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Nickel oxide (NiOy) is a prospective hole transporting layer (HTL) material for inverted (p-i-n) perovskite solar
cells (PSCs); however, inevitable surface defects on the NiOy surface interfere with the realization of high-
performance PSCs. Herein, nickel nitrate is used to eliminate defect sites and hydroxyl groups on the NiOy
surface. For the first time, it is found that a uniform and ultra-thin nickel nitride (NiyN) layer can be formed on
the NiOy surface through the spin coating of the nickel nitrate solution at low temperatures. Promisingly, this
new approach allows to overcome interface losses originating from defect sites and hydroxyl groups on the NiOx
surface and to achieve high efficiency and long-term operational stability in PSCs. Furthermore, NixN serves
better energy level alignment between NiOy HTL and perovskite layer, resulting in improved charge extraction
and transportation and reduced charge recombination. The NiyN-modified NiOx-based PSC demonstrates an
outstanding efficiency of 20.45% and it shows long-term operational stability about 82% of the initial efficiency
after 1000 h under ambient air conditions. Thus, this simple approach using nickel nitrate can be a promising and
universal strategy to revive nickel oxide-perovskite interfaces and boost the performance and operational sta-

bility of PSCs.

Introduction

Perovskite solar cells (PSC) are growing as a competitor to com-
mercial solar technology through the combination of high efficiency and
low-cost solution processes. PSCs have recently reached power conver-
sion efficiency (PCE) of up to 25.7% at a surprisingly high speeds,
eventually comparable to commercial silicon solar cells [1]. Nickel
oxide (NiOy) thin films have used a hole transport layer (HTL) for the
p-i-n junction PSC, as an alternative to expensive ultra-thin organic
layers that are problematic in stability and scalability [2]. This is
because NiOy has a wide bandgap (Eg, 3.6-4.0 eV) and a deep valence
band maximum (VBM, 5.1-5.4 eV), enabling high optical transparency
and effective charge extraction [3,4]. In addition, NiOx HTLs can be
deposited via techniques widely used in the industry, such as spin
coating, spray coating, atomic layer deposition (ALD), and sputtering
[5-9]. However, NiOy HTL-based PSCs are generally difficult to achieve
high efficiency due to interfacial loss [10-12]. Inevitable surface defects
and charged chemical species (OH™, H', and ions) of NiOy interfaces
obstruct to achieve high PCE and long-term operational stability [13];
surface defects increase charge recombination and reduce open-circuit
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voltage (Voc), fill factor (FF), and short-circuit current density (Jsc)
[14-17]; charged chemical species lead to decomposition of perovskite
and degrade the stability of the PSC [16,18]. Thus, developing advanced
technology to engineer the interface of NiOx HTL is a promising strategy
to improve the performance of PSCs.

Numerous studies have been conducted to improve the interface
characteristics of NiOy HTL. Doping and the use of composites are the
most common and widely used strategies, as they lead to enhanced
overall performance of NiOy-based PSCs [19-21]. Yao et al. reported
that Cu-doped NiOy enhances the charge collection at the NiOy/per-
ovskite interface and reduces recombination loss, achieving efficiency
up to 18.1% [22]. We demonstrated that the NiOyx nanoparticle (NPs)
and boron nitride (BN) composite HTL can improve efficiency by
enhancing energy level alignment and interface contact between the
HTL and the perovskite layer [23]. However, interface losses originating
from defect sites and hydroxyl groups on the NiOy surface remain a
challenge to address in order to achieve high PCE and long-term oper-
ational stability [23,24].

Surface modification is a direct approach to engineer the interface of
NiOx HTL and improve the efficiency and stability of PSCs. Wang et al.

Received 20 June 2022; Received in revised form 23 November 2022; Accepted 28 November 2022

Available online 5 December 2022
2211-2855/© 2022 Elsevier Ltd. All rights reserved.


mailto:dasom2u@jbnu.ac.kr
mailto:nsi@jbnu.ac.kr
www.sciencedirect.com/science/journal/22112855
https://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2022.108062
https://doi.org/10.1016/j.nanoen.2022.108062
https://doi.org/10.1016/j.nanoen.2022.108062
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2022.108062&domain=pdf

D.S. Mann et al.

used the benzoic acid, self-assemble molecule (SAM), as a surface
modifier in the NiOy/perovskite interface, resulting in a rise in Voc [25].
Singh et al. investigated interface reinforcement using SAM. They
showed that para-substituted phenylphosphonic acids can provide bet-
ter energy band alignment and charge transportation, resulting in PCE
up to 18% [26]. Cheng et al. reported that the pyridine-terminated
conjugated small organic molecules can reduce the defect density and
charge recombination [27]. We also demonstrated that the 3-(Trie-
thoxysilyl)propylamine SAM introduced between NiOy and perovskite
film as the interface modifier can reduce the defect sites and prevent
degradation by direct contact of hydroxyl groups of NiOy surface and the
perovskite layer [13]. However, the surface modifiers based on these
organic molecules are not suitable for ensuring long-term stability of
PSCs due to their self-decomposition in a continuous light irradiation
environment, especially for p-i-n PSC in which light transmits HTL [24,
28].

Based on previous studies like this, we modeled a novel approach to
overcome interface losses and achieve high PCE and long-term opera-
tional stability in PSCs. Here, for the first time, we report that nickel
nitrate deposited by a simple solution process can very effectively
eliminate defect sites and hydroxyl groups on the NiOy surface. Nickel
nitrate acted as an interface modifier between NiOy and perovskite
layer, and reacted with defect sites and hydroxyl groups to form a uni-
form nickel nitride (NixN) ultra-thin layer on the NiOy surface. Where,
metal nitrides, including NixN, possess excellent electrical conductivity
compared to corresponding metal oxides, and have higher electro-
catalytic activities and stabilities in reduction reactions compared to
corresponding pure metals; nitrogen increases the electron density of the
surface, which changes the electronic properties of the metal [29-31]. A
recent study on PSCs with TiNy deposited by vacuum process suggests
that NixN, a transition metal nitride, could be a promising interface
modification layer with excellent electrical and optical properties and
chemical stability [32]. Nevertheless, no studies applying NixN to PSCs
have been reported, nor have implementation techniques for thin film
deposition been reported. In this study, we demonstrated for the first
time that the NigkN ultra-thin film can be formed on the NiOy surface
through the spin coating of the nickel nitrate solution at low tempera-
tures. XPS analysis proved that nitrogen atoms existed in various
chemical states depending on the depth from the surface of the NiOyx NPs
thin film, and that NiyN ultra-thin film was formed on the surface of NiOy
NPs thin film. In addition, it was observed that when NiyN was applied to
the surface of NiOy thin film, Ni®* chemical species on the surface of
NiOy thin film increase, while NiZ3* chemical species decrease. As a
result, it was found that a simple nickel nitrate treatment on the NiOy
surface caused the formation of ultra-thin NixN film, effectively reducing
defect sites and hydroxyl groups on the surface of the NiOy thin film.
Furthermore, NixN served better energy level alignment between NiOy
HTL and perovskite layer, resulting in improved charge extraction and
transportation capability and reduced charge recombination. The
NixN-modified NiOx-based PSC showed an outstanding efficiency of
20.45%. Notably, the high performance obtained for our p-i-n structure
devices, among the highest efficiency for inorganic interface modifica-
tion layer-based PSCs reported to this date, was achieved without ad-
ditive engineering or post-treatment strategies. Furthermore, this
breakthrough approach has increased the operational stability of
NiOy-based PSCs. The NiyN-modified NiOyx-based devices achieved
steady-state photocurrent density of 20.30 mA cm ™2 with 19.10% PCE
and maintained about 69% of initial efficiency after 120 h continuous
light irradiation. In addition, the unencapsulated NiyN-modified NiOx--
based PSC maintained about 82% of the initial efficiency after 1000 h
under ambient air conditions, whereas the pristine NiOx-based device
maintained only about 60% of the initial efficiency. Further, pristine
NiOyx-based PSCs almost deteriorated after 200 h at 85°C, but the
NixN-modified NiOx-based device maintained more than 40% of its
initial PCE in a harsh heat environment. These results demonstrate that
this novel approach using nickel nitrate can be a promising and
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universal strategy to revive nickel oxide-perovskite interfaces and boost
the performance and operational stability of PSCs.

Result and Discussion

A number of defects and hydroxyl groups on the nickel surface
absorb photons and reduce transmittance of the thin film, which is one
of the factors that consequently lowers the efficiency of the photovoltaic
device [2]. To confirm this and determine the effectiveness of nickel
nitrate (NiN) treatment, we evaluated UV-ozone (UVO) treated NiOy
NPs thin films as a control group and NiOx NPs thin films treated by NiN
as a target group. In addition, the FAI-treated NiOx NPs thin films re-
ported in a previous study were evaluated as a comparison group [2].
Fig. 1a shows optical images according to the surface condition of the
NiOx NPs thin film. Upon the UVO treatment, it was observed that the
NiOx NPs thin film became physically dark, suggesting the formation of a
number of sub-band gap states. The UV-vis absorption spectrum of UVO
showed light absorption due to the increase in sub-band gap absorption
(Fig. 1b), which is in good agreement with the previous report [2].
Meanwhile, it was observed that physical darkness of the UVO-treated
NiOx film was recovered by FAI treatment, indicating a decrease in
sub-band gap absorption. However, the FAI-treated NiOx NPs thin film
was slightly orange, which means that the sub-band gap states had not
completely recovered. In comparison, encouragingly, the NiN- treated
NiOx NPs thin film exhibited a color relatively similar to that of the
pristine NiOy NPs thin film; the UVO-treated black NiOy NPs thin film
was transparently bleached (Fig. 1a). Further, the overall light absorp-
tion decreased with a significant decrease of light absorption in the ul-
traviolet region (Fig. 1b). It can thus be inferred that NiN reacts with
NiOy like FAI to remarkably bleach the film and reduce the defect
density of the NiOy surface, which is a factor of the sub-band gap. It has
been reported that the change in absorption is due to an increase in
NiZ3t defect sites, [2] which is consistent with the photoelectron spec-
troscopy (XPS) results described below.

We utilized high-resolution XPS to estimate changes in chemical
composition and nickel oxidation species on the NiOyx surface due to
chemical interaction of NiN and NiOy. Fig. 1c-d show XPS spectra of the
representative core level (Ni 2 p3/, O 1's, and N 1 s) for pristine NiOy
NPs thin films and NiN- treated NiOx NPs thin films. The fitted Ni 2p3,,
spectrum showed at least three distinct chemical species, including NiO
(green), NijO3 (purple) and NiOOH (orange) at 853.7, 855.4, and
856.5 eV, respectively (Fig. 1c) [33,34]. Here, NiOOH can take the form
of B-NiOOH or y-NiOOH; this is classified as an Ni=3* defect [2]. The
relative chemical composition and relative ratio of nickel oxidation
species for the fitted Ni 2p3,, and O 1 s core level spectra (Fig. 1c-d) are
reported in Table S1. High BE satellite peaks with binding energies
above 860 eV were ignored because they were associated with
unblocked Ni components and were generally not considered in the
analysis of Ni oxidation states [35]. As deposition of NiN onto the
pristine NiOx NPs thin film, the relative composition of the chemical
species corresponding to NiO (Ni%>") and NiOOH (Ni=31) decreased, and
the content of NiyO3 (Ni3+) increased. More specifically, the ratio of
nickel oxide species of NiyO3 to NiO increased from 0.59 (pristine) to
0.72 (with NiN), while that of NIOOH decreased from 0.56 (pristine) to
0.54 (with NiN). Furthermore, changes in chemical composition and
relative ratio of nickel oxidation species for the Ni 2p3 5 of the NiOx NPs
thin film according to NiN treatment were generally consistent with
values determined in the corresponding O1s spectrum analysis (Fig. 1d
and Table S1). As a result, it can be seen that, after NiN treatment, Ni+
chemical species increased while NiZ3* chemical species decreased,
which suggests that defect sites and hydroxyl groups on the surface of
the NiOyx NPs thin film decreased and charge transfer characteristics
improved at the same time [36]. Further, it can be inferred that elec-
trochemical reduction of NiZ>* defects was induced by oxidation of
nickel nitrate.

Consistent with this, the significant increase in the N 1 s signal after
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Fig. 1. (a) Photograph and (b) UV-visible spectra of as-deposited pristine NiO, NPs thin films and NiOy NPs thin films treated with UVO, FAI and NiN. (c) High-
resolution X-ray photoelectron spectroscopy (XPS) spectra of Ni 2p3,5, (d) O 1s, and (e) N 1s of pristine and NiN-treated NiO NPs thin films.

NiN treatment, as shown in Fig. le, indicates the presence of nitrogen
adducts produced through chemical interactions between nickel nitrate
and chemical species (defect sites and hydroxyl groups) present on the
surface of NiOx NPs thin films. Similar to previous studies [37-39], the N
1 s spectrum of the NiN- treated NiOx NPs thin film showed the presence
of NO3, NO3, and NiyN peaks at ~405.1, — 402.5, and 398.5 eV,
respectively (Fig. 1e), which indicates that nitrogen atoms existed on the
surface of the NiOx NPs thin film in various chemical states. Angle
resolved X-ray photoelectron spectroscopy (ARXPS) provided details of
the chemical interaction of NiN deposited on the surface of NiOyx NPs
thin films and the formation of nitrogen-derived chemical species
(Fig. S1). Detection depth of sample was controlled by changing the
sample tilt angle (a = 0°, 15°, 30°, 45°, and 60°) with reference to the
analyzer. As shown in Figure S1, when the sample tilt angles are 45° and
60°, only the NiyN peak is observed, confirming that only NixN exists on
the surface of the NiOy layer. In addition, from the relationship between
sample tilt angle and depth profile, it can be inferred that NiyN forms a
thin film with a thickness of 6 nm or less. In contrast, low intensity NO3
and NO; peaks were observed when the sample tilt angle is lower than
45°, which indicates that they formed below a depth of 6 nm. From this,
it can be suggested that nitrogen atoms originated from nickel nitrate
diffuse to a depth of 6 nm or more from the surface of the NiO layer and
form a small amount of nitrogen oxide species such as NO3 and NO3.
Here, since nitrogen has a more negative valence state (N37) than oXy-
gen (02’), N3~ that has penetrated into the NiOy crystal lattice occupies
an 0% site, and as a result, the number of Ni>T vacancies increases,
which in turn increases the Ni®* content [40]. The increase in the Ni**
content of the NiyN-modified NiOy thin film means that the conductivity
of the thin film can be increased at a depth of more than 6 nm, thereby

improving charge transfer [41]. On the other hand, interestingly, the
main properties of the interface are affected by the physicochemical
state of the thin film surface, and it was designated as a representative
effect by focusing on the NixN generated on the surface rather than the
small nitrogen oxide species inside. These observations prove that ni-
trogen atoms exist in various chemical states depending on the depth
from the surface of the NiOy NPs thin film, and that the NiyN ultra-thin
film is formed on the surface of the NiOx NPs thin film. It may also be
deduced that the nickel nitride layer can passivate the NiOy surface,
eliminating hydroxyl groups and reducing the surface defect (Ni=3")
sites. Furthermore, the energy dispersion X-ray spectroscopy image
supported that nitrogen atoms were uniformly distributed on the NiOy
surface (Fig. S2), and as a result, suggested that nickel nitride (NiyN) was
uniformly deposited on the NiOy surface. From here on, NiOy NPg thin
films with NiyN formed on the surface through NiN treatment are called
NixyN-modified NiOy thin films. To determine changes in physical and
electrical properties of the NiOx NPs thin film according to NiN depo-
sition, we performed atomic force microscopy (AFM), scanning Kelvin
probe microscopy (SKPM), and ultraviolet-visible spectroscopy (UPS)
analyses. There were no significant changes in the physical surface
properties between the pristine NiOx NPs thin film and the NiyN-modi-
fied NiOx thin film. The root-mean-square roughness (rms) values of the
pristine and NiyN-modified NiOx NPs thin films were 3.47 and 2.56 nm,
respectively (Fig. 2a), indicating that the NiyN-modified NiOx NPs thin
film had a slightly smoother surface than those of the pristine NiOx NPs
thin films. The smoother surface of the modified NiOy layer can result in
reduced recombination and increased hole extraction [23,42]. Mean-
while, the electrical characteristics of the surface showed a significant
change with NiN deposition (Fig. 2b). The NixN-modified NiOx NPs thin
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Fig. 2. (a) Atomic force microscopy (AFM) and (b) Scanning Kelvin probe microscopy (SKPM) images of pristine and Ni,N-modified NiOy NPs thin films (ASP is
average surface potential). (c) Ultraviolet photoelectron spectroscopy spectra of pristine and NiyN-modified NiOx NPs thin films. (d) Schematic energy level diagram

of pristine and NiyN-modified NiOy NPs thin films with perovskite.

film showed a lower surface potential value (—733 mV) than that of the
pristine NiOx NPs thin film (—567 mV), which implies a deeper work
function (WF) of NiyN-modified NiOy than that of pristine NiOy [43,44].
This result was well consistent with the UPS analysis (Fig. 2¢). The
cut-off edge of NiyN-modified NiOx shifted to higher kinetic energy,
resulting in a higher WF (5.01 eV) than that of pristine NiOy (4.76 eV).
In addition, the corresponding balance band maximum (VBM) of the
NixN-modified NiOx NPs thin film was shifted downward by about
0.12-5.66 eV. These results suggest that the energy level of NiyN-mo-
dified NiOy is well suited to perovskite layers, as shown in the band
diagram in Fig. 2d. Meanwhile, the thin film thickness of NixN is less
than 6 nm, which wouldn’t be sufficient to form a depletion region.
Therefore, it is speculated that the NiyN-modified NiOy layer tunes WF
and acts as a charge tunneling passivation layer. NiyN-modified NiOy
layer at perovskite/NiOx interface, which could selectively tunnel holes
meanwhile blocking electrons to form a well-aligned energy level and
suppressing carrier recombination [45,46]. From these observations, it
can be inferred that NiyN-modified NiOx can provide the pathway to
improve the charge extraction from perovskite to NiOy layer, which
leads to interface resistance reduction and increased built-in potential,
suggesting that it may lead to improvements in V¢, Jsc, and FF, and
consequently may contribute to the efficiency improvement of PSCs
[471.

Following the determination of chemical and electrical changes in
the NiOy surface by NiN treatment, pristine NiOx and NiyN-modified
NiO-based PSCs were evaluated to ensure that the inference derived

from the above results correspond to the device performance. We
fabricated a series of PSCs with p-i-n architecture (glass/ITO/NiOy/tri-
ple-cation perovskite/Phenyl-C61-butyric acid methyl ester; PCs;BM/
ZnO NPs/Ag), as shown in the image inserted in Fig. 3a, and tested NiOy
NPs thin films with various concentrations of nickel nitrate (5, 10, 15,
and 20 mmol). Deposition of NiN, with 10 mmol as the optimum con-
centration, resulted in dramatic improvements in Vo¢ from 1.06 to
1.12 V and overall power conversion efficiency (PCE) from 17.2% to
18.92% (Fig. S3). To better study the performance improvement with
NiN deposition, a more detailed statistical analysis of over 15 devices
was carried out under optimal conditions. The current density-voltage
(J-V) curve of the best devices, measured under AM 1.5 G illumination
at 100 mW cm™2, are illustrated in Fig. 3a; the histograms of the
photovoltaic parameters of the devices with pristine NiOx and NixN-
modified NiOy are presented in Fig. 3b and Fig. S4. Additionally, the
corresponding photovoltaic parameters of the best device are listed in
Table S2. For all photovoltaic parameters, devices with NiyN-modified
NiOy performed significantly better than devices with pristine NiOy. This
performance improvement was more pronounced when comparing the
best-performing device with and without NiN. The pristine NiOx-based
device showed a PCE of only 18.32%, with V¢ of 0.97 V, Jsc of
23.35mA cm 2, and FF of 78.01%. While, remarkably, the NiyN-
modified NiOyx-based device showed significantly improved Voc of
1.06 V, Jsc of 24.34 mA cm2, and FF of 79.18%, resulting in an
enhanced PCE of 20.45%, up 10% from the comparative group. These
results were well supported by the external quantum efficiency (EQE)
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Fig. 3. (a) Current-voltage (J-V) curves of the pristine and NiyN-modified NiOx-based devices under optimal conditions (insert figure is the schematic device ar-
chitecture of p-i-n PSCs). (b) Corresponding statistical histogram of PCEs. (c) External and (d) internal quantum efficiency curves of corresponding pristine and Ni,N-

modified NiOy-based devices.

and similar absorbance spectra (Fig. S5); the EQE of the NiyN-modified
NiOx-based device showed a better charge harvesting ability than that of
the pristine NiOy-based device as shown in Fig. 3c. To find factors that
improve the charge harvesting ability of the NiyN-modified NiOx-based
device, the internal quantum efficiency (IQE) was measured (Fig. 3d).
The IQE spectrum of the device with NiyN also presented improved ef-
ficiency in a wide wavelength range similar to that of the EQE spectrum.
Crucially, the efficiency improvement ratios of EQE and IQE were
similar at about 1.05, indicating that efficiency enhancement resulting
from the deposition of NiN is mainly due to improvements in charge
extraction and transport capability [13,48]. These results also prove that
the improved performance of NixN-modified NiOy-based devices can be
attributed to the reduced surface defect sites and the well-matched en-
ergy level in the NiyN-modified NiOy/Perovskite interface [13,49].

To investigate the photo-induced charge extraction and transport
dynamics, transient photocurrent (TPC) and transient photovoltage
(TPV) measurements were performed (Fig. 4a-b). TPC allows the mea-
surement of time-dependent charge extraction characteristics of photo-
induced charge carriers in solar cells [50], while TPV allows direct
monitoring of the lifetime of photo-induced charge carriers by
measuring changes in photovoltage of the solar cell [51]. The long TPC
and TPV decay times indicate, respectively the slow charge extraction
and transport properties and the lower charge-carrier recombination,
respectively [49,52,53]. From this point of view, the NiyN-modified
NiOy-based device (decay time = 1.15 ps) has been confirmed to have

faster charge extraction and transport properties compared to the
NiOx-based device (decay time = 1.61 ps). Furthermore, the NixN-mo-
dified NiOy-based device had a longer TPV decay time (0.21 ms) than
that of the NiOx-based device (0.14 ms), suggesting that charge-carrier
recombination had been reduced. These results are consistent with PL
measurements indicating enhanced charge extraction and transfer
(Fig. S6) [54-56]. Photo-CELIV, which measures photogeneration and
carrier extraction by linearly increasing the voltage under illumination,
can even better illustrate the charge carrier dynamics of the device
under operation conditions (Fig. 4c). The inset images in Fig. 4c show
the current density curve at maximum peak (Aj), in which the area of the
curve corresponding to Aj is proportional to the extractable charge
(Qext), and the large areas indicate low charge recombination [57]. From
this, it can be estimated that Qex of the device with NixN is greater than
that of the device with pristine NiOy. Further, it was found that the
charge carrier mobility of the device with NiyN, which calculated by the
equation with the Aj and tyax that is the time when the value of the
current density is maximum [58-60]. was faster than that of the device
with pristine NiOy. Charge-carrier mobility values of the NixN-modified
NiOy-based device and pristine NiOy-based device were 3.05 x 10*and
1.24 x 10* em? V! 571, respectively. These results reveal that the
NiyN-modified NiOy-based device has better charge extraction and lower
charge recombination [57,61]. Moreover, it can be proved that NixN
facilitates charge extraction and transport as well as reducing
charge-carrier recombination, thereby improving Vo, Jsc, and FF.
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For a more detailed understanding of the improvement in charge
carrier dynamics of NiyN-modified NiOx-based devices, we performed a
correlation analysis between interfacial defects and charge dynamics
characteristics. First, to study the relationship between the charge
recombination dynamics and defects in the device, Voc dependence as a
function of illuminating light intensity was measured under light in-
tensities ranging from 2.5 to 100 mW cm 2. As shown in the logarithmic
scale curve of Voc versus light intensity (Fig. 4d), the calculated ideality
factor of the NiyN-modified NiOy PSC was 1.35, significantly lower than
that of NiOy (1.82). If the device does no exhibit trap-assisted recom-
bination, the ideality factor is generally 1, and if the value decreases
close to this value, it is determined that the trap-assisted recombination
has decreased. [62,63] From this point of view, it can be found that NixN
effectively suppressed the charge recombination, and the charge-trap
site, which is the defect sites on the surface of the NiO4, were
decreased by NiyN. The change in trap density (N) was confirmed by the
dark I-V curve of the hole-only device with planar structure comprising
ITO substrate/HTL (NiOy or NiyN-modified NiOy)/perovskite/HTL
(PTAA)/Ag (Fig. 4e-f). The trap density values in the two samples were
determined to be 2.66 x 10'° em™3 (NiOy) and 1.11 x 10" em3
(NixN-modified NiOy) when the corresponding trap filled limit voltage
(VrpL) values were 0.98 and 0.79 V, respectively. The low trap density of
the NiyN-modified NiOy supports the decrease the charge trap sites be-
tween NiOy and perovskite and the passivation of defects on the surface
of NiOy by Ni,N [48,49,64].

To verify that changes in the physical and electrical characteristics of
NiOy thin film by NiyN can be generalized and whether this approach
can effectively reduce defects such as Ni=>" species, we extended the

series of XPS, UPS, photovoltaic characteristic, TPV, and TPC analyses to
other NiOy thin films, including overnight-treated NiOx NPs thin film
(OT-NiOx NPs; 24-hour exposure in the atmosphere), NiOy thin film
prepared by sol-gel method (NiOy SG), and overnight-treated SG (OT-
NiOx SG; 24-hour exposure in atmosphere). This expansion took into
account situations that may occur in the general process, i.e., long-time
atmospheric exposure of NiOy thin film, and use of thin films prepared
by other processes. Further, it was assumed that NiOy thin films under
long-term exposure to the atmosphere, or produced through other pro-
cesses, would exhibit high concentrations of surface defects and other
poor surface properties. Fig. S7 shows XPS spectra of the OT-NiOx NPs,
NiOy SG, and OT-NiOy SG thin films with and without NiN-treatment.
Fig. 5a,b show the ratios of NiO3/NiO and NiOOH/NiO of nickel oxide
species corresponding to the Ni 2p3,2 spectrum of each sample. When
NiOx NPs and NiOy SG thin films were exposed to air for a long period,
the ratio of NiyO3/NiO decreased, while the ratio of NiOOH/NiO
increased. Thus, it can be seen that defect sites and hydroxyl groups on
the surface of the NiOy thin film increase with overnight [2,34]. How-
ever, importantly, as NiN was deposited on the as-prepared and over-
night NiOy thin films, the Ni;O3/NiO ratio increased, while the
NiOOH/NiO ratio decreased. Furthermore, these changes in chemical
composition and relative ratio of nickel oxidation species for the Ni
2p3/2 of the NiOy thin films (NiOyx NPs, OT-NiOx NPs, NiOyx SG, and
OT-NiOx SG) were well consistent with changes in the Ols spectrum
corresponding to NiN treatment (Fig. S7). Above all, as shown in Fig. 57,
N 1s signals indicating the formation of NiyN thin film, produced
through chemical interaction between nickel nitrate and chemical spe-
cies (defect sites and hydroxyl groups), were observed in all NiN-treated
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Fig. 5. Relative ratio of nickel oxidation species obtained from peak fitting of Ni 2p3,» core level spectra of XPS of different type of NiOy thin films.

samples. These results show that when NiN is applied to the surface of
NiOy thin film, the NigN ultra-thin film is formed on the surface of the
NiOy thin film, Ni* chemical species on the surface of NiOy thin film
increase, while NiZ3" chemical species decrease. As a result, it can be
found that the surface treatment using NiN is an effective method to
reduce defect sites and hydroxyl groups on the surface of NiO thin film.

The reduction of defect sites and hydroxyl groups on the NiOy surface
by use of NiN is also supported by work function changes and photo-
electric properties. when NiN was deposited, that is, when NiyN was
formed on as-prepared and overnight NiOy thin films, cut-off edges
shifted to higher levels of kinetic energy, resulting in higher value of WF
than those of pristine NiOy thin film (Fig. 6a-c). In addition, the corre-
sponding calculated VBM was had a larger value than that of the pristine
NiOy thin film. These results indicate that energy level of NiyN-modified
NiOy is more suitable for high-performance PSCs, as shown in the band
diagram in Fig. 2d. These results were demonstrated by the improved
photovoltaic properties of NiyN-modified NiOx-based PSCs. Fig. 6d-f
illustrate the PCE histograms of the OT-NiOx NPs, NiOy SG, and OT-NiOy
SG thin films with and without NiyN-treatment, respectively. The OT-
NiOx NPs and OT-NiOy SG based devices showed PCE values of 17.36%
and 17.48%, respectively, lower than those of the pristine NiOx SG and
NiOyx NPs based devices (Table S2). Thus, this result demonstrates that
high numbers of defect sites and hydroxyl groups weaken the perfor-
mance of the PSC. In contrast, compared to those of pristine NiOx-based
devices, all NiyN-modified NiOy-based devices showed more than 5%
improvement in PCE. In particular, NiOy NPs based devices showed PCE
improvements of not less than 10% after NiyN treatment; surprisingly,
the PCE of the OT-NiOy NPs based device recovered to a value similar to

that of the as-prepared NiOy NPs based device. As described above
(Fig. 4), this improvement in photovoltaic performance has been shown
to be due to improvements in charge extraction and transportation
capability by NixN. All NiyN-modified NiOx-devices had shorter TPC
decay time than those of pristine NiOx-devices, while TPV decay times
were longer (Fig. 6g-i and Fig. S8), which indicates that better charge
extraction and transportation were induced in devices by NiyN-modified
NiOx [12,49]. Through the extended experiments above, consequently,
we confirmed that NigN serves as a restorer to reduce defects such as
NiZ3* species on various NiOy surfaces and ultimately to revivify the
NiOy-perovskite interface.

Finally, to verify the reliability of PSCs with NixN-modified NiOy, we
performed stability testing while considering light, moisture and oxy-
gen, and heat, all of which affect the long-term operational performance
of the unencapsulated device. Fig. 7a shows the steady-state photocur-
rent density and PCE performance taken from the devices at maximum
power point voltage under continuous illumination. We found that both
pristine and NiyN-modified NiOy-based devices have highly stabilized
steady-state photocurrent outputs with considerable divergence (nearly
2.9%) from the initial efficiency. The NixN-modified NiOx-based devices
achieved steady-state photocurrent density (20.30 mA cm~2) and PCE
(19.10%) in around 1800 s. However, the long-term operational sta-
bility of the devices under maximum power point tracking with
continuous light irradiation showed significant divergence between
unencapsulated pristine and NigyN-modified NiOx-based devices
(Fig. 7b). NixN-modified NiOx-based PSCs maintained about 69% of the
original efficiency after 120 h, while pristine NiOy-based PSCs totally
degraded under the same conditions, indicating that the NiyN-modified
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Fig. 6. Ultraviolet photoelectron spectroscopy spectra of pristine and NiN-treated NiOy thin films: (a) overnight-treated NiOy NPs, (b) as-prepared NiOy SG, and (c)
overnight-treated NiOx SG thin films. Corresponding statistical histograms of PCEs and transient photocurrent (TPC) of pristine and NiN-treated NiOx-based devices:
(d, g) overnight-treated NiOx NPs, (e, h) as-prepared NiOy SG, and (f, i) overnight-treated NiOy SG thin films.

NiOx-based PSC have long-term light stability compared to the pristine
NiOx-based PSC. In addition, the operational stability under influences
of moisture and oxygen was examined for unencapsulated PSCs for
1000 h under ambient conditions (25-30 °C, 45-55% humidity), as
shown in Fig. 7c. The NixN-modified NiOx-based device maintained
about 82% of its initial efficiency after 1000 h, whereas that value for
the pristine NiOx-based device was 60%. These results show that the
NiyN-modified NiOy-based device has excellent resistance to moisture
and oxygen compared to the pristine NiOx-based device, thereby
achieving long-term air stability. The thermal stability of unencapsu-
lated pristine and NiyN-modified NiOx-based devices was analyzed for
more than 250 h using a hot-plate heated to 85°C in a nitrogen-filled
glove box (Fig. 7d). Pristine NiOy-based devices almost entirely deteri-
orated after 200 h, but the NiyN-modified NiOx-based device maintained
more than 66% of its initial PCE in the harsh heat environment, while
pristine NiOx-based PSCs totally degraded, indicating that NiyN-modi-
fied NiOy-based device has good thermal stability.

Importantly, these stability tests were performed on OT-NiOx NPs,

NiOy SG, and OT-NiOy SG based devices, and the results were consistent
with the above results (Fig. S9). The operational performance of pristine
OT-NiOy NPs, NiOy SG, and OT-NiOy SG based devices decreased rapidly
when they were exposed to long-term light, moisture and oxygen, and
heat. In contrast, the operational performance of NiyN-modified OT-
NiOy NPs, NiOy SG, and OT-NiOy SG based devices decreased relatively
gently. Therefore, it can be concluded that NiyN-modified NiOx-based
PSCs are more stable in operational conditions such as light, moisture
and oxygen, and heat. It can be also inferred that, as shown in Fig. 7e,
this improved stability was caused by the formation of a physicochem-
ically stable NixN interfacial thin film and thereby the prevention either
defects (NiZ3* sites) on the NiOy surface or direct contact of perovskite
with hydroxyl groups (Ni=3* chemical species) on the NiOy surface [38,
65,66]. This is because that the hydroxyl group of on the NiOy surface, i.
e., the OH can easily react with CH3NH3 ion and PbI and form CH3NH,
and Hy0 and PbO, respectively, causing perovskite decomposition [13,
2.3]. Possible reaction mechanisms of the OH group with perovskite are
the following
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CH;NH; " + OH™ —-CH;3;NH, + H,O (€D)]

Pbl + OH—-PbO + HI 2)

It has been also reported that Ni=3* sites, due to their much higher
oxidation potentials, can oxidize iodine chemical species [67]. Boyd et.
al. revealed that Ni=3" sites on the NiOy surface act as Brgnsted
acid-bases, deprotonating from the A-site cations (CH4N2; FA and
CH3NHj; MA) and oxidizing I" [2]. They suggested that the reaction
between the perovskite and NiOy surfaces is as follows:

HAPbI; < Pbl, + HA' 4+ 1~ 3)
HAY oAy +H" 4
I H%IM) +e (5)
NiZ3* O, 4+e” +H" & NiZ>*OH (6)
HAPbI; + NiZ** 0, & NiZ** O,H + Pbl, + A + %Iz@ Q)

where HA™ is a protonated A-site cation (CH3NH3 or CH5N3) and A is
the deprotonated A-site cation (CH3NH; or CH4N»). This reaction in-
dicates that the electrochemical reduction of Ni=>* chemical species
induces oxidation of iodine, and eventually volatile 11, and A, can be
formed. The consequent formation of Pbl, ,Bry can be derived from A-
site cation depletion, which interferes with hole-extraction and trans-
portation. The X-ray diffractogram of the pristine NiOx NPs shows that
PblI,_,Bry phase (peak position 12.8°) was generated and the intensity of
(001) peak (peak position 14.2°), an important characteristic of perov-
skite, was reduced (Fig. S10), which supports fast performance degra-
dation due to lack of an A-site cation; the generation of the Pbly_Bry
peak comes at the cost of degradation of the (001) peak of the perovskite
layer and changes in the A-site cations in the perovskite layer can affect
the arrangement of crystallographic planes [68,69]. On the other hand,
no Pbl,_4Bry phase was observed in the XRD pattern of the NiOx NPg thin
film deposited NixN, which satisfies requirements for maintaining more
stable performance. This result has once again proved that NiyN acts as a
restorer to reduce defects such as NiZ>* species on various NiOy surfaces
and ultimately revives the NiOy-perovskite interface by preventing a
lack of A-site cations and the formation of Pbl, 4Bry phase. Further-
more, these results show that NiOy surface treatment using NiN can be a
promising and universal strategy to revive nickel oxide-perovskite in-
terfaces and boost the performance and operational stability of perov-
skite solar cells.

Conclusion

In this study, for the first time, nickel nitrate was used as an interface
modifier between NiOy and perovskite layer to eliminate defect sites and
hydroxyl groups on NiOy surface. It was found that NixN ultra-thin film
can be formed on the NiOy surface through spin coating of nickel nitrate
solution at low temperatures; nickel nitrate reacted with defect sites and
hydroxyl groups to form a uniform and ultra-thin NiyN layer on the NiOy
surface. XPS analysis proved that nitrogen atoms exist in various
chemical states depending on the depth from the surface of the NiOx NPs
thin film. In addition, it was revealed that when NiyN applied on the
surface of the NiOy thin film, Ni®* chemical species on the surface of the
NiOy thin film increased, while NiZ3* chemical species decreased.
Furthermore, NiyN led to better energy level alignment between the
NiOx HTL and the perovskite layer, resulting in improved charge
extraction and transportation and reduced charge recombination.
Consequently, the NiyN-modified NiOx-based PSC recorded an
outstanding efficiency of 20.45%, which is among the highest efficiency
for inorganic interface modification layer-based PSCs reported to this
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date. Furthermore, this breakthrough approach has increased the
operational stability of NiOy-based PSCs. NiyN-modified NiOx-based
devices achieved steady-state photocurrent density of 20.30 mA cm ™2
with 19.10% PCE and maintained about 69% of initial efficiency after
120 h continuous light irradiation. The unencapsulated NiyN-modified
NiOx-based PSC maintained about 82% of its initial efficiency after
1000 h; the NiyN-modified NiOy-based PSC maintained more than 40%
of its initial PCE in a harsh heat environment (85°C) for 200 h. These
results demonstrate that this simple nickel nitrate treatment can be a
promising and universal strategy to revive nickel oxide-perovskite in-
terfaces by forming an NixN interface modification layer, boosting the
performance and operational stability of perovskite solar cells.

Experimental procedures

Experimental Procedures can be found in the Supplemental
Information.
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