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Inverted perovskite solar cells, known for their low temperature processability and reduced hysteresis,

benefit from the use of nickel oxide (NiO,) as a hole transport material, which enhances stability. The
doping of NiO, with lithium improves its electrical properties by creating Ni** sites through intrinsic
doping with Ni vacancies. This study investigated the impact of Li doping on the optical and electrical

properties of NiO, and evaluated the optimal doping concentration for solar cell performance.

Received 15th March 2025,
Accepted 2nd September 2025

DOI: 10.1039/d5ya00072f

Additionally, the diffusion of small sized Li-ions from the NiO, hole transport layer into the photoactive
perovskite layer was investigated, which led to an improvement of the perovskite absorber quality
through defect passivation caused by lithium diffusion from the NiO, layer, enhancing device

performance. The incorporation of lithium significantly boosted all solar cell parameters, leading to a
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Introduction

Perovskite based solar cells have witnessed tremendous growth
in a short period of time and efforts for their commercialization
have been the top priority." Even though conventional n-i-p
(negative-intrinsic-positive) structured perovskite solar cells
(PSCs) have achieved the highest performance thus far, there
is growing interest in inverted (p-i-n) planar device architec-
ture due mainly to its relatively simple fabrication process and
negligible hysteresis effect.”® The basic p-i-n architecture
consists of an intrinsic absorber sandwiched between the hole
and electron transport layers (HTL and ETL). A wide range of
HTLs, both organic and inorganic, have been studied to deter-
mine their suitability for use in inverted architecture solar cells.
One of the most critical properties of the HTL in inverted
structure devices is that its bandgap must be wide enough to
allow more light to reach the perovskite absorber layer. Second,
the HTL should effectively block electrons from moving toward
the front transparent electrode such as indium tin oxide (ITO).
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60.8% increase in power conversion efficiency (PCE), from approximately 12% to a maximum of 19.3%.

Inorganic materials such as nickel oxide (NiO,) are of particular
interest due to their low cost, higher carrier mobility, and
chemical stability.”® These inorganic HTLs are not only stable
in the presence of the ITO layer beneath them but are also not
affected by the following synthesis processes.” The cubic p-type
semiconductor NiOj is one of the most promising materials for
HTLs in perovskite solar cells, which has several advantages
over the other counterparts, such as high transmittance in the
visible spectral range and good tolerance to chemical and
thermal treatments.”'®™'* Beyond that, NiO, has a good band
alignment with most of the perovskite absorbers due to its wide
band gap (3.5-4.0 eV) and high work function.®'**

However, the poor conductivity (2.67 x 107®S cm™') of NiO,
limits the hole extraction efficiency, resulting in a high series
resistance, which adversely affects the current density (Jsc)
and fill factor (FF) of the perovskite solar cells.® Moreover,
the low conductivity also causes hole accumulation at the
interface with the perovskite, which leads to increased inter-
facial recombination and reduced charge transport.> The
stoichiometric NiO, (x = 1) with a Ni** oxidation state insulates
the charge carriers. The commonly observed p-type conductiv-
ity in undoped NiO, is due to the presence of Ni** vacancies.
However, the ionization energy of Ni*" vacancies is significant,
which limits the hole density and conductivity of p-type
NiO,.»'® The conductivity of NiO, can be considerably
improved by increasing the concentration of Ni*" ions by
introducing nickel vacancies and interstitial oxygen atoms in
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NiO, crystals."> Depending on the fabrication process, the
stoichiometry and the corresponding conductivity can be chan-
ged. Doping with extrinsic elements with shallower acceptor
levels has been the most effective method to enhance the
conductivity and adjust the work function as well as band
alignment of NiO, with the perovskite to minimize losses.® A
deeper work function with a Fermi level around the midgap can
enhance the open-circuit voltage (Voc) of solar cells.

A variety of dopants have been investigated to improve the
conductivity of NiO, including Li*,” Cs*,"” La**,'® cu**,'® Zn***°
AP* ! Co**?? ce*,® self-dopant Ni**,”>® molecular dopant 2,2'-
(per-flucronaphthalene-2,6-diylidene) dimalononitrile (FETCNNQ),>*
and co-dopants, such as Li":Cu*","® Li":Mg***® Ce:Zn>*.*® Mono-
valent alkali metal lithium (Li) can effectively p-type dope NiO,,
which improves the electrical conductivity without significantly
affecting the light-transmitting performance of NiO, films. Li"
(Li-ion) (0.72-0.76 A) has a similar ionic radius to Ni** (0.69-
0.74 A), which minimizes the doping mismatch and enhances
the lattice stability as well.'* Various techniques, such as spin
coating,”” spray pyrolysis,”*® pulsed laser deposition (PLD),>
sputtering,®*>*" etc., have been used to fabricate Li-doped NiO,. Li
has a relatively shallower acceptor level in NiO, for Ni-poor/O-rich
conditions.” The doping is achieved through Ni** substitutional
replacement with Li-ions, which leads to an increase in Ni** density
and improves the electrical conductivity of NiO, thin films.*?
Doping NiO, with Li lowers the ionization energy of the Ni
vacancies and thus improves the hole conductivity in NiO, films.
The resistivity of NiO, has been reported to be in the range of 10-
10° Q cm.*® A dramatic decrease in resistivity, down to 0.15 Q cm,
was achieved by increasing Li-ion concentration up to 7% because
Li-ions occupy Ni** substitutional sites, which in turn increases
hole density and enhances p-type conductivity.** Li-doped NiO, was
also observed to dramatically suppress trap-assisted recombination
at interfacial contact compared with PEDOT:PSS due to the
improved crystallinity of the perovskite grown on Li-doped NiO,
and the superior perovskite/NiO, interface.>® Zhao et al. reported
the use of Li:NiO/NiO bilayers to improve carrier extraction, trans-
port, and radiative recombination at the NiO/perovskite interface. It
was demonstrated that by tuning Li doping amount, the Ni*" ratio
in NiO, films and interfacial oxidation could be controlled, which
resulted in improved photovoltaic performance through the incor-
poration of Ni** « Ni*" ion pairs as interfacial passivation
species."* While the incorporation of alkali metal cations as
additives to the perovskite layer has led to a significant reduction
in the defect density of the perovskite, the migration of Li-ions from
the hole transport layer to the perovskite absorber layer has also
been reported to suppress defect formation and hysteresis, thereby
enhancing the performance of perovskite solar cells.*® The
migrated Li-ions that reside at the grain boundaries of perovskite
crystals were found to attract the photogenerated electrons and
repel the holes, which reduced the probability of recombination at
those grain boundaries.>”

Motivated by the above studies, we examined the doping of
nickel oxide with Li and demonstrated its impact on the
electrical and optical properties of the material. NiO, was
doped with various amounts of Li, which was then used as
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the HTL in the fabrication of PSCs. The inclusion of Li-ions in
the NiO, HTL in our inverted perovskite solar cell configuration
served a dual purpose: firstly, it enhanced the conductivity of
NiO, by making it more p-type; and secondly, the diffusion of
Li-ions to the perovskite absorber layer passivated the defect
states, which reduced the non-radiative recombination.
Although the migration of Li-ions from the charge transport
layer to the subsequent perovskite layer has been reported for
regular (nip) structured PSCs, this is the first time we have
observed such phenomena in inverted (pin) structured PSCs.
This led to a significant improvement in the power conversion
efficiencies of our solar cells from 12% to more than 19% upon
optimal (8% concentration) Li doping, which originated from
the significant improvements of short-circuit photocurrent (Js.)
and fill factor (FF). This work confirmed that Li-doped NiO, is a
promising hole transport material (HTM) for high-performance
inverted PSCs.

Experimental
Materials and methods

ITO-coated plain glass substrates were cleaned by sonicating in
acetone and isopropyl alcohol. Subsequently, the substrates
were subjected to UV-ozone treatment for 15 min. The fabrica-
tion of the NiO, film was achieved by spin-coating 0.5 M nickel
nitrate hexahydrate (Sigma-Aldrich, >97%) and ethylenedia-
mine (Alfa Aesar, 99%) in ethylene glycol (Fisher, 99%) on ITO
substrates. The doped NiO, was composed of a controlled
percentage of lithium nitrate (Alfa Aesar, 99%) in a 0.5 M
solution. The spin-coated films were annealed at 300 °C in air
for 1 h. After annealing, the NiO,-coated substrates were
transferred to a glovebox for further processing. A cesium
containing triple cation perovskite (CSFAMAPDL(IBrCl);) was
fabricated via a two-step spin-coating process. Further details
on perovskite synthesis can be found in our previous study.*®
Then, the perovskite films were annealed at 140 °C for 20 min.
After cooling down, 17 mg ml™" [6,6]-phenyl Cq; butyric acid
methyl ester (PCBM, Nano-C) in chlorobenzene (Sigma-Aldrich,
99%) was spin-coated at 2000 rpm for 40 s and post-baked at
70 °C for 2 min. An additional buffer layer of ZnO (5 nm) was
deposited using atomic layer deposition (ALD) at 100 °C. More
details on the ALD process can be found in our previous
report.>* The samples were then transferred to the thermal
evaporator outside the glovebox to deposit 100 nm of silver.

Characterization

The structural characterization of the perovskite was performed
using X-ray diffraction (XRD) on a PANalytical X’Pert PRO X-ray
diffraction system, which employed CuKa X-rays and line-focus
optics. A Carl Zeiss Supra 55 VP high-resolution scanning
electron microscope (HR-SEM) was used to study the morphol-
ogy of the films. The photoluminescence (PL) was measured
using a Horiba PL measurement system with a 532 nm laser
and a photomultiplier tube (PMT) detector. Transmittance
was measured using an Angstrom Sun Technologies TF Probe

© 2025 The Author(s). Published by the Royal Society of Chemistry
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UV/Vis spectrophotometer. Time of flight secondary ion mass
spectroscopy (TOF-SIMS) analysis was carried out using an
IONTOF Time of Flight SIMS (TOF-SIMS) spectrometer. Details
on the experimental procedure of TOF-SIMS measurement can
be found in the supplementary information (SI) file. IV mea-
surements were carried out using a Keithley 4200-SCS semi-
conductor characterization system along with a solar simulator
from Photo Emission Tech. Cells were tested under AM1.5G
100 mW cm? illumination with the voltage swept in
the forward and/or reverse directions with a scan rate of
0.4 V s ' External quantum efficiency (EQE) measurement was
performed using an EQE system from PV Measurements, Inc. The
XPS study was performed using a Surface Science Instruments SSX-
100 with an operating pressure of ~2 x 10~ ° Torr. Monochromatic
Al Ko X-rays (1486.6 €V) with 1 mm diameter beam size were used.
Photoelectrons were collected at a 55° emission angle. A hemi-
spherical analyzer was used to determine electron kinetic energy
using a pass energy of 150 V for wide/survey scans and 50 V for
high-resolution scans. A flood gun was used for charge neutraliza-
tion of non-conductive samples. The band structure of the film was
measured using ultraviolet photoelectron spectroscopy (UPS) with
He-I as the excitation source. The UPS samples were prepared on
ITO substrates.
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Fig. 1
plots for different Li-doped NiO, films.
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Results and discussion
Study of the NiO, hole transport layer

The deposition of the undoped NiO, film was first optimized.
We initially determined the optimal annealing temperature for
the NiO, layer to be 300 °C by comparing the optical transmis-
sion of NiO, films annealed at various temperatures (Fig. S1).
Subsequently, the thickness of the NiO, film was controlled by
adjusting the concentration of the precursor solution, which
consisted of nickel nitrate hexahydrate and ethylenediamine
dissolved in ethylene glycol, and the spin speed. To further
investigate the impact of HTL thickness on device performance,
we fabricated complete solar cell devices incorporating NiO,
layers with varying thicknesses. The device configuration is
shown in Fig. 1(a), where the perovskite layer is deposited using
a two-step spin-coating method, following the optimized pro-
cedures described in our previous study.*® The obtained NiO,
film thicknesses and the corresponding device performances
are presented in the SI (Fig. S2-S4). Based on this experiment,
an optimal and reproducible NiO, film thickness of about
25 nm was achieved with a precursor concentration of 0.5 M
and a spin speed of 5500 rpm.

We then employed the optimized fabrication approach
described above to investigate the effect of Li doping on NiO,.
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NiO, shows a nanocrystalline structure, which is confirmed by
the top-view scanning electron microscopy (SEM) and atomic
force microscopy (AFM) images in Fig. S5 and S6. Fig. 1(b)
shows the XRD pattern of undoped and (2-10)% lithium doped
NiO, films. Three distinct peaks at 26 values of 37.3°, 43.3° and
63.2° correspond to the (111), (002) and (022) planes of cubic
phase NiO,.”® The analysis also revealed that the incorporation
of lithium did not alter the crystal structure of NiO,. The ionic
radii of Li* (0.68 A) and Ni** (0.69 A) are similar, which explains
the unaltered crystal structure of NiO, upon lithium doping.*®
The optical transmission of both doped (2-10%) and undoped
NiO, films deposited on glass exhibited high transmittance in
the visible spectral range, with an average transmittance
exceeding 90% (Fig. 1(c)). As the Li doping concentration
increased to 8%, the transmittance of the film slightly
decreased; however, at 10% doping, the transmittance
decreased significantly. The higher Li content might have
induced scattering effects in the NiO, layer, which caused a
reduction in the transmittance.’” The transmittance of the
films was used to determine the bandgap of both Li-doped
and undoped NiO, using the Tauc plot method. The Tauc plot
analysis did not show a significant change in optical bandgap
(Fig. 1(d)). When the doping concentration increased from 0%
to 10%, the bandgap slightly red-shifted from 3.7 eV to 3.67 eV.
This result is consistent with a previous study, which reported
that on the addition of 5% Li, the bandgap decreased from 3.6
eV (undoped NiO,) to 3.47 eV.’ The high transmittance and
bandgap of NiO, remained largely unaffected by Li doping up
to a concentration of 8%.

The resistances of the undoped and (2% to 10%) Li-doped
NiO, films were measured using current-voltage (I-V) charac-
terization of the respective NiO, films sandwiched between ITO
and high work function gold electrodes. The results revealed a
decrease in resistance with an increase in Li-doping up to 4%,
after which the resistance remained relatively stable until 8%. A
slight increase in resistance was observed at a 10% Li doping
level (Fig. S7). This result shows the enhanced electrical con-
ductivity of our NiO, HTL upon Li doping. X-ray photoelectron
spectroscopy (XPS) analysis revealed that the 8% Li doped NiO,
sample exhibited a higher concentration of Ni** states com-
pared to the undoped sample (Fig. $8). This increase in the Ni**
states contributed to the enhanced p-type behavior of the 8%
Li-doped NiO, layer, thereby improving its electrical conductiv-
ity relative to the undoped NiO, layer.

Study of the perovskite absorber layer

The crystallographic structure of the perovskite layer grown on
Li-doped NiO, with various Li concentrations was studied using
grazing incidence X-ray diffraction (GIXRD) analysis and the
XRD patterns of the perovskite layer are shown in Fig. 2(a). The
results clearly demonstrated the identical diffraction peaks,
indicating that the Li doping in the NiO, layer does not impact
the formation of a black-phase perovskite. The major peaks at
14.04°, 19.94°, 24.52°, and 28.3° are, respectively, assigned to
the (100), (110), (111), and (200) crystallographic planes of the
perovskite.*! The intensity of the major peaks at the (100) and
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(200) positions increased with higher Li doping in NiO,,
accompanied by a reduction in their full width at half max-
imum (FWHM). This enhancement reached its maximum at 8%
Li doping, where the peaks exhibited the sharpest profiles.
These results indicate the improved crystallinity of the perovs-
kite film on 8% Li-doped NiO,. To investigate the enhanced
crystallinity of the perovskite film deposited on Li-doped NiO,,
we measured the surface roughness of undoped and 8% Li-
doped NiO, films spin-coated on glass substrates using AFM
imaging (Fig. 2(b) and (c)). The rms surface roughness of 8% Li-
doped NiO, was 2.92 nm, which was slightly higher compared
to that of undoped NiO, (2.44 nm). The increased roughness
might have provided higher nucleation sites for perovskite
growth, thereby leading to enhanced crystallinity.*>

The steady-state photoluminescence (PL) spectra of perovs-
kite films grown on glass, undoped NiO, and Li-doped NiO,
substrates are presented in Fig. 2(d). The perovskite film grown
on Li-doped NiO, demonstrated a remarkable improvement in
the PL characteristics over the perovskite films deposited on
glass and undoped NiO, films. An enhancement in the PL
intensity was observed with the addition of Li into NiO, and it
reached the maximum at 8% Li doping in NiO,. However, a
decrease in PL intensity was observed at 10% Li. These results
indicate that the presence of Li in NiO, enhanced the radiative
recombination in the perovskite film, most likely through the
diffusion of Li-ions into the perovskite and passivation of traps
by filling the trap states before photoexcitation. Additionally, a
slight redshift in agreement with the transmittance spectra in
Fig. 1 was observed as the amount of Li doping increased,
which was attributed to the intercalation of Li into the per-
ovskite structure.****

It is well known that the Li ion is the smallest ion after
hydrogen. Li-ions exhibit a high diffusion tendency. The ionic
mobility of Li in the perovskite is expected to be higher than
that of the intrinsic ions due to its smaller size. The migration
of Li through perovskite materials has been demonstrated in
MAPbI; perovskites, which could potentially function as anode
materials in Li-ion batteries.*”> Studies have reported that ions
from perovskites can move into the hole or electron transport
layers, thereby enhancing the carrier-extraction ability and
reducing interface recombination, which will result in reduced
hysteresis.’® Also, the migration of Li-ions to the grain bound-
aries of perovskite crystals has been identified to reduce the
nonradiative recombination within the perovskite film.*” In our
case too, the Li-ions migrated from the Li-doped NiO, HTL into
the perovskite, thereby improving the properties of the absor-
ber and offering better carrier generation and extraction.

We studied the depth profile of a 100 nm perovskite layer,
deposited on both 4% Li-doped and undoped NiO, layers using
time-of-flight secondary ion mass spectrometry (TOF-SIMS). In
the Li-doped sample, we observed clear lithium diffusion
towards the perovskite layer, in which a pronounced increase
near the perovskite surface exists (Fig. 2(e)). This sharp increase
may have resulted either from the accumulation of Li-ions on
the perovskite surface due to their smaller size and volatility or
from the contamination during the measurement. In contrast,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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no lithium was detected in the depth profile of the undoped
sample (Fig. 2(f) and Fig. S9). Such diffusion of Li-ions from the
hole transport layer to the active perovskite layer has indeed
been reported.’”

To further investigate the effect of lithium diffusion into the
perovskite layer, we fabricated hole-only devices with the struc-
ture of FTO/Li-doped NiO,/perovskite/PTAA/Ag. These devices
were designed to determine the defect density within the bulk
perovskite material. Dark I-V measurements were carried out to
determine the trap-filled-limit voltage (Vrgr), which was then
used to determine the trap-state density within the perovskite
material based on eqn (1), where n, ¢, g, and L are the trap state
density, permittivity of the perovskite, elementary charge (1.6 x
107"? C) and the thickness of the perovskite layer (450 nm).*®

2VTFLE
ny =
t qu

1)

We conducted capacitance measurements of the perovskite
layer (Fig. S10) to determine the dielectric constant of the
perovskite layer, which was found to be 45. Fig. 3(a) shows a
decreased Vg, for the perovskite layer deposited on the 8% Li-
doped NiO, HTL compared to the one deposited on undoped
NiO,, corresponding to trap densities of 1.03 x 10'® cm > and
1.72 x 10" em ™, respectively, which confirms the reduction in
trap states after Li doping. The Vg, and n, calculations for the
perovskite layers deposited on all 2 to 10% Li-doped NiO, are
shown in Fig. S11 and Table S1. The results demonstrate a
reduction in trap states for the perovskite layers deposited on
HTLs with all Li-doping concentrations. These results align
with the enhancement in the PL intensity of perovskite films, as
discussed earlier.

(a)
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Ultraviolet photoelectron spectroscopy (UPS) was carried out
to obtain energy band information and work function (WF)
change of NiO, films upon Li doping and their alignment with
the perovskite energy bands. The band energy values for ZnO
and PCBM were taken from the literature and incorporated into
the diagram.”*” The results of UPS analysis did not reveal
significant changes in the energy band position. The optical
bandgap for all compositions remained essentially unchanged.
The position of the VBM with respect to the Fermi level also
remained nearly unchanged, which is consistent with the
observed change in resistivity with Li doping. This suggests
that the shift in the conduction and valence band positions is
attributed mainly to the change in the work function of NiO,.
The work function showed a gradual change, from 4.55 eV to
4.42 eV with a slight difference of 0.13 eV, with increased Li
doping (Fig. 3(b)). The work function was determined by
calculating the difference between the UV energy and the low
energy cut-off as shown in Fig. 3(c). This change might have
some impact on the Voc of the devices. However, a direct
correlation could not be established.

Performance of the perovskite solar cells

Motivated by the improved crystallinity of perovskite films and
passivated nonradiative recombination induced by Li doping,
we fabricated inverted planar solar cell devices using PCBM
(40 nm) and ZnO (5 nm) as electron transport layers. Our
perovskite formulation is a triple cation, CSFAMA (MA: methy-
lammonium, FA: formamidinium and Cs), mixed halide (Cl, Br,
and I) perovskite, which is a popular compound that is ther-
mally more stable and enables more reproducible device per-
formance as compared with the highly efficient FAMA
perovskite.”® The cross-sectional SEM image of the complete
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Fig. 4
EQE plot of perovskite solar cells on different Li-doped NiO, HTLs.
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(a) Device performances of PSCs with different Li doped NiO, HTLs, (b) J-V curves of the best cells for different Li-doped NiO, devices and (c)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Performance of different Li doped NiO, based perovskite solar
cells

Sample Ji (MA cm 2)  Voc (V) Fill factor (%) Efficiency (%)
Li-0% 19.00 £ 0.37 0.99 + 0.05 63.35 + 3.02 11.47 £ 1.30
Li-2% 20.17 + 1.22 1.03 £ 0.03 67.83 £ 3.08 14.10 £ 0.52
Li-4% 21.54 £ 1.04 1.04 + 0.04 70.01 £ 3.34 15.79 £ 1.26
Li-6% 21.05 + 2.08 1.06 + 0.06 71.74 £+ 2.51 15.98 + 1.16
Li-8% 21.44 + 2.17 1.07 + 0.02 74.18 £+ 2.62 17.00 £ 1.57
Li-10% 22.61 £ 1.06 1.06 + 0.03 70.45 £ 5.00 16.70 £ 1.05

device is shown in Fig. 3(d), which shows a compact perovskite
layer along with the other layers.

The device performances were compared using a box and
whisker plot, which showed an improvement in all the solar cell
parameters with increased Li doping (Fig. 4(a)). The overall
device performance with Li doping in the NiO, HTL is sum-
marized in Table 1 and the best JV curves are shown in Fig. 4(b).
The increase in the average current density of solar cell devices
upon Li doping in NiO, can be attributed to the improved
radiative recombination of the charge carriers in the absorber
layer, resulting in higher carrier collection, which led to a boost
in the current density. This is further proved by the external
quantum efficiency (EQE) plots of the PSC devices based on
different lithium doped NiO, films (Fig. 4(c)), which indicate
the improved perovskite absorber quality upon doping NiO,
with lithium.

Likewise, the enhancement in the open circuit voltage (Voc)
could be attributed to the proper energy level alignment of the
perovskite valence band with the valence band of Li-doped
NiO,, resulting in smaller energy offsets. The reduced number
of defect sites in the perovskites along with a decrease in the
series resistance offered by Li-doped NiO, resulted in improve-
ments in both the Vi as well as the fill factor (FF) of the solar
cell devices. These improvements in all the parameters
achieved by doping up to 8% Li concentration in NiO, con-
tributed to the enhanced PCE of the devices. With these
aggregate effects, the PCE of the best device increased from
approximately 12% without Li doping to a maximum of 19.3%
at 8% Li doping, representing a 60.8% improvement.

Conclusions

This research investigated the effect of Li doping on the
electrical and optical properties of the NiO, hole transport
layer. Li doping in NiO, improved the crystallinity and optical
properties of the subsequent perovskite absorber layer, as
confirmed by the results. Furthermore, TOF-SIMS analysis of
the perovskite film deposited on lithium doped NiO, revealed
the migration of small Li-ions from the Li-doped NiO, HTL into
the perovskite layer. This migration enhanced the device per-
formance by passivating the nonradiative recombination cen-
ters and improving the crystallinity of the perovskite material.
As a result of these combined effects, the PCE of the best device
increased by 60.8%, increasing from approximately 12% with-
out Li doping to a peak of 19.3% with 8% Li doping.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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