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A carrier transport layer and its interfacial effects on an organometal halide perovskite light harvesting layer play
an influential factor in either photovoltaic performance or long-term stability of a perovskite solar cell (OHPSC).
Although the understandings of the carrier transport layers and interfacial effects on regular structured OHPSCs
have been explored, knowledge of an interface between hole transport layer of NiOx and perovskite in an
inverted OHPSC is still necessary to be developed. Here, we performed a universal NiOx film with the sequential
passivation strategy of NiCl2 (SPS-NiCl2 treatment) for either wide bandgap or narrow bandgap of OHPSCs. The
SPS-NiCl2 treated NiOx film not only implements the passivation at the perovskite layer/NiOx film interface but
also confers itself a gradient energy level of valance band inducing by chloride. Comprehensive characterizations
reveal that the SPS-NiCl2 treated NiOx film suppresses non-radiative recombination at the interface and enlarges
the splitting of the quasi-Fermi level at the interfaces. The photoconversion efficiency (PCE) of the champion
device comprised of the SPS-NiCl2 treated NiOx film can achieve 19.53% with a record Voc of 1.16 V, the lowest
Voc deficit of 390 mV in NiOx based inverted OHPSCs. The corresponding devices with encapsulation also exhibit
superior long-term stability, and over 80% of initial PCE can be maintained after 1500 h damp-heat test. This
study sheds the light on managing the interfacial issues of an inverted OHPSC and offers a feasible path to
develop a universal hole transport layer for perovskite layers with different energy bandgap.

1. Introduction
Organometal halide perovskite materials (OHPVSKs) have attracted
lots of attention and have become one of the most potential photovoltaic
materials owing to their remarkable optoelectronic properties. The
unique band structure of OHPVSK confers it to have a high absorption
coefficient [1], long diffusion length [2,3], and high carrier mobility [4].
Applications of lighting and energy harvesting based on OHPVSKs have
led to a revolutionary surge in photovoltaic society. The unprecedented
progress of power conversion efficiency achieves from 3.9% to over 25%
in a short span of the development of organometal halide perovskite
solar cells (OHPSCs) [5]. Generally, the classic architecture of OHPSCs
can be categorized into two types: regular structure of n-i-p mesoporous

and planar structure; inverted structure of p-i-n planar structure. Among
them, inverted planar structure catches a lot of attention because of its
large process window and much reliable photoconversion efficiency
(PCE) with negligible hysteresis.
An ideal hole transport layer (HTL) for high efficient inverted device
has to meet the criteria such as (i) high optical transmittance [6], (ii)
large energy band gap, (iii) corresponding deep energy level of valance
band maximum (VBM) [7,8], (iv) good extraction ability for excited hole
[9], and (v) uniform morphology for crystallization of perovskite film.
According to the materials of HTL for OHPSCs, they can be categorized
into triarylamine-based molecules, polymer, and metal oxide-based
inorganic compounds. Although a high efficiency of OHPSC can be ob
tained with an organic HTL because of its suitable energy alignment as
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well as carrier mobility, the inferior thermal or chemical stability
compared to metal-oxide based inorganic compounds impede their
development and application.
From material point of view to improve stability and to prolong the
lifetime of OHPSCs, a chemical and physical stable metal-oxide based ptype semiconductor is of a more appropriate choice than organic-based
molecules and polymers. Nickel oxide (NiOx) holds several advantages
over the other counterparts because of its chemical stability, large en
ergy bandgap (Eg), deep energy level of VBM. When acting as a hole
transporting material, conductivity and interface effect of NiOx that
includes surface morphology, energy level alignment, and interfacial
defects are of the overarching factors to obtain an efficient OHPSC. The
self-doping effect of Ni3+ in a NiOx film has been reported to be a feasible
methodology to enhance the conductivity [10–12]. Therefore, many
strategies such as monovalent/trivalent cation doping; interstitial oxy
gen and/or nickel vacancy point defect creation were adopted to in
crease the ratio of Ni3+ in a NiOx film [13–17]. Although a precise
controlling of dopant in a NiOx film promotes its conductivity, the hole
extraction ability of an HTL is highly dependent on interfacial interac
tion between adjacent layers.
Defects at interface and energy alignment between adjacent layers
are the main issue as discussing the interfacial effects [18,19]. Interfa
cial defects play the role of carrier scavengers and annihilate trans
porting carriers via non-radiative recombination [20,21]. Reduction of
interfacial defects as well as interfacial recombination velocities are
always sought in photovoltaics to approach high quantum efficiency and
operating efficiency closing to radiative limitation [22–24]. On the other
hand, the selective contact layers, here are electron transport layer (ETL)
and HTL, in an OHPSC create built-in potential (Vbi) and quasi-Fermi
levels at the interfaces as they contact to each other. The splitting of
the quasi-Fermi levels at interfaces is proportional to open-circuit
voltage (Voc) of an OHPSC. That is, the interfacial effects influences on
ability of carrier collection of a selective contact layer and further on a
value of Voc as assembling a complete OHPSC. Moreover, quick trans
porting of hot carriers is another method to extract carriers and further
harvest photogenerated current [25]. To achieve high photovoltaic
performance, passivation strategies have been proposed to diminish the
interfacial defects and to improve the energy alignment between adja
cent layers. For instance, chlorine atoms at the interface between an ETL
and perovskite layer were reported to suppress the deep trap state and to
compensate for the dangling bond at the surface of the perovskite layer
[26]. A presence of a hydrophobic molecule at interfaces can modify the
surface tension of a perovskite precursor and tailor the nucleation pro
cess of its layer growth [27–29]. Also, inducing a gradient dopant in
charge transport layers was reported to create a continuous change of
energy level in the transport layers. That helps the charge transport
layers collect hot carrier with less non-radiative recombination than that
without continuous energy level [30,31]. Although the understanding of
the interfacial effects on photovoltaic performance of regular OHPSCs
was explored [32–35], there is still lack of technique to simultaneously
manage interfical effects and energy alignment, especially for inverted
OHPSCs [36–38]. In aim to deal with the interfacial effects aforemen
tioned, establishing a NiOx film exhibiting a low defect density and
continuous energy level of VBM is urgently needed to resolve the issues.
Here in this study, a universal NiOx hole transporting layer exhibit
ing a continuous change of VBM was demonstrated via a sequential
passivation strategy with NiCl2 (SPS-NiCl2 treatment). The SPS-NiCl2
treated NiOx films take advantage of exhibiting a high ratio of Ni3+ at
surface, low defect densities, and a VBM gradient in depth. The VBM
gradient induced from chloride (Cl-) and high ratio of Ni3+ at NiOx film
provides an effective pathway for hole transportation for either narrow
Eg or wide Eg perovskite layers. The Cl- gradient effects on energy level
alignment and electrical properties are comprehensively investigated
through ultraviolet photoelectron spectrometer (UPS) and depth profile
of X-ray photon spectrometer (XPS). The charge carrier transport/
recombination dynamics of perovskite films and OHPSCs based on such

an HTL were explored by using time-resolved photoluminescence
spectrum (TR-PL) and driven-level capacitance profiling (DLCP). The
results show that Cl- gradient can shift the VBM of NiOx film downward
and increase the ratio of Ni3+ at surface of NiOx film. Meanwhile, the
film coverage of NiOx film increased from 91.15% to 97.05% with
improved surface morphology. The highest coverage and appropriate
energy gradient of the SPS-NiCl2 treated NiOx film enhanced the power
conversion efficiency of OHPSC from 18.16% to 19.53% with the Voc of
1.16 V, which is the highest for NiOx based inverted OHPSCs. As
applying to the wide bandgap OHPSCs, the Voc of such devices can also
be boosted to 1.17 V for perovskite with Eg = 1.65 eV and 1.23 V for
perovskite with Eg = 1.70 eV. The encapsulated devices with such HTL
can still deliver over 80% of their initial PCE after 1500 h of damp-heat
test (85 RH% and 85 ◦ C). These results reveal that the SPS-NiCl2 treat
ment simultaneously improves energy alignment, electrical property,
and surface morphology of NiOx films. That can be directly implemented
on OHPSCs with different Eg of perovskite layers and results in superior
photovoltaic performance and long-term stability of the corresponding
devices.
2. Experimental section
2.1. Material and method
Here the chemicals in this study such as methylammonium iodide
(99%, FMPV®), methylammonium bromide (98%+, FMPV®), for
mamidinium iodide (98%+, FMPV®), cesium iodide (99.9%, Alfa
Aesar), lead iodide (99.9985%, Alfa Aesar), lead bromide (99.9985%,
Alfa Aesar), 6,6-phenyl-C61-butyric acid methyl ester (PC61BM, 99%,
FMPV®), polyethlyemine (branched PEI, 80%, Sigma-Aldrich), nickel
acetate tetrahydrate (98%, Kanto® Chemicals), nickel chloride hexa
hydrate (99%, Sigma-Aldrich), gamma butyrolactone (99%, ACROS
Organics), dimethyl sulfoxide (99.7%, ACROS Organics), anhydrous
ethanol (99.5%, Sigma-Aldrich), ethanolamine (98%+, Sigma-Aldrich),
isopropanol (99.5%, ACROS Organics), and chlorobenzene (99%,
ACROS Organics) were used without any purification process.
For dipolar ion passivation of thiophene ethyl ammonium chloride
(TEACl), TEACl was synthesized following by the previous study [39].
Briefly, equal stoichiometry precursors of 2-(aminomethyl)thiophene
(98%, Tokyo Chemical Industry Co., Ltd.) and hydrochloric acid
(36.5–38.0%, Sigma-Aldrich) were mixed and stirred in an ice bath for 2
h. The excessed solvent in the resultant solution was thereafter removed
by using a rotary evaporator. The bright yellow powder of the product
was collected in a vial bottle and washed with the non-polar solvent of
diethyl ether (99%, Fisher) three times. The color of the powder faded
from mild yellow to transparent white. A recrystallization method was
then carried out to further purify the reactant. Finally, the transparent
white reactant of TEACl was placed in a vacuum condition for 12 h and
then stored in N2 atmosphere.
2.2. Solution preparation and device fabrication
All the solution preparation and device fabrication were followed by
the previous study [39,40]. For hole transporting layer of the pristine
NiOx layer, a half mmole of nickel acetate tetrahydrate was dissolved in
1 mL of ethanol with 30 μL of ethanolamine. For the precursor solution
of the SPS-NiCl2 treatment, different concentrations of 0.125, 0.250, and
0.500 mmol of nickel chloride hexahydrate were dissolved into 1 mL of
ethanol. The active layer of narrow bandgap perovskite, an equal mole
of MAI and PbI2 were mixed and dissolved into a co-solvent system of
DMSO and GBL with a volume ratio of 3/7 to obtain a precursor solution
with a concentration of 0.6 M. On the other hand, for wide bandgap
perovskite layer, the same concentration and co-solvent system as nar
row bandgap perovskite were used to prepare the precursors. To avoid
the bromide phase segregation, the bromide ratio of 20% was fixed to
prepare either CsFA based or CsMA based wide bandgap perovskite
2
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under A.M. 1.5 irradiation (100 mW/cm2) and recorded by the Keithley
2410 source meter. Prior to the measurements, the light intensity of the
solar simulator was calibrated by using a KG-5 filtered mono-crystalline
silicon standard cell to adjust miss-matched spectra and to obtain the
unity of measurements. The I-V characteristics of devices were analyzed
from both forward (-0.2 to 1.2 V) and backward (1.2 to − 0.2 V) scans.
For driven-level capacitance profiling (DLCP), an 10 mV of alternating
current with 1, 10, 100, 500, and 1000 kHz frequency was applied to a
complete device for measurement. For the XPS and depth profile of XPS,
all spectra were acquired by a PHI 5000 VersaProbe (ULVAC-PHI,
Japan) system. For XPS depth profiling, a monochromatic Al Kα X-ray
with a beam diameter of 100 μm was applied to generate the charac
teristic photoelectrons. During data acquisition, the investigated surface
was neutralized by an electron and an Ar+ ion beam. In order to remove
the surface material, a 1 kV-Ar+ ion beam with a beam current of 735 nA
was utilized as the etching source. For UPS measurements, He I line
(21.2 eV) generated by a discharge lamp was used as the light source. All
the UPS spectra were acquired with a stage bias of − 7 V and a thermally
evaporated Au film was used as a reference to determine the Fermi level.
Therefore, the work function of materials can be identified by sub
tracting vacumm level (21.2 eV) with energy cutoff (Ecutoff). In addtion,
the energy difference between Fermi level and valance band maxinium
of materials is also determined at the origin and offset point. For carrier
behavior analyses, a 440-nm continuous-wave diode laser (DONGWOO,
PDLH-440-25) was applied to excite the perovskite films to quantify
steady-state photoluminescence (PL), continuous PL, and time-resolved
PL (TRPL). The TR-PL spectra were examined by using a pulse laser with
an average power of 1 mW and were recorded by a time-correlated
single-photon counting (TCSPC) (WELLS-001 FX, DONGWOO
OPTRON) spectrometer at a frequency of 312.5 MHz and delay span of 2
μs. Micrographs of perovskite films were all acquired by an FE-SEM
(Hitachi, SU8000, 15-kV voltage, 10.0 mm working distance). The
energy-dispersive X-ray spectroscopy (EDS) (Xflash Detector 5030,
Bruker) and cross-sectional images were all acquired from the FE-SEM.
The Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) spectra
of samples were obtained using synchrotron X-ray source (λ = 1.00575
Å) at BL13A1 scattering end station of the National Synchrotron Radi
ation Research Center (NSRRC) in Hsinchu, Taiwan. The NiOx films
were deposited on 2 × 2 cm2 silicon wafers by following the same
protocol as the photovoltaic devices. In order to avoid the severe
interaction between incident X-ray and characterized samples. The an
gles of incident X-ray was manipulated at the range from 1 to 2◦ . The
information of scattering thereafter was collected by a two-dimensional
detector. For long-term stability testing, the encapsulated devices were
placed into a constant humidity (85% RH) and temperature (85 ◦ C)
chamber (Terchy, HRMB-80) for damp-heat testing.

precursor solutions. For CsFA based perovskite (Eg = 1.65 eV), the sol
utes of 0.12 mmole CsI, 0.36 mmole FAI, 0.12 mmole FABr, 0.48 mmole
PbI2, and 0.12 mmole of PbBr2 were mixed and dissolved into the
DMSO/GBL co-solvent system. Whereas the CsMA based perovskite (Eg
= 1.70 eV), the solutes including 0.06 mmole of CsI, 0.12 mmole of
MABr, 0.42 mmole of MAI, 0.48 mmole of PbI2, and 0.12 mmole of
PbBr2 were dissolved into the same co-solvent system. Prior to use, all
the perovskite precursors should be stirred at 70 ◦ C overnight to ensure
the complete dissolving of the solutes. For an electron transporting layer
and a work function modified layer, 20 wt% of PC61BM and 0.1 wt% of
PEI were obtained by dissolving them in chlorobenzene and iso
propanol, respectively.
The procedure of a p-i-n hot casting perovskite device was followed
by the previous study [39–41]. A hole transporting layer of either
pristine NiOx or the SPS-NiCl2 treated NiOx film was deposited onto an
FTO glass (8 Ω/sq, STAREK®) by a spin-coating process. For a pristine
NiOx film, the as-prepared precursor was spin-coated at a spin rate of
4000 rpm and followed with a calcined step at 300 ◦ C for 30 min. On the
other hand, the SPS-NiCl2 treated NiOx films were processed with two
steps at a higher spin rate of 6000 rpm. Prior to the SPS-NiCl2 treatment,
a layer of pristine NiOx was first deposited and calcined at 300 ◦ C for 10
min. Secondly, the SPS-NiCl2 was post-treated on the as-prepared NiOx
film and calcined at 300 ◦ C for 20 min. To control the thickness of the
SPS-NiCl2 treated NiOx films to be the same as the control NiOx films (the
thickness of HTLs are 90 nm ± 10 nm), the spin rate of the SPS-NiCl2
treatment was increased from the original 4000 rpm to 6000 rpm. Prior
to perovskite film deposition, the as-prepared substrates (FTO/NiOx or
the SPS-NiCl2 treated NiOx) were placed at a pre-heated hot plate. The
pre-heated temperature depends on the type of perovskite precursors.
For narrow bandgap and CsMA based wide bandgap perovskite, the
corresponding temperature was 150 ◦ C, whereas the CsFA based wide
bandgap perovskite was 180 ◦ C. Additionally, to increase the wettability
of precursor solutions, all precursors were pre-heated at 75 ◦ C. The preheated steps maintain for 10 min to achieve thermal equilibrium. All the
perovskite layers were fabricated in humidity-controlled air (RH% <
10%) via hot-casted deposition. The typical procedure was carried out
by spin coating at 4000 rpm for 15 s immediately as the perovskite
precursor solution dripped onto a hot substrate. In order to compensate
for the defects at perovskite/ETL interface, the passivation of TEACl was
carried out to enhance the photovoltaic performance [39]. Subse
quently, the ETL of PC61BM was spin-coated onto the perovskite layers.
Prior to deposit a silver (Ag) electrode, a work function modifier of
polyethylenimine (PEI) was spin-coated onto the ETL. Eventually, Ag
electrodes with 100-nm thickness were deposited using thermal evap
oration with an active area of 0.09 cm2. To evaluate the device perfor
mances, the results were all summarized from 48 devices from 8
different batches. Each batch consisted of 6 devices and therefore the
statistical data points in this study are summarized by 48 devices. For
dynamic carrier recombination, time-resolved photoluminescence (TRPL) was employed to analyze carrier lifetime of samples. The perovskite
films were directly deposited onto glass substrates or glass with HTLs
based on the aforementioned protocol. In terms of devices with encap
sulation, an FTO glass was first patterned by laser scriber with wave
length of 532 nm. The same structure of device was deposited onto the
patterned FTO glass. A UV curable epoxy resin was utilized to fully cover
the device. A coverslip thereafter capped onto the device and the curing
process was carried out with a UV-A lamp (λ = 365 nm). Finally, a butyl
rubber paste was thermal-pressed at the edges of the coverslip to prevent
permeation from the gap between the epoxy layer and the coverslip.

3. Results and discussion
The NiOx films with and without sequential passivation strategy
NiCl2 (SPS-NiCl2) were prepared from sol-gel method. Briefly, a pristine
NiOx film was obtained from spin-coated deposition of 0.500 M nickel
acetate precursor solution on an FTO glass and followed by a calcination
step at 300 ◦ C for 30 min. For NiOx films with the SPS-NiCl2 treatment,
different concentrations of NiCl2 precursors (0.125 M, 0.250 M, and
0.500 M) were thereafter applied for post treatment onto crystallized
NiOx films and calcinated with the same process respectively (details see
in experimental section). The sample names of such treatment were
denoted as SPS-NiCl2-0.125, SPS-NiCl2-0.250, and SPS-NiCl2-0.500 in
the following discussion. The thickness of each HTL were monitored at
90 nm ± 10% and shown in Fig. S1. Owing to the calcination process for
crystallization of NiOx films, microcracks induced by shrinkage easily
appears as the NiOx films solidify from a precursor state into a crystal
lized thin film. As an optimal HTL for inverted OHPSCs, the compacted
morphology in macroscopic point of view and energy alignment be
tween adjacent layers in microscopic point of view are the overarching

2.3. Characterization of material and devices
The solar simulator source (YAMASHITA DENSO, YSS-200A, class
AAA) equipped with a 1600-W Xenon short-arc lamp was used to
analyze the photovoltaic performance of devices. The photocurrent
density (I)-voltage (V) curve of solar cell devices were all measured in air
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factors. Such microcracks in HTL give an opportunity for the contact of
the bottom anode and the perovskite film and therefore cause leakage of
current as OHPSC under operation [42]. Fig. 1 shows the completely
microscopic observations involving in nanomorphology of fieldemission scanning electron microscope (FE-SEM, the first row) and
topography of atomic force microscope (AFM, the second row) of the
NiOx film and NiOx films with different concentrations of the SPS-NiCl2
treatment. From images obtained by FE-SEM (first row of Fig. 1), the
coverage percentage of NiOx film was culminated to 97.05% as the
concentration of the SPS-NiCl2 solution increased to 0.250 M. The NiCl2
precursor infiltrated and further fulfilled the microcracks in NiOx films
after the SPS-NiCl2 treatment. However, the high concentration of the
SPS-NiCl2 treatment resulted in an inevitable aggregation at top of a
NiOx film and leading to a poor film formation of the SPS-NiCl2 treat
ment. Thus, the average roughness (Ra) of SPS-NiCl2-0.500 deteriorated
from 13.4 nm to 15.9 nm as shown in topography from AFM images
(second row of Fig. 1). The coverage also decreases from 97.05% to
94.75% owing to the aggregation induced by the concentrated SPS-NiCl2
treatment of 0.500 M. To investigate whether FTO were covered, Fig. S2
shows the EDS analysis of NiOx films without or with the SPS-NiCl2
treatment. Based on the atomic ratio analysis of tin in Table S1, the SPSNiCl2 treatment can not only improve the surface roughness of NiOx
films but also ensure the fully coverage of FTO layer even at crack sites
induced by poor film formation of too high concentration treatment.
Such SPS-NiCl2 treated NiOx films prevent devices from shunting of
direct contacting between FTO and perovskite layer.
In addition to the surface morphology, increasing the concentration
of Ni3+ in a NiOx film can rationally infer to enhance the conductivity
through the self-doping effect. The SPS treatment from NiCl2 precursor
is speculated to modify the oxidation state of nickel owing to the pres
ence of a monovalent anion of chloride. The chloride is speculated to
stabilize the presence of Ni3+. The strong electron affinity of chloride
offers the preference of Ni3+ formation compared to the condition of NiO bonding. Fig. 2 shows the Ni 2p orbital of NiOx films with and without
the SPS-NiCl2 treatment.
The peak of Ni3+ and Ni2+ shows obvious variations as NiOx film
with the SPS-NiCl2 treatment. To investigate the influences of chloride
on Ni oxidation state, the atomic ratios of Ni3+/Ni, O/Ni, and Cl/O were

calculated from the peak ratios of the corresponding X-ray photoelec
tron spectrum (XPS) in Figs. 2 and S3. The results were summarized in
Table 1. The ratio of Ni3+/Ni increases from 57.98 at. % to above 64.00
at. % when NiOx films were post-treated with SPS-NiCl2 solution. During
the SPS-NiCl2 treatment, the byproduct of hydrochloride acid was
released. As a strong Lewis acid, hydrochloride acid easily protonated
the alcohol or water in the solution of NiCl2 and form an electron defi
cient species of C2H5O+H2 or H3O+ and Cl-. The protonated species in
the NiCl2 film facilitate the oxidation of Ni2+ during the formation and
crystallizing step of NiOx film and result in the presence of Ni3+ [13].
Since Ni2+ is energetically favorable compared to Ni3+ [43], the
electron-rich Cl- is speculated to play a role of stabilizing the Ni3+.
Therefore, the increase content of Ni3+ can be attributed to the present
of Cl− [44]. The atomic ratio of O/Ni again shows an obvious increase as
NiOx films applied the SPS-NiCl2 treatment. As a volatile product of
chloride, the atomic ratio of Cl/O is remained at around 3 at. % even
though treating NiOx films with higher concentration of the SPS-NiCl2
solution. The excess chloride degases from the NiOx film and the con
centration of chloride remains at about 3 at. % after the calcination.
Therefore, the Ni3+/Ni ratio slightly increases even increasing the con
centration of the SPS-NiCl2 solution to 0.500 M. Moreover, the severe
aggregation occurs when the concentration of SPS-NiCl2 solution is too
high to form a uniform film during the treatment as shown in AFM
images (Fig. 1).
The self-dopant of Ni3+ is thought of as the spices rendering the
conductivity of NiOx films. [11,45,46] The hypothesis of NiOx film with
the SPS-NiCl2 treatment is expressed as reaction (R1). The Ni3+ ions are
speculated to be stabilized when chloride ions occupy the interstitial
site. Therefore, the conductivity of NiOx films increases as the content of
Ni3+ increases.
×
∙
NiCl2 +12O2 →2Cl’i +O×
O +NiNi +2h (R1)
To validate the above hypothesis, the Hall effect of NiOx films and
films with the SPS-NiCl2 treatment was characterized and summarized
in Table 2. The conductivity of a material is composed of density and
mobility of charge carrier. From Hall effect characterization, the carrier
density of NiOx film enhances three times with 0.250 M of the SPS-NiCl2
treatment. Also, the mobility increases from 0.90 cm2 V− 1 s− 1 to 27.90
cm2 V− 1 s− 1. Based on Scherrer equation, the grain size of NiOx films can

Fig. 1. Morphological characterization of NiOx films without and with different concentrations of NiCl2 passivation by FE-SME (first row) and topography by AFM
(second row). (Scale bars indicate 1 μm).
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Fig. 2. Nickel oxidation state analysis of NiOx films: (a) pristine NiOx film, (b) SPS-NiCl2-0.125, (c) SPS-NiCl2-0.250, and (d) SPS-NiCl2-0.500 treated NiOx films.

NiCl2 treatment as shown in Fig. S5(b). The increased grain size of NiOx
films with the SPS-NiCl2 treatment implies a minor barrier occurs during
carrier transportation. Despite the high crystallinity of the NiOx film
with 0.500 M of the SPS-NiCl2 treatment, its detrimental surface
morphology brings inflected carrier mobility. Thus, that results in a
decrease in the photovoltaic performance of the corresponding OHPSCs
(vide infra).
Besides the conductivity of NiOx films, the energy level alignment
between an HTL and a perovskite layer also determines the capability of
hole extraction. The energy diagrams of OHPSCs composed of NiOx and
NiOx with the SPS-NiCl2 treatment were characterized by ultraviolet
photoelectron spectroscopy (UPS). The energy cutoff for the work
function and the energy difference between the Fermi level and VBM of
NiOx films and NiOx films with the SPS-NiCl2 treatment are shown in
Fig. 3(a) and the full spectra are shown in Fig. S6. The UPS spectra of
perovskite layer and PC61BM are also shown in Fig. S7. The resulted
band diagram of each layer in an OHPSC is summarized in Fig. 3(b). The
large energy bandgap of HTLs allows the incident light to penetrate
through effectively and to reach the absorption layer of perovskite. Also,
the shallow conduction band minimum (CBM) of HTLs helps devices
block electrons from perovskite layer toward anode. On the other hand,
the deep energy level of valance band minimum (VBM) of PC61BM also
set a bar for holes from perovskite layer toward cathode. As the con
centration of the SPS-NiCl2 treatment increases, the energy level of VBM
of NiOx films shifts downward from − 5.05 eV to − 5.24 eV. A closed
energy level between NiOx film and perovskite layer enlarges the dif
ferences of the quasi-Fermi level at HTL/perovskite layer (EFp) and
perovskite layer/ETL (EFn) interface. The magnitude of quasi-Fermi
splitting impacts on the Voc of an OHPSC. Therefore, enlarging the po
tential difference (EFp-EFn) is a rational way to boost the PCE of the

Table 1
Chemical composition of NiOx film and NiOx films with different concentrations
of the SPS-NiCl2 treatment.
HTL

Ni3+/Ni (from Ni 2p) [at.
%]

O/Ni [at.
%]

Cl/O [at.
%]

Pristine NiOx
SPS-NiCl2-0.125
treatment
SPS-NiCl2-0.250
treatment
SPS-NiCl2-0.500
treatment

57.98
64.59

0.98
1.08

0
2.27

67.00

1.18

2.91

67.23

1.05

3.07

Table 2
Electronic properties of NiOx and NiOx with different NiCl2 concentration
passivation.
HTL
Pristine NiOx

SPS-NiCl2-0.125
treatment
SPS-NiCl2-0.250
treatment
SPS-NiCl2-0.500
treatment

Carrier density (number/
cm3)
9.43 × 1014

Carrier mobility (cm2 V−
s− 1)
0.90

1.13 × 1015

23.30

2.92 × 1015

27.90

15

13.35

3.38 × 10

1

be calculated by grazing-incidence wide angle X-ray scattering pattern
from Figs. S4 and S5 (a). The significant improvement of carrier mobility
can be attributed to the superior crystallinity of NiOx films with the SPS5

K.-C. Hsiao et al.

Chemical Engineering Journal 409 (2021) 128100

Fig. 3. Band structure characterization: (a) UPS (He I) spectrum for NiOx and NiOx with SPS-NiCl2 and (b) band alignment of perovskite device with NiOx and NiOx
with SPS-NiCl2; EIS analysis of perovskite devices under 100 mW/cm2 illumination: (c) typical Nyquist plot of perovskite devices with NiOx and NiOx with SPS-NiCl2
and (d) equivalent circuit for model fitting.

device via enhancing its Voc. In an aim to mimic a real operating con
dition and to investigate the interface resistance of NiOx with and
without the SPS-NiCl2 treatment, complete devices comprised of FTO
glass/NiOx films or NiOx films with the SPS-NiCl2 treatment /perovskite
layer/ETL/WFL/Ag electrode were prepared to examine the electro
chemical impedance and the results are shown in Fig. 3(c). The interface
resistance (Rinterface) of each NiOx film can be well defined by fitting with
the equivalent circuit as shown in Fig. 3(d). The Rinterface of NiOx films
was calculated as 10.92 Ω⋅cm2 for pristine NiOx film, 9.41 Ω⋅cm2 for the
sample of SPS-NiCl2-0.125, 7.05 Ω⋅cm2 for the sample of SPS-NiCl20.250, and 9.21 Ω⋅cm2 for sample of SPS-NiCl2-0.500. The highest film
coverage, highest conductivity, and the suitable energy alignment
contribute to the smallest Rinterface of the OHPSC that was comprised of
the NiOx film with 0.250 M of the SPS-NiCl2 treatment.
We further measured the I-V characteristics of the OHPSCs to realize
whether the aforementioned properties of the SPS-NiCl2 treated NiOx
films were applicable to inverted OHPSCs. The results were summarized
in Table S2. Without a doubt, the OHPSCs comprised of the NiOx films
with 0.250 M of the SPS-NiCl2 treatment delivered a highest average
power conversion efficiency of 17.88% with a surprising Voc of 1.13 V.
The reduced Voc deficit encourages us to gain insight into the reason of
why a tiny amount of chloride at the NiOx/perovskite layer interface
causes an obvious effect on PV performance? Therefore, OHPSCs with
pristine NiOx films were set as control devices, whereas the OHPSCs
comprised of the NiOx films with 0.250 M of the SPS-NiCl2 treatment
were set as target devices for further discussion.
To realize the spatial distribution of carrier density in control or
target devices, drive-level capacitance profiling (DLCP) was measured
with an alternating current (AC) at different frequencies from 1 to 1000
kHz. According to the Profiler’s Equation, shown in Eq. (1) [47], a
density of carriers (ρ(W)) and a profiling distance (W) of a junction can

be clearly described.
( )
d
1
2
= 2
dVR C2
A ∊∊0 ρ(W)

(1)

Here, VR represents a reverse bias, C refers to capacitance, A implies
area, ∊∊0 indicates permittivity of a material, and ρ(W) is a carrier
density. Based on Eq. (1), a profiling distance of W and a carrier density
of ρ(W) can be expressed in Eqs. (2) and (3).
W=

∊∊0 A
C

ρ(W) =

(2)
2

A2 ∊∊0 (dVdR

(3)

( )
1
C2

)

An OHPSC can be considered as a semiconductor with two junctions,
which are the interfaces between perovskite layer/ETL and HTL/
perovskite layer. Typically, a DLCP from a low frequency of AC is
comprised of both carrier and defect density. On the contrary, applying a
high-frequency AC to measure a DLCP will reveal only the concentration
of free carriers. As a result, the defect density can be thoroughly depicted
from DLCP as applying different frequency of AC [48,49]. The similar
DLCP profiles of both control and target devices indicate that the SPSNiCl2 treated NiOx film has a minor effect on carrier density of perov
skite layers. The corresponding DLCPs are shown in Fig. 4(a) for a
control device and Fig. 4(b) of a target device. The high carrier density at
profiling distance closed to origin can be referred to the ETL/perovskite
layer interface, which exhibits a high carrier density. The reduction of
density at profiling distance from 10 to around 550 nm implies the
perovskite layers which are consistent with the thickness of perovskite
layers from cross-sectional FE-SEM in Fig. S8. The climbing region of
6
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Fig. 4. Spatial carrier distribution of OHPSCs from driven-level capacitance profiling: (a) control OHPSC and (b) target OHPSC. Defect density analysis with
expansion DLSP: (c) control OHPSC and (d) target OHPSC. (Distance from 450 to 600 nm).

Fig. 5. XPS depth profile for the chemical composition of NiOx film and NiOx film with passivation: (a) pristine NiOx, (b) SPS-NiCl2-0.250, (c) chloride depth profile
of pristine NiOx, and (d) chloride depth profile of the SPS-NiCl2-0.250.
7
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carrier density at profiling distance over 500 nm can be indicative of the
interface between HTL and perovskite layer. Fig. S9(a) and (b) show the
DLCP with AC frequencies at 1 kHz and 1000 kHz. The defect density in
HTL can be calculated by subtracting the carrier density measured at
1000 kHz from that at 1 kHz. Fig. 4(c) and (d) show the expansion DLCPs
in the profiling distance from 450 nm to 600 nm. The calculated defect
density of NiOx film reduces around an order as the NiOx film with
0.250 M of the SPS-NiCl2 treatment.
To gain insight into the chloride distribution, depth profiles of XPS
were conducted to monitor the chemical composition change of the NiOx
films without or with applying 0.250 M of the SPS-NiCl2 treatment.
Fig. 5(a) and (b) demonstrate the depth profiles of control and target
device. Although a trivial concentration of chloride in the NiOx film
makes it hard to be examined from full-range spectra, the expand pro
files with the ratio from 0.0 to 2.5 at. % still inform clear profiles about
chloride distribution as shown in Fig. 5(c) and (d). As focusing on the
chloride distributions at first 12.5 s of sputtering time, indicating the
NiOx layers, a depth depended change of chloride can be observed.
Instead of distributing homogeneously, a gradient of chloride distribu
tion was observed in the sample of SPS-NiCl2-0.250. According to the
energy diagram (Fig. 3(b)), the chloride concentration affects the energy
level of NiOx films. A clear downshift of VBM is observed as the con
centration of the SPS-NiCl2 treatment increased. Therefore, such a
gradient of chloride in the sample of SPS-NiCl2-0.250 can rationally
infer that VBM gradient is created from chloride-rich HTL/perovskite
layer interface of − 5.22 eV to FTO/HTL interface of − 5.05 eV for the
target device. The chloride conferring VBM gradient not only enlarges
the quasi-Fermi level splitting but also provides a convenient pathway
for excited hole from perovskite layer to the anode of FTO with minor
Rinterface.
Other than the resistance analysis, the carrier transfer from OHPVSK
layer to HTL can be well quantified by steady-state PL spectra and TRPL
profiles. The steady-state PL spectrum in Fig. 6(a) shows the charge
removal processes for perovskite film deposited either on a substrate or a
substrate coated with an HTL layer. The PL intensity shows a significant
quenching as the perovskite film deposited on HTL comparing to the one
without HTL layer. The lowest PL intensity of perovskite film on the
NiOx film with 0.250 M of the SPS-NiCl2 treatment reveals that the
excited electron-hole pairs can be separated and transferred effectively
with the assistance of VBM gradient in the SPS-NiCl2 treated NiOx film.
On the other hand, the representative charge transfer process between
the HTL and perovskite films was also investigated by TRPL spectros
copy in Fig. 6(b). The TRPL profiles were fitting with the bi-exponential
model as shown in Eq. (4)
( )
( )
− t
− t
I(t) = A1 exp
+ A2 exp
(4)

τ1

the fast decay mechanism of carrier and the corresponding proportion
coefficient is A1. In addition, τ2 describes the slow decay behavior and its
proportion coefficient is A2. The decay times as well as their propor
tional coefficient of perovskite layer with different HTL were summa
rized in Table 3. Based on the examined device structure with HTL, the
fast decay process (τ1) refers to the charge transfer from perovskite layer
to HTL and the slow decay process (τ2) implies the radiative decay of
carriers in perovskite layer. Owing to the absence of a carrier extraction
layer, the decay processes of fast and slow components for perovskite
film without HTL refer to non-radiative recombination and radiative
recombination, respectively. The calculated decay times for perovskite
film without an HTL layer are 48.83 ns and 132.72 ns with a corre
sponding ratio of 53.93% and 46.07%. The weighted average decay time
in the other word represents the carrier lifetime (163.28 ns) of perov
skite film. For perovskite layers on pristine NiOx film (control) and the
film with 0.250 M of the SPS-NiCl2 treatment (target), the proportion of
charge transfer increase to 79.02% and 99.60%. It reveals that the
charge transfer process dominates the decay process of carriers for the
perovskite layer with HTL. The highest proportion coefficient as well as
the shortest charge transfer time again elucidates the chloride rendering
VBM gradient provides the fastest and the most effective channel for
excited-holes toward HTL and anodic electrode.
The control and target OHPSCs with the structure of FTO glass /
pristine NiOx or SPS-NiCl2-0.250/OHPVSK/PC61BM/PEI/Ag were
characterized to correlate the advantages of nanomorphology, interface
resistance, and gradient VBM of the SPS-NiCl2-0.250 with photovoltaic
performance. Fig. 7 shows the distribution of the photovoltaic perfor
mance of 48 devices. The VBM gradient of HTLs in the target devices
contributes an over 30 mV of Voc enhancement as shown in Fig. 7(a). In
addition, the film quality, including coverage, resistance, and nonradiative recombination improvement of the NiOx film with 0.250 M
of the SPS-NiCl2 treatment boost the Jsc of target devices from average
19.66 mA/cm2 to 20.96 mA/cm2 as shown in Fig. 7(b). Such improve
ments of Voc and Jsc of target OHPSCs, contributing from good band
alignment and effective carrier transportation, directly reflect on their
PCE. The average PCE for the corresponding devices increases from
16.35% to 17.88%, and the champion device reaches to 19.53% as
shown in Fig. 7(e). The external quantum efficiency (EQE) of the
champion devices in Fig. 7(f) is consistent with the current density
Table 3
Calculated exciton decay time and ratio of proportion coefficients of charge
transfer from bi-exponential model fitting.

τ2

Here, I(t) indicates the carrier lifetime of perovskite film, τ1 represent

HTL

τ1 (ns)

τ2 (ns)

A1/(A1+A2) (%)

W/O HTL
Pristine NiOx (Control)
SPS-NiCl2-0.250 treatment (Target)

48.83
16.60
6.53

132.72
52.06
28.55

53.93
79.02
99.60

Fig. 6. Characterization of MAPbI3 film without and with HTL: (a) PL spectrum and (b) TRPL spectrum.
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Fig. 7. Performance distribution of 48 control and target devices: (a) Voc, (b) Jsc, (c) fill factor, and (d) PCE. Performance of champion devices: (e) J − V curves and
(g) EQE spectrum.

obtaining from the I-V measurement.
This universal HTL with VBM gradient was also applied to the
different Eg OHPSCs and showed similar results as shown in Fig. S10.
The Voc of the wide Eg OHPSCs can be enhanced from 1.13 V and 1.17 V
for formanidium based mixed halide perovskite (CsFA based perovskite,
Eg = 1.65 eV) and from 1.17 V to 1.23 V for methyl ammonium based
mixed halide perovskite (CsMA based perovskite, Eg = 1.70 eV). The
current density of wide bandgap OPHSCs rationally decreases owing to
the narrowing absorption edge of perovskite absorber layers. However,
the Voc loss in a wide bandgap OHPSC is an unexpected problem and
being a troublesome issue, which should be urgently resolved. By using
the VBM gradient HTL, the Voc loss in mixed halide perovskite solar cell
can be effectively mitigated and shows the lowest Voc loss in the system
of NiOx based inverted OHPSCs with the literature data as summarized
into Table 4.
Fig. 8 represents the change of photovoltaic performance of encap
sulated devices under damp-heat test (85 ◦ C and 85 RH%). The stability
of the target devices with the SPS-NiCl2 treated NiOx films is superior to
the control devices. Although the fill factor (FF) showed unstable during
the testing processes, the target devices still maintained 80% of initial
PCE for 1500 h, whereas the control devices only maintained around
500 h. The suppression of interfacial effects reveals that the SPS-NiCl2

treatment can improve photovoltaic performance and also offer a
prospect for improving the stability of OHPSCs.
4. Conclusion
An ease of sequential passivation strategy for NiOx film was estab
lished by using nickel chloride passivation. The SPS-NiCl2 treatment
confers NiOx films to exhibit a compacted surface morphology and an
energy gradient of VBM inducing from chloride gradient in depth. This
universal technique of SPS-NiCl2 treated NiOx film can be directly
implemented on either narrow bandgap OHPSC or wide bandgap
OHPSC of methyl ammonium based or formanidium based OHPSC. The
suppression of non-radiative recombination and appropriated band
alignment owing to the VBM gradient mitigate the Voc loss of OHPSCs for
different types of active layers. The corresponding devices show Voc
deficits of only 470 mV for wide bandgap OHPSCs and 390 mV for
narrow bandgap OHPSC. In addition to the Voc loss, the VBM gradient
also provides an effective path for carrier to be collected from perovskite
layer to HTL and anode. Therefore, the average photovoltaic perfor
mance of device comprised of the NiOx film with 0.250 M of the SPSNiCl2 treatment can be enhanced from 16.35% to 17.88% for narrow
bandgap OHPSC, and the champion device can achieve 19.53% with
9
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Table 4
State-of-the-art NiOx based inverted OHPSCs with narrow and wide bandgap perovskite film.
Hole transport layer

Processing
condition

Perovskite

Bandgap
(eV)

Voc
(V)

Eg
− Voc
q
(mV)

Jsc (mA/
cm2)

FF (%)

PCE
(%)

Reference

SPS-NiCl2 treated
NiOx
Al:NiOx
3D NiOx
NiOx NPs
S:NiOx
Cu:NiOx
Au embedded NiOx
CND/urea NiOx
NiOx
Sr:NiOx
NiOx
SPS-NiCl2 treated
NiOx
SPS-NiCl2 treated
NiOx
NiOx@KCl

Air (RH%<10%)

MAPbI3

1.55

1.16

390

21.60

77.90

19.53

This work

N2
N2
N2
N2
N2
N2
N2
N2
N2
N2
Air (RH%<10%)

MAPbI3
MAPbI3
MAPbI3
MAPbI3
MAPbI3
MAPbI3
MAPbI3
MAPbI3
PEAI/MAPbI3
MAPbI3
Cs0.10MA0.90Pb(I0.8Br0.2)3

1.55
1.55
1.55
1.55
1.55
1.55
1.55
1.55
1.55
1.55
1.70

1.06
1.11
1.07
1.10
1.12
1.11
1.06
1.11
1.09
1.05
1.23

490
420
480
450
430
440
490
440
460
500
470

24.27
21.54
–
23.28
22.14
23.10
23.25
–
24.27
23.17
17.04

81.31
80.23
–
80.00
82.00
79.00
79.00
–
76.55
78.80
78.78

20.84
19.16
19.05
20.45
20.21
20.10
19.50
18.84
20.31
19.16
16.33

[50]
[51]
[52]
[53]
[54]
[55]
[56]
[39]
[57]
[58]
This work

Air (RH%<10%)

Cs0.20FA0.80Pb(I0.20Br0.20)3

1.65

1.17

480

19.44

78.44

17.76

This work

N2

1.62

1.06

560

22.70

82.87

19.95

[59]

A-NiOx

N2

1.63

1.05

580

22.50

77.8

19.55

[60]

Cu:NiOx
NiOx
NiOx@KCl
NiOx
F6TCNNQ-doped
NiOx
NiOx

N2
N2
N2
N2
N2

Cs0.175FA0.750MA0.075Pb
(I0.880Br 0.120)3
(FA0.83MA0.17)0.95Cs0.05Pb
(I0.90Br0.10)3
FA0.85MA0.15Pb(I0.85Br0.15)3
Cs0.05FA0.85MA0.15Pb(I0.85Br0.15)3
Cs0.05FA0.85MA0.15Pb(I0.85Br0.15)3
Cs0.25FA0.75Pb(Br0.2I0.8)3
Cs0.05FA0.85MA0.15Pb(I0.85Br0.15)3

1.65
1.65
1.65
1.65
1.65

1.14
1.16
1.15
1.14
1.12

510
490
500
510
530

22.83
22.88
22.83
20.34
23.18

81.00
81.40
79.50
85.00
80.30

21.11
21.63
20.57
19.66
20.86

[54]
[61]
[62]
[63]
[64]

N2

Cs0.05FA0.85MA0.15Pb(I0.85Br0.15)3

1.65

1.13

520

22.91

79.50

20.67

[65]

Fig. 8. Change of photovoltaic performance of encapsulated control and target devices: (a) Voc, (b) Jsc, (c) FF, and (d) PCE. (The damp-heat tests were carried out at
85 ◦ C and 85 RH%).

extremely high Voc of 1.16 V. The damp-heat test of corresponding de
vices exhibit outstanding long-term stability, and over 80% of initial
PCE can be maintained for 1500 h. This study provides a novel
perspective for managing the interfacial issues of NiOx in the inverted

OHPSC and opens a new avenue to develop universal HTL for perovskite
layers with different Eg.
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