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Nickel Oxide/Cobalt Phthalocyanine as a Hole Transport
Bilayer for Efficient and Stable Inverted Perovskite Solar

Cells

Meiirkhan Beisembekov, Aitbek Aimukhanov, Serzhan Tazhibayey,

Dosmukhammed Abeuov, and Assylbek Zeinidenov*

This study demonstrates that the use of bilayer films based on nickel oxide
(NiO,;) and cobalt phthalocyanine (CoPc) represents a promising hole
transport layer (HTLs) for inverted perovskite solar cells (PSCs). NiO,; films
are fabricated using the spin-coating method from a sol-gel solution. Films
(CoPc,,,,) and nanowires (CoPc,,,;) on the NiO,; surface are produced by
thermal sputtering and physical gradient-temperature vapor deposition. It is
demonstrated that PSCs with a NiO,; layer exhibit a power conversion
efficiency (PCE) of only 18,1%. The incorporation of a CoPc,,,, intermediate
layer between NiO,; and the perovskite increases the PCE to 19.1%. The
highest PCE, reaching 20.7%, is achieved with a bilayer HTLs based on
NiO,;/CoPc,, .. Analysis of the PSC impedance spectra shows that the
CoPc,,,. intermediate layer reduces the HTLs resistance and increases the
recombination resistance at the perovskite/HTLs interface, which extends the
effective lifetime of charge carriers. The stability of NiO,;-based PSCs is 48%,
while PSCs with bilayer HTLs based on NiO,;/CoPc,,,. and NiO,;/CoPc

nws evap

capability of NiO,; leads to inefficient cha-
rge carrier separation and transport at
the NiO,;/perovskite heterojunction, mak-
ing NiO,;-based inverted PSCs less compet-
itive compared to other solar cells.[*3]

To enhance the efficiency and stability
of inverted PSCs, research is being con-
ducted to develop new and effective ma-
terials for the HTLs. Recent studies have
shown that charge transport properties at
the perovskite/HTLs interface are the key
factor limiting the efficiency and stabil-
ity of PSCs.I®7] For instance, in,® NiO,;
HTLs films treated with oxygen were fab-
ricated, resulting in PSCs with an effi-
ciency of up to 17%. The authors ofl! re-
ported inverted PSCs with a NiO,; layer
obtained without annealing, achieving a

exhibits higher stability of 71% and 90% over 600 hours. The results
demonstrated that solar cells based on NiO,;/CoPc inhibit the perovskite
degradation process and reduce charge recombination, thereby improving the

performance and stability of the inverted PSCs.

1. Introduction

NiOx is one of the most promising hole transport materials for in-
verted PSCs. The PCE of NiO,;-based inverted PSCs has exceeded
20%. These results were achieved due to the simplicity of synthe-
sis, a wide bandgap (>3.5 eV), a favorable valence band maxi-
mum (VBM 5,4 eV), and superior chemical stability compared
to other inorganic materials.[23] Although NiO,; thin films serve
as a promising HTLs in PSCs, the efficiency of NiO,;-based PSCs
remains slightly lower than that of PSCs using Spiro-OMeTAD
and crystalline silicon solar cells. The limited hole transport
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PCE of 20.9%. In['% the superior elec-
tronic properties of the CBD-NiO,; HTLs
enabled inverted PSCs to reach a PCE of
23.30%. Therefore, the choice of HTLs is
crucial not only for charge transport and
device efficiency but also for perovskite
protection and overall device stability.[''-1*]

Recently, efforts have been made to develop bilayer HTLs
materials to improve the photovoltaic performance and sta-
bility of PSCs.'*°] For example, Mali et al. reported that
NiO,;/CuSCN double HTLs devices increased the PCE from
14.46% to 19.24%.1') In 1] a bilayer NiO,;/Spiro film was de-
veloped. The results showed that PSCs based on the NiO,;/Spiro
HTLs exhibited faster hole extraction and better energy level
alignment compared to pure Spiro, thereby improving the PCE
from 19.8% to 21.66%.

For efficient hole transport through the HTLs, the mate-
rial's functional characteristics must be well aligned with the
valence band level of the perovskite. This alignment is crucial
to minimize the hole transport barrier and prevent recombina-
tion. Therefore, selecting materials with an appropriate work
function is essential to ensure effective contact with the per-
ovskite active layer.It is well known that 1D nanostructures,
such as nanowires, nanorods, or nanotubes, can play a signif-
icant role in improving conductivity and hole transport in the
HTLs. These structures provide high conductivity and an effi-
cient charge transport pathway. Additionally, they can enhance
the mechanical flexibility and durability of the device, which is
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important for the long-term stability of solar cells.Furthermore,
the typical porous structure of these nanomaterials is benefi-
cial for effective perovskite infiltration, as well as for improv-
ing light harvesting and charge extraction. Extensive research
on various 1D nanostructures as electron transport layers in ad-
vanced mesoporous p-i-n devices has demonstrated their great
potential.[1&19]

One promising class of macrocyclic compounds is metal ph-
thalocyanines (MPc). These compounds are chemically and ther-
mally stable, exhibit significant optical absorption in the visible
spectrum, and easily form ordered thin films with high photocon-
ductivity. The physical and chemical properties of MPc are well-
regulated by optimizing the central metal ions and their structure
(size, shape). It is worth noting that MPc do not interact with
strong acids, are virtually unaffected by air up to temperatures of
400-500 °C, and, in a vacuum, most phthalocyanines do not de-
compose up to 900 °C. Phthalocyanines do not degrade as rapidly
under light exposure, which is often accompanied by the release
of iodine compounds, in contrast to the degradation observed in
perovskite materials.!?°]

The effectiveness of using MPc in PSCs with a p-i-n config-
uration has been confirmed by several research groups. For ex-
ample, the authors of\?!) achieved a PCE of up to 20%. These re-
sults were obtained by depositing a CoPc layer on a perovskite
film with a specific orientation. Recently, the best efficiency
values for PSCs have been achieved using NiPc as a dopant-
free material with hole conductivity. The authors achieved a
record PCE of 21.23%, and the PSCs also demonstrated good
photostability, as well as resistance to moisture and heating.!??!
Liao and colleagues were the first to demonstrate the use of
CoPc as a HTLs in inverted PSCs. Solar cells with the struc-
ture ITO/CoPc/MAPDI, /PCBM/BCP/Ag were fabricated, achiev-
ing a solar energy conversion efficiency of 14.5%. Additionally,
the devices exhibited good stability in the atmosphere (tem-
perature: 20-25 °C and relative humidity: 40-50%) without
encapsulation.?3] In,[?*] nickel phthalocyanine (NiPc) was used
for the first time as a hole transport material in inverted pla-
nar perovskite solar cells. An energy conversion efficiency of
14.3% was achieved. Moreover, the inverted planar PSCs based
on NiPc exhibit very weak hysteresis. Zhao and co-authors de-
veloped photoconductive HTLs using NiO,; with phthalocyanine
(Pc). It was shown that under illumination, the Pc molecule ab-
sorbs light and becomes excited. The photogenerated charges on
the Pc molecule then spontaneously transfer to the NiO,;, in-
creasing the hole density in the NiO,; film, thereby improving its
conductivity. As a result, an increase in conductivity was observed
in the NiO,;- Pc film. PSCs with NiO,;-Pc demonstrated a high
efficiency of 21.68%, significantly higher than the control cells
(19.74%).1251

In this study, we have obtained highly efficient and stable
PSCs based on bilayer hole-transport layers of NiO,; and CoPc.
The results of investigation of the influence of CoPc films and
nanowires on the efficiency of charge generation and transport
in PSCs are presented.

In this work, we have developed highly efficient and stable
PSCs based on bilayer HTLs of NiO,; and CoPc. The results of
the study on the influence of CoPc films and nanowires on charge
generation and transport efficiency in PSCs are presented.
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2. Experimental Section

2.1. Sample Preparation and Deposition Process
2.1.1. Composition of HTLs

NiOx films on the surface of a solid substrate were prepared from
solutions of [Ni(NO,),-6H,0] (m = 145 mg) in ethylene glycol (V
= 1 ml). To the resulting solution, (5 pl) of monoethanolamine
was added. The solution was stirred at room temperature for 16
hours, and then left to stand for 24 hours. NiO,; films were ob-
tained using the sol-gel method with a substrate rotation speed of
1500 rpm on a SPIN150i centrifuge (Semiconductor Production
System). The obtained films were pre-annealed at 100 °C for 15
minutes. Afterward, the films were annealed in air at tempera-
tures of 300 °C for 45 minutes.

2.1.2. Preparation of Bilayer HTLs

Cobalt phthalocyanine (Sigma-Aldrich) was used as the HTLs.
The CoPc layer on the NiO,; surface was deposited by ther-
mal evaporation in a vacuum using the CY-1700x-sps-2 system
(Zhengzhou CY Scientific Instruments Co., Ltd). The residual
pressure in the working chamber during operation did not exceed
1075 Pa. A rotating drive was used to achieve a uniform thickness
during evaporation. To enhance the crystallinity of the films, the
evaporation rate of the phthalocyanine molecules was kept below
1 nm/s. By lowering the deposition rate, the quality of the films
improves since the phthalocyanine molecules have more time to
reach thermodynamic equilibrium before being tightly fixed by
the subsequent layer of molecules. (2]

The preparation of nanowires on the NiO,; surface was car-
ried out using the physical gradient-temperature vapor deposi-
tion (TG-PVD) method in an argon atmosphere. A small amount
of phthalocyanine was placed in a ceramic crucible and posi-
tioned inside a quartz tube in the heating zone. The working vol-
ume of the tube was then filled with argon (99.999%). For circula-
tion of the inert gas, the working volume of the setup was evacu-
ated using a vacuum pump. The flow rate of argon in the reaction
zone was 150 cm® min~!. The working zone was then heated to
a temperature of 440470 °C. The temperature of the working
zone was monitored using a PID controller with a type K ther-
mocouple. The scheme for preparing bilayer HTLs was shown
in Figure 1.

2.1.3. Perovskite Materials

The perovskite was prepared using PbCl, (Sigma-Aldrich) and
Methylammonium iodide (MAI). The photoactive layer was ob-
tained by dissolving PbCl, powder (230 mg) and MAI (394 mg)
in 1 ml of N,N-Dimethylformamide (Sigma-Aldrich). The result-
ing solution was stirred with a magnetic stirrer at 60 °C for 2
hours. After film deposition, the perovskite films were annealed
for 2 hours at 90 °C to ensure complete crystallization. The crys-
tallization process was accompanied by a color change of the film
from yellow to dark brown.

© 2025 Wiley-VCH GmbH
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Figure 1. Schematic representation of the preparation of bilayer HTLs.

2.1.4. Fabrication of Solar Cells

Inverted PSCs were fabricated on glass substrates coated with a
thin conductive FTO layer (Biotain Hong Kong Co., FTO thick-
ness — 105 nm, R < 15 Q cm™?, transparency 81-83.5%). A
NiO,; film was applied to the FTO-coated substrate using the
sol-gel method from the solution. Then, solid CoPc films and
nanowires were sequentially synthesized on the NiO,; surface.
Afterward, the photoactive perovskite layer was applied to the
NiO,;/CoPc bilayer structure. In the next step, an ETL layer of
PC61BM:BCP was applied to the perovskite surface using the
spin-coating method. Finally, an Ag electrode was sputtered onto
the surface of the films under a vacuum of 10~3 Pa. To minimize
oxidation, all operations were carried out in a sealed glovebox.

2.2. Analysis Methods

The surface topography of the samples was studied using an
atomic force microscope JSPM-5400 (AFM, JEOL). Data process-
ing of the images obtained from the AFM was carried out using
a specialized modular program for scanning probe microscopy
data analysis (WinSPMII Data-Processing Software).

The crystal structure of the samples was investigated using
X-ray diffraction (XRD) methods. XRD measurements were per-
formed using the RigakuMiniFlex X-ray diffractometer (Japan).

Raman scattering spectra were measured using the Gurzil Ra-
man Microscope TO-RM-S-532 / TO-RM-S-785 (Thunder Optics,
France). A semiconductor laser (Thunder Optics, France) with a
wavelength of 785 nm and a line width of 0.03 nm was used to
excite the spectra.

Absorption spectra of the samples were recorded using
the AvaSpec-ULS2048CL-EVO spectrometer (Avantes). The light
source used was a combined deuterium-halogen light source
AvaLight-DHc (Avantes), with a working range of 200-2500 nm.

The photoluminescence decay kinetics were measured us-
ing a pulsed spectrofluorometer with picosecond resolution and
photon-counting mode registration.

The current-voltage (I-V) characteristics of the photovoltaic
cells were determined using the Sol3A Class AAA Solar Simu-
lators (Newport) with the PVIV-1A I-V Test Station.
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The impedance spectra were measured using the P45X
potentiostat-galvanostatin impedance mode, with an additionally
installed FRA-24 M frequency analyzer module. The error in de-
termining the parameters of charge carrier transport did not ex-
ceed 5%, and was predominantly 1-1.5%. Fitting and analysis of
the spectral parameters were carried out using the EIS-analyzer
software according to the procedure described in.!?”]

3. Results and Discussion

3.1. Surface Morphology

At the first stage of the work, thin NiO, films were obtained
using the spin-coating method. As seen in Figure 2a, the sur-
face morphology of the NiO, film exhibits a uniform granular
structure with a surface roughness (Ra) of 10.41 nm. The CoPc
(CoPc,,,,) films were deposited on the FTO-coated substrate us-
ing vacuum thermal evaporation. AFM analysis of the CoPc,,,,
film shows that the surface has a fine-grained structure with an
Ra of 2.56 nm (Figure 2b). The CoPc nanowires (CoPc,,,) were
obtained by the TG-PVD method on the FTO-coated substrate. As
seen in Figure 2c, the surface of the film consists of numerous
nanosized ribbons covering the entire substrate, with an average
width of #30 nm.

The preparation of the bilayer films NiO,/CoPc,,,, and
NiO,/CoPc,,, consisted of two sequential stages. At the first
stage, NiO, films were prepared, and at the next stage, CoPc films
or nanowires were synthesized on the surface of the NiO, film.
It is known that during the preparation of the CoPc film by ther-
mal vacuum evaporation, the deposition of molecules onto the
substrate surface occurs due to van der Waals interactions. As
seen in Figure 2d, the CoPc film forms a thin, uniform structure
on the NiO, surface with an Ra of 3.23 nm. The uniform surface
with lower roughness is more favorable for improving the ohmic
contact, which can enhance the performance of the solar cell.[?8]
Moreover, by introducing an additional CoPc,,,,layer, we can im-
prove the quality of NiO,, reducing its pores and smoothing the
surface morphology.

When forming CoPc nanowires on the substrate surface from
the vapor phase, the sublimation of phthalocyanine molecules
and subsequent condensation of the vapor from the flow of a

© 2025 Wiley-VCH GmbH
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Figure 2. AFM images a—e) and Raman scattering spectra f) of NiO, films, CoPc films, CoPc nanowires, bilayer NiO, /CoPc,,,, and NiO, /CoPcy films.

low-pressure inert gas depends on the supersaturation
process.”! By changing the deposition conditions, such as
evaporation temperature, substrate temperature, or the inert gas
flow rate within the chamber, the degree of vapor supersaturation
is modified. Lowering the temperature of the vapor phase along
the length of the quartz tube results in the gradient formation
of nanowires of varying thickness on the substrate surface.
Subsequent growth and self-organization of the molecules
on the substrate occur along the molecular axis due to z-z*
interactions.’] In the case of CoPc nanowires synthesized on
the NiO, surface, wider nanowires with a size of approximately
~35 nm are observed (Figure 2e).

AFM images of the surface of perovskite films obtained on
the surface of different HTLs are shown in Figure S1 (Support-
ing Information). The figure shows that when perovskite is de-
posited on the glass surface, densely arranged crystals with Ra
equal to 20.14 nm are observed.When the perovskite layer is de-
posited on the NiO, surface, crystal enlargement and an increase
in Ra up to 22.99 nm are observed. After applying perovskite on
the NiO,/CoPc,,,, surface, a decrease in crystal size and Ra to
14.45 nm is observed. For perovskite films on the NiO,/CoPc_,
surface, an inhomogeneous morphology consisting of both
large and small crystals with an Ra value of 32.36 nm is
observed.

In Figure 2f, the Raman scattering spectra of the samples,
recorded with excitation by a laser with 4 = 785 nm, are pre-
sented. The Raman spectra of NiO, show four peaks at 540 cm™!,
560 cm~!, 700 cm™!, and 1100 cm~!, which correspond to the
five peaks of the vibrational spectrum of NiO,.3!) These peaks
are associated with the first-order (1P) longitudinal optical (LO)
phonon mode and the second-order (2P) two-phonon longitudi-
nal optical (2LO) mode. The peaks at 540 cm™! and 560 cm™! cor-
respond to the Ni-O vibrations (one-phonon modes TO and LO),
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while the peak around 700 cm™! is attributed to the two-phonon
2TO modes. The last most prominent peak at ~1100 cm~? corre-
sponds to the 2LO modes.[*?! The observed Raman spectra, with
LO and 2TO modes in the nanoscale thin NiO, films, are quite
similar to those in the single crystal. In all Raman spectra of the
CoPc films, a main scattering peak at 1545 cm™! is observed, as-
sociated with the vibrations of atoms in the C-N-C bridge bonds,
characteristic of the metal phthalocyanine structure. Additionally,
the spectra show peaks corresponding to the deformation vibra-
tions of the macrocycle C-N (1545 cm™' — Blg mode) and C-C
(688 cm~! — Alg and 752 cm™! — Blg modes).**)

The X-ray diffraction patterns of the studied samples are
shown in Figure 3. All observed diffraction peaks exhibit pro-
nounced features, indicating the presence of crystalline phases in
each sample. The 20 values for NiO, correspond to the formation
of a face-centered cubic phase (Figure 3a).** The crystallite size
of the samples was determined from the diffraction peak widths
using the Scherrer equation:*]

D = kA/pcosd 1)

where D — crystallite size, K — constant (K = 0.9), 4 — the X-ray
wavelength, 6 — the Bragg difraction angle, g — full width at half
maximum (FWHM).

The average crystallite size calculated for the NiO, samples
is 25.6 nm. The diffraction pattern for CoPc,,, on NiO, shows
an additional reflection at 7.085°, which is characteristic of CoPc
nanowires.**! The CoPc,,,, on NiO, displays two additional re-
flections at 7.085° and 9.307°. These peaks correspond to the
(100) and (102) planes of p-CoPc(Figure 3b).1’”] X-ray spectra
over a wide range of angles for NiO, /CoPc films are shown in
Figure S2 (Supporting Information).

© 2025 Wiley-VCH GmbH
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Figure 3. X-ray diffractograms of NiO,, NiO, /CoPc
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3.2. Optical Properties

In Figure 4a, the absorption spectra of NiO,, CoPc films,
CoPc nanowires, and composite films NiO,/CoPc,,,, and
NiO, /CoPc,, are presented. It is evident from the figure that
NiO, films show good absorption in the short-wavelength re-
gion of the visible spectrum. The observed strong absorption in
the short-wavelength region corresponds to interband transitions
from the valence band to the bottom of the conduction band. This
region corresponds to transitions from the final states of the va-
lence band to the broadened states of the conduction band.l*®!
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and NiO, /CoPc,,, films.

The absorption spectra of CoPc films and nanowires show two
intense bands in the 300-400 nm range, corresponding to the
B-band, and in the 650-700 nm range, corresponding to the Q-
band. The B-band is related to mixed z-z* transitions a,,—e,
and b,, —e,, while the Q-band corresponds to the z-z* transition
a;,—¢, (Figure 4b)."” The splitting of the absorption spectra into
two peaks in the Q-band is related to Davydov splitting.[**]

In the absorption spectra of the composite films NiO, /CoPc,,,
and NiO,/CoPc,,,, both NiO, and CoPc absorptions are ob-
served. However, the B-band overlaps with the absorption corre-
sponding to the interband transition of NiO,, which results in the
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Figure 4. Absorption spectra of films a), electronic transition diagram b), fluorescence c), and fluorescence kinetics (d) of the films.
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Figure 5. Impedance plot of HTLs films a), electron mobility statistics b) and charge carrier movement diagram c).

absence of this band in the absorption spectrum of the composite
films.

Figure 4c shows the fluorescence spectra of perovskite ob-
tained on the surface of different HTLs. It is shown that pure
perovskite, directly formed on the glass substrate, exhibits high
fluorescence intensity with a peak at a wavelength of A = 785 nm.
When the fluorescence of perovskite is measured on HTLs, a
quenching of fluorescence intensity is observed, indicating effi-
cient charge transfer to the perovskite/HTLsinterface.

For further investigation of carrier recombination processes
in perovskite films, we studied fluorescence with time resolu-
tion (TRPL), as shown in Figure 4d. Fluorescence kinetics of per-
ovskite films were measured at a wavelength of 780 nm using
time-correlated photon counting with excitation by a diode laser
(Agen = 640 nm, 7 = 150 ps). The fluorescence lifetime was cal-
culated from the linear part of the logarithmic curve for differ-
ent samples. The experiment showed that the perovskite emis-
sion decay follows an exponential decay with 74 = 1.9 ns. For
perovskite/NiO, films, the fluorescence lifetime decreases to 7
= 0.9 ns (Figure 4d). For perovskite/NiO, /CoPc,,, films, the flu-
orescence decay time is 74 = 0.4 ns. The greatest reduction in life-
time to 74 = 0.2 ns is observed for the perovskite/NiO, /CoPc,,,
films. The quenching of perovskite fluorescence, both in terms
of intensity and lifetime, indicates effective charge transfer from
the excited perovskite to the conduction band of NiO, /CoPc,,,
which is related to high conductivity and appropriate energy
alignment.

3.3. Photoelectrical Characterizations
One of the main electrical properties of a semiconductor mate-
rial is its conductivity, which depends on the mobility of charge

carriers. There are several well-established methods for measur-
ing the carrier mobility in films,[*!} such as dark current injec-
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tion with space charge limitation (DI-SCLC), carrier extraction
via linearly increasing voltage (CELIV), but the most commonly
used method is the measurement of the time of flight of carriers
through the sample. However, the requirement for film thickness
(greater than 1 pm) limits its application for thin films. Therefore,
in this work, we used impedance spectroscopy (IS) to evaluate
the electron mobility in the investigated films. Figure 5a shows
the impedance spectra of the studied cells. Table 1 contains the
electrical parameters determined from the IS data. The electron
mobility was estimated using the following equation:(*?!

_e-D, 5
" (2)
where

2
p,=L (3)
D

Here L is the thickness of the films, 7, = R;+C is the time of
electron passage through the investigated film.

As seen in Figure 5a, the use of phthalocyanines leads to an
increase in electron mobility in composite films. This trend is
associated with the fact that phthalocyanines help passivate sur-
face defects in NiO,.I*}] Figure 5b shows the statistical deviations
u from the average value. Ten cells were fabricated for each type
of HTLs, and as shown in the data, the deviations are minimal,
amounting to 2.8%.Figure 5c presents the diagrams of charge
carrier movement in solid films, produced by vacuum thermal
evaporation, and in nanowires, formed by vapor-phase deposi-
tion. The solid film obtained by thermal deposition has a domain
structure, with a chaotic arrangement of domains within the film.
The presence of this domain structure reduces the effective mean
free path length of charge carriers (D,), hindering their move-
ment within the film. This is due to the fact that the defect density

© 2025 Wiley-VCH GmbH
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Table 1. Electrical transport parameters of the films.
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Samples R;,[Ohm] 7p,[ps] D, [cm?,s7"] C [pF] W [em? V=T s
NiO, 54.90 275 1.17 5.5 2.3
COPCyep 91.66 458 157 5.1 3
CoPc,,, 79.01 396 123 5.2 3.1
NiO, /CoPC,q 37.10 197 401 5.3 8.1
NiO, /CoPc,,. 20.74 144 420 6.9 8.7

at the domain boundaries is significantly higher than in the bulk,
and therefore, the increase in the total area of domain boundaries
leads to a rise in surface defects, which act as electronic traps.
In the nanowires, the molecules are structured along the
molecular axis, forming a lamellar structure. The electron in this
case is able to move along the nanowire without encountering ob-
stacles, which is confirmed by the increase in the mean free path
length (D,). Additionally, the effective lifetime (r,) decreases.
Figure S3 (Supporting Information) shows the current—
voltage characteristics of the solar cells based on CoPc,,,, and
CoPc,,, nanostructures. Cells consisting of multiple layers of
FTO/CoPc/Ag were prepared for photoelectrophysical measure-
ments. The photoelectric characteristics of the cells are presented
in Table S1 (Supporting Information). From the data obtained, it
was found that the CoPc,,-based photocells exhibited the high-
est photocurrent compared to the cells based on the CoPc,,,, film.

evap
More charge carriers are generated in CoPc,, due to the broad-

nws

ening of absorption bands in the Q- and B-bands under illumina-
tion, compared to CoPc,,,,. As a result, the short-circuit current
density (J,) increases by an average factor of 1.3, and the open-
circuit voltage (U,.) increases by 0.2 V. The increase in open-
circuit voltage in cells with CoPc, is associated with a reduc-
tion in energy losses.[**! The parameters of the current-voltage
characteristics of CoPc,,, correlate with changes in the absorp-
tion spectra (Figure 4a). The increase in short-circuit current of
CoPc,,, can also be attributed to several factors, such as reduced
recombination of charge carriers in the active layer and enhanced
charge carrier transport due to an increased interface area.[**] The
current-voltage characteristics of CoPc nanostructures are sum-
marized in Table S1 (Supporting Information).

To confirm the effectiveness of the HTLs films,
we  fabricated inverted PSCs with the configuration
FTO/HTLs/MAPbI3/PC61BM/BCP/Ag (Figure 6a). Figure 6b
shows the current-voltage characteristics of the inverted PSCs

a) b) c)
Ag 100
~_ BCP 24 1 2, 930050 000030000550,
T = " o) =\i ol %, ] M
5 S N R
Perovskite £ 161 % 601 O‘w%“wm%
"? 121 E o N3350,
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Figure 6. Configuration of PSCs a), |-V characteristics b), stability of PSCs c), equivalent circuit used for the IS setup d), and impedance data for PSCs

with different HTLs (e,f).
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Table 2. |-V characteristics of PSCs with different HTLs.
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Samples Uoe VI Jsc[MmA cm=2] Unmax[V] Jmax[MA cm—=2] FF % PCE%
NiO, 1.12 222 0.88 20.5 73 18.1
NiO, /CoPc,. 1.17 24.6 0.95 22.1 73 20.7
NiO, /CoPce,q, 1.15 23.1 0.91 212 72 19.1

with different HTLs. The energy diagram of the PSCs functional
layers is illustrated in the inset of Figure 6b. The diagram
was constructed using data reported in references.[**8] The
photovoltaic parameters of the PSCs are shown in Table 2.
From Table 2, it can be seen that the PSC with the composite
HTLs NiO,/CoPc,,, exhibits the highest PCE (20.7%) with a
short-circuit current density (Jsc) of 22.2 mA ¢m~?, an open-
circuit voltage (Voc) of 1.17 V, and a fill factor (FF) of 0.73. In
comparison, the PSCs with the standard HTLs NiO, have lower
performance with a PCE of 18.1%, Jsc of 22.2 mA cm~2, Voc
of 1.12 V, and FF of 0.73. The inverted PSCs with the HTLs
NiO,/CoPc,,,, show intermediate values with a PCE of 19.1%,
Jsc of 23.1 mA cm~2, Voc of 0.91V, and FF of 0.72.

The stability of the PSCs with different HTLs was tested by
measuring the PCE, as shown in Figure 5c. Stability measure-
ments of non-encapsulated PSCs were conducted under contin-
uous illumination using a xenon lamp (AM1.5G) for 600 hours.
The stability tests were carried out in a nitrogen-filled glove box
at 25 °C and 1% relative humidity. The results show that the
PSCs with NiO, exhibited low stability, and their PCE signifi-
cantly decreased to 48% of its initial value. The lifespan of the
inverted PSCs based on NiO, remains relatively short, and their
long-term operational stability is largely limited by degradation
at the NiO, /perovskite heterojunction. Under constant illumi-
nation and subsequent heating, PSCs with the photoactive layer
HAPDI, release free iodine (I3-) and hydroiodic acid (HI), which
damage the interface between the perovskite and NiO, layers, cre-
ating a number of defects that form an energy barrier for hole
extraction and increase recombination at the interface. These de-
fects lead to a significant reduction in the stability and perfor-
mance of the inverted PSCs.*°l In contrast, the PCE of the
PSCs based on NiO, /CoPc,,. showed better stability during the
test period, retaining 71% of its initial PCE, while the solar cell
based on NiO, /CoPc,,,, demonstrated the best stability and man-
aged to retain 90% of its initial PCE. This result indicates that
NiO,/CoPc,,,, not only improves the performance of the PSCs
but also serves as an additional protective layer against the degra-
dation of the perovskite layer.

To better understand the charge transfer and recombination
processes in PSCs with different HTLs, impedance spectra of
the cells were measured. The model analysis was performed ac-
cording to the equivalent electrical circuit presented in Figure 6d.
Since all functional layers in PSCs, except for HTLs, were fabri-
cated under the same conditions, the observed changes in the
I-V characteristics are related to changes in the electrotechnical
properties of the HTLs. To understand the influence of composite
HTLs on charge transfer and recombination processes in PSCs,
the impedance response of the devices was measured and ana-
lyzed under small sinusoidal perturbations. The impedance spec-
tra of PSCs with different HTLs are shown in Figure 6e,f. In gen-
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eral, the impedance spectrum consists of two semicircles, which
are related to the features of charge transfer in the bulk layer
(R,) and the recombination process at the interface (R,,.).>**?!
The high-frequency capacitance (CPE1) represents the capaci-
tance associated with the interface, which can be linked to the
dielectric properties of the materials and the depletion region,
and is often related to the geometric capacitance of the device.l**!
The low-frequency capacitance (CPE2) represents the chemical
capacitance, which is associated with the effects of ion accumu-
lation and polarization within the perovskite material. The ob-
tained electrophysical values are presented in Table 3.

As expected, the low internal series resistance R, of the PSCs
with NiO,/CoPc,,, composite-based HTLs is R, = 127.85 Q,
which can be explained by the faster hole extraction at the an-
ode interface. Similarly, lower charge transfer resistance R, and
higher recombination resistance R .. were achieved for this de-
vice, suggesting a lower charge recombination rate.

For the device with NiO,/CoPc,,,, composite-based HTLs, we
observe R, and R, compared to the NiO,-based HTLs. The slight
increase in Rs is related to the increase in the overall thickness
of the HTLs layer.

Thus, the use of CoPc improves not only the conductivity of
NiO,-based HTLs but also the perovskite/NiO, interface con-
tact, which enhances hole extraction quality. More importantly,
the alignment of energy levels and defect passivation at the
NiO, /CoPc interface contribute to improved charge transfer and
suppression of recombination.

4, Conclusion

In conclusion, we developed bilayer HTLs based on NiO,/CoPc
for application in inverted PSCs. As an additional layer between
the perovskite and NiO,, CoPc films and nanowires were used.
Surface morphology studies showed that the additional CoPc
layer smooths and reduces the number of holes in the NiO,
films. The fluorescence intensity and excited state lifetime of
the perovskite films on the bilayer HTLs surface decreased, in-
dicating the presence of additional relaxation channels for ex-
cited charge carriers. Carrier mobility measurements in the films
showed that the use of CoPc increases the electron mobility in
the HTLs. The highest electron mobility was obtained in the
NiO, /CoPc,, films. As a result, the performance of PSCs with
NiO,/CoPc,,,, and NiO,/CoPc,,,-based HTLs showed high efh-
ciencies of 19.1% and 20.7%, which are higher than the PSCs
with NiO, (18.1%). PSCs with NiO, /CoPc,,,, and NiO, /CoPc,,-
based HTLs demonstrated good stability, retaining 90% of their
initial performance over 600 hours. The improvement in PSC
performance can be explained by faster hole extraction from the
interface, lower charge recombination rates, and the enhance-
ment of HTLs film quality. This study demonstrates that bilayer

© 2025 Wiley-VCH GmbH
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Table 3. Values of electrophysical parameters of the films.
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Samples R, [Q] R [ Roec[Q CPE, CPE,
NiO, 155,31 2669 7133 1,62E-06 3,66E-08
NiO, /CoPc, 127,85 2597 7649 1,16E-07 9,42E-08
NiO, /CoPc,,,, 168,03 3637 7470 1,46E-06 6,50E-09
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