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ABSTRACT

The effect of the residual thermal stress of NiO films on the performance of an inverted type perovskite solar cell was studied. In this study,
NiO films were grown on fluorine doped tin oxide (FTO) substrates of different surface roughness by thermally oxidizing Ni film and were
tested as a hole transport layer for large-scale perovskite solar cells. Experimental and simulation results show that it is very important to
suppress the appearance of the residual stress at the NiO-FTO interface during the oxidation of the Ni film for effective hole extraction.
The Ni oxidation on the flat FTO film produced in-plane compressive stress in the NiO film due to the Ni film volume expansion. This led to the
formation of defects including small blisters. These residual stress and defects increased leakage current through the NiO film, preventing
holes from being selectively collected at the NiO-perovskite interface. However, when Ni was deposited and oxidized on the rough surface,
the residual stress of the NiO film was negligible and its inherent high resistance was maintained. Stress-free NiO film is an excellent hole
transport layer that stops the photogenerated electrons of the perovskite layer from moving to FTO. The improvements in the structural and
electrical qualities of the NiO film by engineering the residual stress reduce the carrier recombination and increase the power conversion

efficiency of the perovskite solar cells to 16.37%.
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1 Introduction

Developments in organometal halide perovskite solar cells (PSCs)
over the last 5 years have provided very fast improvements in
the power conversion efficiency (PCE). In addition to the PCE
improvements, one of the important research subjects in PSCs is
to fabricate more stable and reliable devices. To meet this need,
extensive research on the device structure, material processing,
and physical and electrical properties are currently underway [1].
Depending on the carrier transport direction, the device structures
of PSCs are classified as normal or inverted [2-5]. While planar
normal PSCs consisting of a TiO: electron transport layer (ETL)
and Sprio-OMeTAD hole transport layer (HTL) exhibit a higher
PCE, there are several associated issues, such as large hysteresis,
photocatalytic dissociations, and instabilities of additives in HTL
[6-8]. The inverted PSCs with NiO HTLs and phenyl-C61-butyric
acid methyl ester (PCBM) ETLs can be used to address these
problems by the removal of TiO, ETLs and the employment of a
stable oxide hole conductor [9-11].

Compared to polymer p-type semiconductors poly(3,4-
ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS),
NiOx (NiO) has a high transparency (Eg: 3.6-4.0 eV), good hole
mobility, suitable work function, excellent stability, and effective
electron blocking ability in PSCs [12, 13]. To date, the solution
process is widely used for inverted PSCs due to its simple process
and compatibility with flexible devices. However, NiO films obtained
from the solution process are composed of tiny NiO nanoparticles,
which can cause inefficient electron blocking and poor hole transport

[14-16]. In addition, it is difficult to deposit uniform NiO films on
large substrates by the solution process [17]. Therefore, several
techniques, such as e-beam deposition, sputtering, atomic layer
deposition, and pulsed laser deposition, have been tested for high
quality NiO film depositions [18-23].

In this study, we investigated the thermal oxidation of e-beam
deposited Ni films for stress-free highly crystalline NiO films,
which can be applied to the fabrication of large-scale inverted PSCs.
The volume expansion during the conversion of Ni to NiO induces
compressive residual stress, producing extended defects and the
deterioration of the performance of NiO as the HTL [24]. To mitigate
the occurrence of NiO residual stress, the surface roughness effect
of fluorine doped SnO. (FTO) underlying a Ni film was studied.
Experimental and simulation results showed that an increase in the
surface roughness of the FTO reduced the residual stress of NiO.
Inverted PSCs with a thermally oxidized NiO film exhibited a PCE of
16.37%, with a short-circuit current (Jsc) of 21.5 mA/cm?, open circuit
voltage (Voc) of 1.04 V, and fill factor (FF) of 0.73. Moreover, the
oxidized NiO film was deposited uniformly on a large-scale substrate,
which is applicable to the future large-scale manufacture of PSCs.

2 Experimental

2.1 Preparation of NiO films

Ni films of thickness 20, 30, and 50 nm were deposited on two
different FTO coated glasses (TEC8 and TEC15 from Pilkington)
by e-beam evaporation. The surface roughness of the FTO layers
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were 24.8 and 4.98 nm for the TEC8 and TEC15, respectively. The
samples were labelled to represent the thickness of the Ni film (20Ni
or 30Ni) and the type of FTO coated glass (T8 or T15), i.e., 20Ni/T8
and 20Ni/T15 refer to 20 nm thick Ni films on TEC8 and TECI15,
respectively, and 30Ni/T8 and 30Ni/T15 refer to 30 nm thick Ni
films on TEC8 and TEC15, respectively. The FTO coated glasses were
cut into square pieces, 20 mm x 20 mm x 0.025 mm, and partially
etched using zinc powder and hydrochloric acid (2 M) before the
Ni deposition. The substrates were then sequentially cleaned by
acetone, deionized (DI) water, and ethanol for 30 min. After Ni film
deposition, the Ni/FTO samples were annealed at 550 °C for 6 h in
air to form an NiO layer at the top of the FTO.

2.2 Fabrication of the PSCs

Inverted PSCs with FTO/NiO/CH;NH;PbI;/PCBM/BCP/Ag structures
were fabricated by the following sequence. After the Ni film was
deposited and oxidized on the FTO/glass substrates, a perovskite
(CHsNH;PbL) layer was deposited by the adduct method, as reported
previously [5]. The CHsNH:Pbl; solution was prepared by dissolving
lead iodide (Pbl.), methyl ammonium iodide (MAI, CH:NH:I),
and dimethyl sulfoxide (DMSO) with a molar ratio of 1:1:1 in
N,N-dimethylformamide (DMF). This solution was spin-coated on
top of the NiO/FTO at 4,000 rpm for 25 s, while slowly dropping
0.5 mL of diethyl ether. The spin-coated samples were annealed at
60 °C, and then at 100 °C for 1 and 5 min, respectively. The PCBM
layer was deposited on the perovskite layer by the spin-coating of
PCBM (20 mg) dissolved in dichlorobenzene (1 mL) at 2,000 rpm
for 60 s. Subsequently, 5 mg of BCP in ethanol (10 mL) was spin-
coated on the PCBM layer at 4,000 rpm for 40 s. Finally, an
80-nm-thick Ag electrode was deposited by thermal evaporation
at ~107° bar through a shadow mask. A deposition rate of Ag electrode
is 0.5 A/s.

2.3 Characterization

The crystal structure of the NiO film was obtained by X-ray
diffraction (XRD; X'Pert, PANalytical). The surface morphology
and cross-sectional view of the samples were examined using a
field-emission scanning electron microscope (FESEM; XL-30F, Phillps
FEI) and atomic force microscope (AFM, MV-1000, Nanonics).
The ultraviolet-visible (UV-vis) transmittance spectra of the NiO
films were recorded with a UV-vis spectrometer equipped with an
integrating sphere (Lambda35, PerkinElmer). The indentation
analysis (Hysitron TriboLab®, Nanomechanical Test Instrument) was
conducted with a Berkovich diamond indenter at room temperature.
An electrochemical workstation (CHI660, CHI Instrument) system
was utilized to obtain the photovoltaic performances of the PSCs. A
solar simulator (Oriel Sol 3A class AAA, Newport) was used as a light
source, calibrated for the AM 1.5 G condition for a reference Si solar
cell (PVM 95). The effective area of the PSCs was defined as 0.14 cm?
using a non-reflective metal mask.

3 Results and discussion

3.1 Crystal structure, microstructure and optical properties
of oxidized Ni films

The Ni films were deposited on the FTO substrates with different
surface roughness (TEC15 and TECS8) by e-beam evaporation. TEC8
was chosen as the rough surface FTO substrate (surface roughness:
24.8 nm), while the TEC15 had a relatively flat surface (surface
roughness: 4.98 nm). The Ni films were thermally oxidized at 550 °C
for 6 h in air to form the NiO films. Since the oxygen diffusion
coefficient of Ni film is 9.4 x 10 cm*/s at 550 °C, 6 h is long enough
to fully oxidize 30 nm thick Ni film as well as 20 nm thick Ni
film [25]. Figure 1(a) shows the grazing incidence X-ray diffraction
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(GIXRD) patterns of Ni on the FTO substrate, before and after
oxidation. A peak at 44.7° was indexed as the (111) planes of
Ni with a face centered cubic structure. After the oxidation, the two
main peaks at 26 of 37.2° and 43.2° are indexed as the (111) and
(200) planes of cubic NiO. Disappearance of Ni phase peak in the
oxidized film indicates that Ni was completely oxidized into NiO by
the thermal treatment at 550 °C for 6 h in air. Figure 1(c) shows the
cross-sectional SEM image of the Ni film on the TEC8 FTO substrate.
The thickness of Ni was approximately 20 nm. Figure 1(d) shows
the thickness of the NiO film was expanded to ~ 43 nm after the
oxidation. Since the weight of the film increases by 127% during the
transition from Ni to NiO and the theoretical densities of Ni and
NiO are 8.91 and 6.67 g/cm’, the volume of the oxidized NiO is
approximately 1.70 times greater than that of the initial Ni film at
room temperature. In addition, the mechanical constraint of the
substrate restricts the expansion along the plane direction and the
NiO film has additional expansion in parallel to the film thickness
direction. By considering Poisson’s ratio of NiO, which is 0.3 [26,
27], the total thickness of the NiO film is calculated to be 2.21 times
greater than that of Ni. The experimental NiO thickness from the
oxidation of 20 and 30 nm thick Ni films was 2.05 and 2.14 times
than that of Ni, which agrees well with the theoretical value. Figure 1(e)
shows the optical transmittance spectra of the NiO films on different
FTO glass substrates. The average transmittances (Tae) of NiO in the
wavelength range 400 to 800 nm were 79.0 and 83.8 for the oxidized
20Ni/T8 (20 nm thick Ni film on TEC8) and the oxidized 20Ni/T15
(20 nm thick Ni film on TEC15), respectively. Figure 1(e) shows
less light scattering of 20Ni/T15 for the shorter wavelength light
and exhibits a slightly higher transmittance at the wavelength of
400-600 nm than 20Ni/T8. This is attributed to a smaller roughness
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Figure1 (a) GIXRD patterns of (a) 20 nm and (b) 30 nm thick Ni film on an
FTO substrate before and after thermal oxidation. The Ni film was oxidized at
550 °C for 6 h in air. The cross-sectional SEM images of (c) as-deposited 20 nm
thick Ni film on a TEC8 FTO substrate and (d) after the oxidization of 20 nm
thick Ni film at 550 °C for 6 h in air. (e) UV—vis transmittance spectra of NiOx
films formed by oxidizing the 20 nm Ni films on the TEC8 and TEC15 FTO
substrates.
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of 20Ni/T15 which is found in Fig. S1 in the Electronic Supplementary
Material (ESM) [28, 29].

3.2 Surface roughness effect on the photovoltaic, electric
and structural properties

Figure 2(a) shows representative /-V curves of inverted PSCs using
NiO films which were converted from 20 nm thick Ni films on
TECS8 and TECI15 (20Ni/T8 and 20Ni/T15). Table S1 in the ESM
shows the device performance parameters of the PSCs. The 20Ni/T8
based PSCs exhibited the best performance; Jsc = 21.5 mA/cm?,
Voc = 1.04 V, FF = 0.73, and PCE = 16.37%. Interestingly, although
the 20Ni/T15 film had a higher transmittance than that of the
20Ni/T8 film, the device performance of 20Ni/T15 was worse than
that of 20Ni/T8. In addition, Fig. 2(b) shows that the PSCs using
thermally grown NiO film (20Ni/T8) were very reliable. The deviation
of the PCEs was much less in the PSCs of the thermally grown NiO
film, compared to that in the previously reported PSCs of the spin
coated NiO nanoparticle film [14-16, 22]. This indicates that the
NiO film formed by the oxidation of the Ni film was more uniform
and reproducible than the NiO film formed by the spin-coating of
NiO nanoparticles. Figure 2(a) also shows that both 20Ni/T8 and
20Ni/T15 samples did not exhibit any hysteresis in the J-V curve.
In addition, Fig. S2 in the ESM shows large NiO/FTO/glass substrates
(8 cm x 8 cm) and PCEs of solar cells (2 cm x 2 cm) using different
parts of large NiO/FTO/glass substrate. A small variation of PCE
suggests that thermally oxidized NiO film is suitable for fabricating
large scale PSCs.

Since the fabrication process for the samples (20Ni/T8 and
20Ni/T15) was the same, except for surface roughness of the FTO,
the electrical properties of the NiO films were investigated to
determine the origins of the differences of the PCEs of the inverted
PSCs. Figure 2(c) shows that the NiO films on the rough surface
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Figure2 (a) J-V curves of the FTO/NiO/CH;NH:Pbl;/PCBM/BCP/Ag based
PSCs obtained by reverse and forward scans for illumination with the AM 1.5 G
condition, and 20 nm thickness Ni films on different FTO substrates after
oxidizing. (b) Histogram of the 20Ni/T8 based PSCs. (c) Corresponding
resistances of 20Ni/T8 and 20Ni/T15 in air. The measured device structure was
FTO/NiO/Au Plan-view SEM images of the oxidized NiO films on TEC8 and
TEC15: (c) 20Ni/T8, (d) 20Ni/T15 after oxidation in air.
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have the higher resistance than that of NiO films on smooth surface.
To further investigate the mechanisms underlying the effect of the
surface roughness of the substrates on the electric resistance of the
NiO films, we examined the microstructures of the NiO films on
TEC8 and TEC15. Scanning electron microscopy (SEM) images in
Fig. 2(d) show that the microstructure of the NiO film on TECS is
dense and uniform. On the other hand, Fig. 2(e) shows that blisters
with a hemispherical morphology (indicated by a yellow arrow in
the SEM images) are formed in the NiO film on TEC15. This
blistering produces extended defects in NiO film and increases the
leakage current. Therefore, the NiO film on TEC 15 does not work
well as the HTL and deteriorates the performance of inverted PSCs.
The formation of blisters and its effect on the electric property of
NiO film are explained in detail in a next section.

3.3 Further examination of surface roughness effect using
thicker NiO film

In section 3.2, the type of FTO substrate has a significant impact on
the resistance and I-V characteristics of the oxidized NiO film. To
further examine the effect of the surface roughness, another set of
experiment was performed using thicker NiO films. Figure 3(a)
shows representative -V curves of inverted PSCs using different
NiO films (30Ni/T8 and 30Ni/T15) which were converted from 30
nm thick Ni film. Compared with I-V curves of Fig. 2(a), the effect
of the surface roughness is more clearly observed in J-V curves of
30Ni/T8 and 30Ni/T15. As shown in Table S1 in the ESM, PSCs of
30Ni/T8 have 4 times larger PCE than PSCs of 30Ni/T15. Overall
incident photon-to-electron conversion efficiency (IPCE) spectra of
PSCs are shown in Fig. S3 in the ESM. Electric resistance in Fig. 3(b)
indicates that a large difference in PCE of PSCs is due to a dependence
of the electric resistance on the surface roughness. 30Ni/T8 is much
more resistive than 30Ni/T15.

When Fig. 3(b) is compared with Fig. 2(c), it is noted that the
thicker NiO film from 30Ni/T15 has lower resistance than the
thinner NiO film from 20Ni/T15. Given that an increase in the
oxide thickness generally increases the electric resistance, an inverse
relation between the thickness and the resistance of NiO films on
TEC15 needs to be explained. While no blisters are found in NiO
film on TECS (Fig. 3(c)), an increase in the thickness of NiO film on
TEC15 increases a density of blisters and their radii. To understand
the thickness effect on TEC15, 50 nm thick Ni film was oxidized
and the microstructure of 100 nm thick NiO film was examined.
Figure S4 in the ESM shows the plan-view and cross-section SEM
images of 100 nm thick NiO film from TEC 15. It clearly confirms
that an increase in the film thickness increases the size of the blisters
and even induces partial delamination of NiO film on TEC 15. It
is well-known that the volume expansion during the oxidation
of metal thin films on rigid substrates leaves compressive residual
stress in the metal oxide films [24]. If an increase in the metal film
thickness increases the magnitude of the compressive residual stress
beyond a certain limit, the buckling of the oxide films on the rigid
substrates occurs and the blistering is promoted [30]. Experimental
observations in Figs. 2(d), 2(e), 3(c), and 3(d) suggest that the
smoother surface of TEC15 increases compressive residual stress in
NiO film and an increase in the film thickness increases the magnitude
of the residual stress. Extended defects such as dislocations and
blisters appear more frequently in such films of higher residual stress,
because the residual stress accelerates the diffusion of point defects
and promotes the agglomeration of defects [31, 32]. These extended
defects tend to increase the leakage current of semiconductors [33,
34], which explains why NiO films from 30Ni/T15 have the lower
resistance than NiO films from 20Ni/T15. An increase in the leakage
current, in turn, decreases the fill factor and PCE of solar cells by
decreasing shunt resistance [35].
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Figure 3 (a) J-V curves of the FTO/NiO/CHs;NH;PbI;/PCBM/BCP/Ag based
PSCs obtained by reverse and forward scans for illumination with the AM 1.5 G
condition, and 30 nm thickness Ni films on different FTO substrates after oxidizing.
(b) Corresponding resistances of 30Ni/T8 and 30Ni/T15 in air. The measured
device structure was FTO/NiO/Au. Plan-view SEM images of the oxidized NiO
films on TEC8 and TEC15: (c) 30Ni/T8, (d) 30Ni/T15 after oxidation in air.

3.4 Characterization of residual stress

To examine the evolution of the residual compressive stress in
the NiO film, the hardness of the NiO films was measured using
the nanoindentation method. As the compressive stress prevents
the propagation of cracks and increases the hardness [36], the
nanoindentation is a good tool to characterize the status of the
residual stress in materials. Figures 4(a) and 4(b) show the load-
displacement curves of the 20 and 30 nm NiO films on different
FTO substrates. The same load is applied for the NiO film of the
same thickness and the penetration depth is controlled to be less
than 1/3 of the film thickness [37]. The hardness of the NiO films
was calculated by [38]
Pmax

H= A (1)
where H is the hardness, Pmax is the maximum applied load and A is
the projected contact area of an indent. Figure S5 in the ESM shows
that the hardness of the Ni films before oxidation was almost same for
20Ni/T8 (1.11 GPa) and 20Ni/T15 (1.23 GPa) [39]. Similar hardness
values were observed for the Ni films from 30Ni/T8 and 30Ni/T15.

However, after oxidation, the NiO films exhibit very different
hardness. Figures 4(a) and 4(b) show that even though a same load
was applied, the penetration depth of the NiO film on the rough
surface (TEC8) was larger than that on the smooth surface (TEC15).
Equation (1) shows that the NiO film from the 20Ni/T15 has a
greater hardness (2.88 Gpa) than that from the 20Ni/T8 substrate
(2.37 Gpa). The effect of the surface roughness on the hardness
of NiO films is more clearly observed in the thicker NiO film. The
hardness of NiO films was increased to 4.01 GPa (30Ni/T15) and
2.60 Gpa (Ni30/T8). These hardness values in this study are com-
parable with that of nanoscale NiO films [40]. The larger hardness
of the NiO film on TEC 15 is attributed to larger compressive stress
which is developed when Ni film on the flat surface is oxidized [30].
An increase in the film thickness increases the compressive stress,
which forms blisters in NiO films and causes delamination at
NiO-FTO interface.

Figure 5 shows Raman spectrum of NiO films. Rougher surface
of TECS increases the width and intensity of Raman peak at ~ 570 cm™
which is assigned to the first-order one-phonon (1P) longitudinal
optical (LO) mode of NiO [41]. The first order 1P LO Raman peak
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at 550 °C for 6 h.
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Figure 5 Representative Raman spectra and XRD spectra for (a) 20 nm and (b)
30 nm thickness Ni films on different FTO substrates after oxidizing at 550 °C
for 6 h.

results from symmetry-breaking imperfections and an increase in
the imperfection density increases its full width half maximum
(FWHM). A peak at ~1,090 cm™ corresponds to the second-order
two-phonon (2P) 2LO mode and its FWHM is proportional to
Bose-Einstein thermal factor. Since all measurements were done at
room temperature, a negligible change is observed in 2P LO Raman
peak that is sensitive to temperature. However, 1P peak of 20Ni/T15
is much broader than that of 20Ni/T8. This suggests that 20Ni/T15
has more compressive stress and resultant defects than 20Ni/T8. In
30Ni/T8 and 30Ni/T15, not only FWHM but also the peak position
changes. An increase in Raman shift of 30Ni/T15 1P peak from ~550
to ~600 cm™ indicates the development of high compressive stress
in thicker NiO films [42]. Raman spectra confirm that the surface
roughness affects the compressive residual stress of the NiO films
and thicker NiO film on smoother substrates (30Ni/T15) has the
largest compressive stress.

3.5 Computational simulation on the origin of residual stress

The experimentally measured differences in the compressive stress
of the NijO films are theoretically verified using the finite element
method. The evolution of the stress and strain of the NiO films on
two different FTO substrates was simulated by ANSYS. The calculation
is carried out on the assumption that the volume expansion during
the oxidation of Ni is prohibited at the interface between the Ni
layer and the FTO layer. The stiffness of the NiO films used in the
calculation was 89.48 GPa (on TECS8) and 94.12 GPa (TEC15) which
were obtained by the nanoindentation. Figures 6(a) and 6(b) show
the calculation results of the compressive stress distributions of
the NiO films with smooth and rough surfaces. The addition of
oxygen into the constrained Ni films resulted in the NiO films of
in-plane compressive stress and out-of-plane tensile strain. The volume
of the Ni layer was expected to increase during the oxidation, since
oxygen was added to the Ni film and the density of NiO is less than
that of Ni. While the NiO layer expanded freely along the normal
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Figure 6 Calculated stress distributions of the NiO films after the oxidation process: on (a) flat and (b) rough surfaces. Calculated strain distributions of the NiO films

after oxidation process: on (c) flat and (d) rough surface.

direction of the substrate, the rigid FTO substrate constrained the
expansion of NiO layer along the in-plane direction, causing
compressive stress in the NiO layer. Figure 6 shows that the
maximum in-plane compressive stress of 13.8 GPa is uniformly
applied to the bottom part of the NiO film on the flat surface. On
the rough surface, the in-plane compressive stress of NiO film
decreased significantly. The maximum compressive stress of NiO
film on the rough surface was only 9.8 GPa, which was locally
concentrated in the apex region of the NiO-FTO interface. Figures
6(c) and 6(d) show that a larger out-of-plane strain was produced
in the NiO layer on the rough surface. This larger strain in the NiO
layer on the rough surface relieves the stress, leading to the smaller
compressive stress.

The simulation results demonstrate that the rough surface of FTO
layer releases the compressive stress of the NiO film more effectively
by allowing a higher volume expansion during the oxidation process.
In contrast, the compressive stress is developed in NiO film on
smoother substrate. As the film thickness increases, higher stress is
built up near the NiO-FTO interface and a probability of forming
extended defects increases. This suggests that the electron blocking
ability of thermally oxidized NiO as a HTL of the PSCs depend
on the surface roughness of the FTO and initial thickness of the
Ni film.

4 Conclusion

We systematically studied the electric and mechanical properties
of NiO using thermal oxidation, and its effect on the selective hole
transport behavior as HTLs of inverted PSCs. When the surface
roughness of substrates underlying the Ni film was higher, the
thermally oxidized NiO film was more electrically resistive, had less
in-plane compressive stress, and provided a better HTL performance.
This is due to the evolution of greater out-of-plane strain and the
formation of less extended defects. The Ni film on the smooth
surface substrate produced more in-plane compressive stress, leading
to the formation of extended defects, local blistering, and delamination
of the NiO film. As a result, the leakage current of the NiO film
increased, and the NiO layer in the inverted PSCs did not effectively
block electrons. This result provides a guideline for designing
uniform and high-quality NiO films on large substrates, which can
be applied to the large-scale manufacturing of PSCs.
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