOx-
amine, NiOx/2PACz and NiOx-amine/2PACz, respectively. We can observe
that the amount of Pbl, phase is reduced in the case of surface modification

which is in agreement with previous reports.'® This is expected since increased
Pbl, presence is attributed to the instability of the perovskite/NiOx interface,®
since the surface defects induce redox reaction at the interface leading to the
degradation of the perovskite.? Thus, the reduced presence of Pbl, indicates
increased interface stability and/or a reduction in interfacial defects. Therefore,
we further investigated the charge collection and interfacial defect density in
different samples. The photoluminescence (PL) and time-resolved photolumi-
nescence (TRPL) spectra are shown in Figure 3a and 3b, respectively, and the
TRPL bi-exponential decay*®!! fitting parameters are summarized in Table
S3. Fast decay is typically attributed to the transfer of photogenerated holes to
HTL, as well as surface recombination, whereas the slow decay component is
commonly attributed to radiative bulk recombination in the perovskite film.**
However, both fast and slow decay can be affected by trap passivation and
charge transfer, resulting in complex relationships between trends observed in
TRPL and device performance. For amine-NiOx, we obtain a decrease in fast
decay time and an increase in slow decay time, which indicates some defect
passivation by ethanolamine and possibly a small improvement in hole extrac-
tion. While in the case of no 2PACz treatment, the changes in decay rates are
within the same order of magnitude, for both cases containing 2PACz, dra-
matic increases in both decay times are observed. Increases in carrier lifetimes
after surface modification with phosphonic acid-based molecules is in agree-
ment with the previous reports,*'#2%?7 as well as a significant increase in Voc
which is consistent with trap passivation and/or reduced recombination
losses.’ 2PACz was reported to passivate oxygen vacancies on NiOx surface
(with O atom of phosphoryl group filling the vacancy), while at the same time
O from phosphoryl group can also form a bond with uncoordinated Pb**.'®
Thus, the significant increase in decay times is consistent with the proposed
passivation effects of 2PACz. Higher PL intensity and longer decay times in
the case of amine-2PACz compared to 2PACz indicates significant passivation
of non-radiative defects, which would imply the reduction of non-radiative re-
combination. However, no significant differences in average solar cell perfor-
mance are observed between these two modifications, although the champion
devices exhibit higher efficiency for amine-2PACz. In addition to PL and
TRPL, we have also performed additional characterization of charge transport.
I-V curves of hole-only devices are shown in Figure 3c. After determining the

trap filled limit voltage VrrL, the trap density Ni can be determined as:*'!

2eg9VTRL
N = )

where L is the thickness of the perovskite film, e is the elementary charge
(1.602x10" C), ¢ is the relative dielectric constant, and € is the vacuum per-
mittivity (8.8542x10™"* F/cm). The obtained values are summarized in Table
S4, and the trap density trend Nuntreated™ Namine>N2pacz>Namine-2pAcz 1S in agree-
ment with the observed trends in PL and TRPL spectra.

In addition to these measurements, we have also attempted to further charac-
terize charge transport by determining open circuit voltage dependence on il-
lumination intensity to determine the ideality factor®*' and we performed C-V
measurements to estimate defect densities from Mott-Schottky plots. Obtained
results are shown in Figure S7 and summarized in Table S5.

However, the results were different from the expectation and in contradiction
with TRPL and SCLC results. Nevertheless, it is worth discussing the issue of
the general applicability of common characterization techniques when inves-
tigating devices with interface modifications involving large interfacial di-
poles and dramatic differences in contact selectivity. Let us discuss the ideality
factor first. Ideality factor is governed by bulk as well as interfacial recombi-
nation properties.”! In some but not all cases, high ideality factor values were
reported for devices with phosphonic-acid based surface interface modifica-
tion. For example, an ideality factor of 1.81 was previously reported for an
inverted device employing 2PACz.?' An increase in diode ideality factor upon
surface modification with a phosphonic acid-based molecule was also ob-
served in organic solar cells.’' This was attributed to the fact that recombina-
tion can occur within the active layer (bulk recombination) or at the active
layer/electrode interface (contact recombination).! In the case of bare metal
oxide surface which contains hydroxyl groups that can act as traps, contact
recombination dominates charge transport.’' Surface modification was found
to significantly suppress contact recombination, resulting in increased V. de-
spite increased ideality factor.’’ From the observed significant increase in
charge carrier lifetimes and an increase in Vo in devices with 2PACz-modified
NiOy, interface recombination is likely significantly suppressed. Therefore,
ideality factors of devices with and without 2PACz surface modification are
not directly comparable, and caution is needed in the interpretation of the ide-
ality factor derived from V. dependence on the illumination intensity. Devices
exhibiting more than an order of magnitude difference in carrier lifetime, as
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obtained in our work, likely cannot be directly compared to devices with more
pronounced interfacial recombination. In general, the ideality factor value can
be considered as an indication of trap-assisted recombination when the behav-
ior is limited by recombination involving trapped charge carriers, rather than
limited by surface/contact recombination.*!

Similar to the ideality factor, the use of capacitance-voltage measurements and
Mott-Schottky plots to determine defect densities in a device with a large in-
terfacial dipole can also be problematic. From the Mott-Schottky plots shown
in Figure S2b, we can observe increased built-in potential Vi for devices with
2PACz and amine-2PACz interface modifications, consistent with additional
electric field introduced by surface dipoles.’ The increase in Vi can also indi-
cate a larger driving force for charge separation and reduced screening due to
charges trapped at interfacial states.®* However, the obtained defect densities
are higher for 2PACz and amine-2PACz compared to untreated NiOx and
amine-NiOx. It should be noted that standard models may not necessarily be
applicable to structures containing ultrathin interfacial modifications, since the
insulating molecules cannot be approximated by a pure capacitor due to the
existence of a significant tunneling current.*” In fact, tunneling has been spe-
cifically proposed as a mechanism of hole extraction with phosphonic acid-
based interface modifications.***! Therefore, a direct comparison of devices
with and without 2PACz would not be appropriate for characterization tech-
niques where there are significant differences in processes occurring in the
devices.
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Figure 4. In situ absorption spectra difference under 1 Sun simulated solar
illumination for perovskite films on a) NiOx b) NiOx-amine c¢) NiOy/2PACz
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We can also observe from Figure 3a that there is a small shift in the position
of the PL peak for different surface modifications of NiOx, with peak position
located at 766.1 nm in sample without modification, with blue shift observed
for samples with amine modification (~756.0 nm for NiOx-amine and ~765.6
for NiOx-amine/2PACz) and a small red shift observed for NiOy2PACz
(~766.8 nm). Different causes of blue or red shifts of PL peaks have been re-
ported.*** Blue shift of PL can occur due to passivation of trap levels near the
band edge,” while red shift can occur due to photoinduced segregation of
mixed halide perovskite.* Thus, observed blue shifts for ethanolamine passiv-
ated samples are consistent with trap passivation, consistent with TRPL and
SCLC results. To examine the photoinduced segregation in the samples, we
have performed in-situ absorption measurements to evaluate photoinduced
segregation,* as shown in Figure 4. We see a lower level of photoinduced
segregation in perovskite films on amine-2PACz modified NiOx compared to
NiO«/2PACz, consistent with reduced defects and improved quality of the per-
ovskite film. Interestingly, the photoinduced segregation in samples without
surface modification is not very pronounced, while photoinduced segregation
in NiOx-amine samples exhibits quite unusual profile, i.e. we can observe a
fast change in the absorption compared to initial value, but no further changes
are evident as time increases. As hole trapping, followed by iodide oxidation
and expulsion from the lattice, is responsible for photoinduced segregation,*’
we expect that photoinduced segregation would be affected by the concentra-
tion of hole traps, the efficiency of hole collection and consequently hole ac-
cumulation at interfaces. From the obtained values of fast decay constant in
TRPL (Table S3), there are no indications of reduced efficiency of hole col-
lection compared to bare NiOx, consistent with increased Ji.. However, it
should be noted that both fast decay constant and Jic value are a result of

interplay between multiple processes, and it is difficult to isolate any one con-
tributing factor independently. One possible reason for unusual photoinduced
segregation profile and significant magnitude of change in the absorption is
the possibility of interaction between the amine group and the perovskite. It
has been previously reported that molecules containing R-NH: can exhibit in
situ protonation by FA when deposited on the perovskite.** This would how-
ever result in deprotonation of the organic cation in the perovskite, which is
expected to result in increased ion migration.

Since the amine-containing surface modifications can also affect the quality of
the perovskite film grown on top of the HTL,”* we also examined the perov-
skite film quality and obtained cross-section SEM images are shown in Figure
S8. We can observe that the use of ethanolamine results in increased fraction
of grains extending from bottom-to-top of the perovskite films, compared to
corresponding sample without ethanolamine. In contrast, 2PACz-modified
films exhibit smaller grains along the cross-section. To understand in more
detail the effects of passivation of two molecules, additional characterization
of NiOy with different passivation was conducted. It is known that defects on
NiOx surface can affect the stability of PSCs, as demonstrated by differences
between oxygen-rich and oxygen-deficient NiOy."* Thus, we have performed
the XPS measurements of NiOx modified with 2PACz only and amine-2PACz.
From the Ni 2ps» spectra in Figure S9, we can observe that the ratio of the
lowest energy peak at ~854 eV corresponding to Ni** (NiO) and the higher
energy peak at ~856 eV corresponding to Ni** (NiOOH and Ni203)>'*" is al-
tered by surface modification, as summarized in Table S6. The broad higher
energy peak is assigned to the satellite for NiO.>'*!> We can observe that the
highest ratio is obtained for NiOx-amine, indicating effective defect pas-
sivation in agreement with reduced trap density determined from SCLC meas-
urements compared to NiOyx. We also observe an improvement in the Ni*"/Ni**
ratio for NiOx-amine/2PACz compared to 2PACz only, also in agreement with
the reduced trap density and increased TRPL decay time for NiOx-
amine/2PACz. The reduction in Ni** content is expected to result in improved
stability."* O1s spectra can be fitted with three peaks, as shown in Figure S10,
with the lowest energy peak (O1) corresponding to O in the metal oxide lat-
tice,'*'* the O2 peak corresponds to surface hydroxyl groups including nickel
hydroxide and nickel oxyhydroxide,'**'* and lower coordination of oxygen
in the presence of defects,"'* while the highest energy peak corresponds to
adsorbed water and C=0.'"" In samples with 2PACz, P=0 and Ni-P-O could
also contribute to the O2 peak.'® The analysis of the peak ratios in O 1s spectra
is more complex since the higher energy peaks can arise both from surface
defects and from functional groups present in the surface modifying molecule.
For example, an increase in the peak at ~533 eV attributed to OH was observed
after MeO-2PACz surface modifications, which could be attributed to the pres-
ence of OH groups in MeO-2PACz." Thus, the presence of OH in the samples
with ethanolamine surface modification can result in complex variations of
peak ratios, since the defect passivation can lead to an increase in O1 relative
to other peaks, while the presence of OH can result in a reduction on the rela-
tive strength of O1 peak. Nevertheless, from the changes in Ni*'/Ni** ratios,
we can unambiguously conclude that the surface modifications result in the
reduction of defects on NiOx surface, and that ethanolamine provides addi-
tional defect passivation, different from that obtainable by 2PACz modifica-
tion. From FTIR spectra shown in Figure S11, we can also observe that etha-
nolamine is indeed present in both NiOx-amine and NiOx-amine/2PACz sam-
ples. While ethanolamine is less strongly bound to NiOx compared to 2PACz
based on DFT calculation (Supplementary Information, Note S2 and Figure
S12), from experimental results it is obvious that 2PACz modification does not
displace all ethanolamine. The differences in the absorption of the two mole-
cules are expected to contribute to the observed significant difference in device
performance as a function of order of modification (Figure S4), as different
fractions of ethanolamine and 2PACz on the surface are expected to be ob-
tained for different order of modification.

It should also be noted that these two passivation molecules can have signifi-
cantly different effects on the energy level alignment across the interface. The
existence of surface dipoles at NiOx surface is a complex issue, likely to de-
pend on the method of preparation and any surface treatments (such as oxygen
plasma). The presence of dipoles, enhanced by oxygen plasma, at NiOx/ or-
ganic film interface was previously reported.** The magnitude of the dipoles
can be significant, even exceeding 4 Debyes, while NH2 group has opposing
dipole moment, -4.5 Debyes.* The dipole moment of 2PACz was reported to
be 2 Debyes.”® Thus, we expect to observe significant differences in energy
level alignment for these surface modifications. However, the energy level
alignment across the interfaces in a device can be quite complex,®*** and the
interface dipoles and vacuum level shifts are dependent not only on the dipole
moments of modifying molecules, but also on their surface coverage, orienta-
tion, interfacial charge transfer, and trapping of charge carriers at self-assem-
bled monolayer.* Thus, to examine the effects of energy band level alignment,
UPS measurements were conducted. Energy level alignment is expected to af-
fect not only efficiency, but also hysteresis index, photoinduced segregation,
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and stability. We can observe vacuum level shifts for all device architectures
considered, as shown in Figure 5. However, we can observe that there is a
significant difference in the direction of the net vacuum level shift from per-
ovskite to NiOx for no modification and combined modification, as opposed to
the single molecule modification.
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Figure 5. Illustration of energy level alignments obtained from UPS for dif-
ferent surface modifications of NiOx assuming common Fermi level: a) bare
NiOx b) ethanolamine c¢) 2PACz and d) ethanolamine+2PACz.
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Figure 6. Normalized PCE under 1 Sun simulated solar illumination and MPP
as a function of time for PSCs with different surface modifications a) rigid
substrates b) flexible substrates.

Finally, we have performed stability testing at maximum power point (MPP)
under 1 Sun simulated solar illumination. Obtained results for rigid and flexi-
ble substrates for NiOx/2PACz and NiOx-amine/2PACz are shown in Figure
6a and 6b, respectively, while obtained results for rigid substrates for NiOx
and NiOx-amine are shown in Figure S13. We can observe a very complex
relationship between surface modification, device performance, and device
stability. For NiOx/2PACz and NiOx-amine/2PACz devices, we can observe
that even though devices exhibit similar efficiencies, different from previous
reports on co-adsorbed monolayers,? significant difference in stability is ob-
tained, with amine-2PACz exhibiting significant enhancement of stability.
While short Tso (less than 24 h) is obtained in the case of 2PACz only (similar
to a previous report of devices with 2PACz only HTL and 3D perovskite as an
active layer which exhibited Tso of only 8h in nitrogen®'), devices with amine-
2PACz exhibited significant enhancement of the stability on both rigid and
flexible substrates. It should be noted that the reports on the stability of flexible
devices under illumination have been scarce, but it was reported that flexible
tandem cells using 2PACz-MeO-PACz surface modifications retained 90% of
initial efficiency after 150 h of illumination with an LED-based solar simula-
tor."® While our flexible devices exhibit lower stability than that, the stability
was measured under simulated solar illumination of a Xe-lamp based solar
simulator which contains UV component, leading to reduced stability com-
pared to a LED-based visible-light-only simulator.

Another interesting observation is shorter lifetime of the NiOx-amine devices
compared to unmodified NiOx-amine. Possible reason for shorter lifetime is
less efficient hole collection/hole accumulation, as this can lead to halide oxi-
dation, ion migration/photoinduced segregation, and ultimately device degra-
dation.>"*? Tt has been reported that different HTLs™ and different modifica-
tions™ can result in significant differences in stability under illumination.
From the energy level diagrams shown in Figure 5, we can observe a differ-
ence in the direction of vacuum level shift for samples exhibiting good stability
(NiOx and NiOx-amine/2PACz) and samples exhibiting poor stability (NiOx-
amine, NiOx/2PACz), indicating that existence of unfavorable interface

dipoles and associated charge accumulation can result in detrimental effects
on stability. There are also other possible contributing factors to the observed
decrease in stability for amine-based surface modification, despite defect pas-
sivation on modified surface. Complex dependence between buried interface
modifications, efficiency, and stability also occurs in part due to the coexist-
ence of different deep and shallow defects, with deep defects affecting the ef-
ficiency, while shallow defects affect the ion migration and stability.**** It
was proposed that 2PACz passivation inhibits the formation of shallow traps
at NiOy/perovskite interface under UV illumination,”” and that lower lifetime
in devices with NiOx without surface modifications could be attributed to NiO-
induced deprotonation of organic cation.?” NiOy surface passivation could mit-
igate deprotonation, but different molecules resulted in different stability im-
provements.”’” Obviously, the stability trends would then depend on the initial
properties of NiOx. While ethanolamine passivates deep traps and improves
the growth of the perovskite films, it has negative effects in the device stability
when applied without other modifiers. Possible mechanism is that amine group
induces deprotonation of the organic cation, which in turn destabilizes perov-
skite lattice under illumination and increases ion migration. It has been re-
ported that PEAI surface modification results in increased interstitial iodine,
and worsened the device stability, different from perovskite/HTL interface
modification with a carbazole-pyridine based molecule.”

Thus, we can conclude that both ethanolamine and 2PACz interface modifica-
tions result in passivation of deep defects. Ethanolamine likely interacts more
with the perovskite, and affects the growth of the film resulting in large vertical
grains. The molecules also alter energy level alignment across the interface,
which is favorable in case of 2PACz for the use of 3D/2D active layer. The less
favorable energy level alignment for ethanolamine can lead to charge accumu-
lation in the devices, resulting in worsening of the stability. Charge accumula-
tion, combined with possible deprotonation of organic cation by the amine, is
expected to lead to increased ion migration, in line with pronounced rapid pho-
toinduced segregation and fast device performance degradation. Devices with
2PACz only also exhibit more pronounced phase segregation compared to de-
vices without modification, likely due to inferior film morphology. The com-
bination of ethanolamine and 2PACz enables their complementary action, with
improved perovskite film quality compared to 2PACz only and lower defect
density, while more favorable energy level alignment is obtained, resulting in
not only high efficiency but also high stability.

CONCLUSIONS

We have investigated the effects of surface modifications of NiOx with
different molecules, namely ethanolamine and 2PACz, and their combina-
tion. We found that while ethanolamine can passivate defects at NiOx sur-
face, it worsens the device stability under illumination when used as sole
interface modifier. In contrast, 2PACz provides excellent hole selectivity,
leading to substantial increase in carrier lifetimes determined from TRPL
measurements and improved photovoltaic performance. While comparable
average efficiencies are obtained for 2PACz-only and amine-2PACz surface
modifications, amine-2PACz interface modification results in a significant
enhancement of stability under 1 Sun simulated solar illumination for both
rigid and flexible devices, which can be attributed to improved perovskite
layer quality and additional defect passivation provided by ethanolamine and
adjustment in the energy level alignment for combined surface modification.
In general, relationship between interface passivation, efficiency, and stabil-
ity was found to be complex, arising from interplay between passivation of
deep and shallow defects, perovskite growth on modified surface, energy
level alignment across interfaces, and charge accumulation. Combination of
molecules with complementary action addressing these issues can yield sim-
ultaneous optimization of both efficiency and stability.
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MATERIALS AND METHODS

Materials. All materials were used as received without further purification.
Nickel (II) nitrate pentahydrate (NiNO;-6H.0O) was purchased from Duksan.
Formamidinium iodide (FAI), methylammonium bromide (MABr), and
phenethylammonium iodide (PEAI) were purchased from GreatCell Solar.
Lead iodide (Pbl), lead bromide (PbBr2), [2-(9H-carbazol-9-yl)ethyl]phos-
phonic acid (2PACz), ethanolamine (2-Aminoethanol) were obtained from
TCI. Sodium hydroxide (97%), Cesium iodide, N,N-Dimethylformamide
(DMF), dimethy! sulfoxide (DMSO), and isopropanol (IPA) were purchased
from Alfa Aesar. (6,6)-phenyl C61 butyric acid methyl ester (PCBM), batho-
cuproine (BCP) were purchased from Lumtec. Chlorobenzene (CB) was pur-
chased from Aladdin. Methanol was purchased from Sigma-Aldrich. Chloro-
form (CF) was purchased from Acros.

NiOx deposition and surface modification. NiOx nanoparticles were pre-
pared according to the previously published procedure.'>'® Briefly, 6g of
NiNOs-6H:0 dissolved in 80 ml of de-ionized (DI) water and the clear solution
was stirred vigorously. Then, 80 ml NaOH (1 mol/l in DI water) was dripped
with the speed of 2-3 drops per second. The light green product of Ni(OH)2
was collected via centrifugation on 10000 rpm after washing with DI water
several times. Then, the Ni(OH). powders were freeze-dried and annealed at
275 °C for 2 hr to obtain black NiOx nanoparticles. The NiOx nanoparticles
powders were dispersed in DI water with the concentration of 20 mg/ml for
HTL preparation.

Perovskite solar cells fabrication. The glass-ITO and PEN-ITO (Peccell 15
Q sq-1) substrates (25x25 mm?) were cleaned by detergent (Decon 90, 1% in
DI water), DI water and ethanol by sonication for 15 min in each solvent se-
quentially. The washed substrates were blow dried with N and treated with
oxygen plasma at 10 V for 15 s. HTL was prepared via spin coating NiOx na-
noparticle ink at 3000 rpm for 40 s onto the cleaned substrate, followed by
annealing at 110 °C for 10 min. Amine modification was realized by spin coat-
ing ethanolamine solution (1:50 v: v in ethanol) onto as prepared NiOx/ITO
substrate at 4000 rpm for 30 s and annealing at 100 °C for 5 min. Samples with
coated NiOx (with or without amine modification) were then transferred to a
glove box. For 2PACz modification, 2PACz solution (0.5 mg/ml in IPA) was
spin coated at 4000 rpm for 30 s and annealed at 100 °C for 10 min. Active
layer was CsSFAMA perovskite, as reported previously.” Briefly, 18.2 mg CslI,
172 mg FAIL 22.4 mg MABr, 507.1 mg Pbl: and 73.4 mg PbBr» dissolved in 1
ml DMF: DMSO (4:1 v: v) solvent and stirred at 60°C for 90 mins before use.
Perovskite layer deposition was performed by one-step spin-coating at 4000
rpm for 35s. At 10 s after the start, 300 ul of CB antisolvent was dropped onto
the perovskite film. The perovskite film was annealed at 110 °C for 40 min.
To obtain a 2D top layer, PEAI solution (1 mg/ml in IPA) was spin coated on
top of CsSFAMA perovskite at 5000 rpm for 30s, followed by annealing at 100
°C for 3 min. Electron transport later was deposited by spin coating PCBM
solution (20 mg/ml in CB) at 1200 rpm for 30 s followed by annealing at 100
°C for 10 min. BCP interlayer was deposited by spin coating at 4000 rpm for
30s without annealing. Finally, 100 nm Ag was evaporated through a shadow
mask to obtain a device with the electrode area of 0.09 cm? (3 mm x 3 mm).
As-prepared perovskite solar cells were encapsulated with polyisobutylene
(PIB) and a cover glass.

Characterization. XRD patterns were measured using a Rigaku MiniFlex600
with Cu Ka X-ray source in 6-26 scan mode with step of 0.01° from 10° to
55°. Capacitance-voltage curves were measured by a CHI660C electrochemi-
cal workstation. EQE was measured with a Enli QE-R 3011 EQE system. UV-
vis absorption spectra were measured with a Cary 60 UV-vis spectrophotom-
eter. Steady-state PL measurements were obtained with a CVI Melles Griot
LC500 HeCd (325 nm) laser as excitation and PL spectra collected with a
PDA-512USB fiberoptic spectrometer. The XPS and UPS measurement were
performed using an ESCA-LAB 250xi (Thermo Fisher). The Cls binding en-
ergy (284.8 eV) was used as energy reference during the XPS measurements.
The photoelectrons in UPS measurements were excited using a He lamp with
an energy of 21.22 eV and a resolution of 0.05 eV. Excitation source for TRPL
measurement was a 635 nm 100-picosecond laser diode (Edinburgh Instru-
ments) with switchable repetition rates operating at 1 MHz and 200KHz. The
excitation intensity (at the glass substrate side) was =15 nJ cm™. The PL was
collected by a monochromator (Acton SpectraPro 275), and the center wave-
length was sent into a photon counter at the exit port, where time correlated
single photon counting was performed using a Becker and Hickl system
(SPC150). SEM was measured by Hitachi S-4800. ATR-FTIR was measured
by PerkinElmer Spectrum Two. Details of calculations are given in SI, Note
S2.

I-V measurements were performed using a Keithley 2400 source measure unit
under 1 sun illumination with 100 mW/cm? intensity and AM1.5G spectrum
(ABET Sun 2000 solar simulator with calibration by Enli PVM silicon stand-
ard reference cell). All solar cell devices were measured after encapsulation in
ambient condition (room temperature, RH 60-70 %) using an aperture mask of
0.04 (0.2x 0.2) cm® 1I-V scan was performed with step of 0.01 V and 10 ms
delay. Backward scan was performed from 1.2 V to -0.2V and forward scan
was performed from -0.2 V to 1.2 V. Maximum power point (MPP) testing for
stability evaluation under illumination was measured under the same environ-
ment as mentioned above.
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