Effect of surface treatment of sputtered nickel oxide in inverted perovskite solar cells
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Abstract

Nickel oxide (NiOy) is promising hole transport material for efficient and stable lead halide
perovskite solar cell (PSC) due to its promising optoelectronic properties and superior moisture
resistivity. Herein, we investigate the effect of surface treatment of sputtered NiOx film using
ethanol (NiOx-EtOH) in device parameters of PSC. Ethanol treatment of NiOy facilitates the
growth of high-quality perovskite film (larger grain size, better crystallinity, and faster carrier
injection). The device with NiOx-EtOH demonstrated the champion power conversion
efficiency of ~13.52% (with open circuit voltage (Voc) ~1.075 V) of 1 cm? large-area device.
While the device with pristine NiOy has device efficiency of 11.78% (with Voc ~0.99 V). This
report corroborates that the PSC with NiOx-EtOH improves device performance owing to
hydrophilicity, defect passivation of sputtered NiOy surface, and attenuation of recombination

in the perovskite bulk.
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1. Introduction

Lead halide perovskite solar cells (PSCs) have arisen as low-cost solar energy harvesting
materials with high device efficiency from 3.8 to 25.6% in a short period [1]. However, device
stability has imposed challenges for commercialization [2]. Since carrier transport layers affect
perovskite bulk properties, interface quality, and device stability [3-6], the engineering of
carrier transport layers has gained significant attention for resolving the issue of PSCs [7].

Owing to high hole mobility, excellent optophysical properties, and air stability, nickel
oxide (NiOx) has gained significant attention as a hole transporting layer (HTL) [8]. PSCs with
NiOx HTLs have demonstrated a competitive power conversion efficiency (PCE) [9] and
stability under a variety of stressors, including humidity damp heat test, and operational
stability at elevated temperatures [10,11]. Many reports have used a variety of processing
routes for NiOx deposition; (i) wet deposition technique such as nanoparticles coating [5,12],
spray pyrolysis [13], and sol-gel [14] and (ii) dry deposition technique such as atomic layer
deposition [10], and sputtering.[15,16] Among these techniques, sputtering deposition is more
suitable for large area deposition with precise control of NiOx composition [17,18], It reported
that the NiOx consists of multiple composites such as Ni»-Os, and Ni-OH derivatives induced
by oxidation of NiOx which leads to p-type conductivity [19,20]. The surface chemistry and
crystallinity are crucial for tuning the electrical properties of NiOy film [16,21]. The surface
treatments and doping on NiOx film have been widely used for tuning the film properties that
have demonstrated a significant effect on the performance of the PSCs [9,12,22—-24]. Therefore,
it is important to investigate the surface treatment effect on NiOy film for optimizing carrier
transport properties and interfacial contact to get high efficiency and stable PSC.

In this report, we present the cost-effective and facile surface treatment of NiOx film
sputtered without annealing. We selected absolute ethanol for the solvent treatment of sputtered
NiOy surfaces for the fabrication of large-area PSC devices. The film properties of as-sputtered
and ethanol-treated NiOy film were analyzed by evaluating film morphology, optophysical
properties, and surface chemistry. We fabricated inverted PSCs using NiOyx (with and without
ethanol-treated) as HTL. The device with ethanol-treated NiOx (NiOx-EtOH) showed improved
device performance with higher reproducibility. We found that the NiOx-EtOH film affects not
only the morphology of NiOy and interface or bulk quality of perovskite film but also the carrier
dynamics of devices as a consequence of interfacial modification. This work has underscored
the effects of ethanol treatment on sputtered NiOx film and its impacts on PSC focusing on the

surface chemistry and photophysics.



2. Materials and methods
2.1. Materials

Unless otherwise mentioned, all chemicals were obtained from commercial vendors and
used as received. Methylammonium halides (MAI, MACI; >99%, sigma aldrich) and Pbl;
(>98%, wako chemical company), 5-aminovaleric acid hydroiodide (5-AVAI; (>99%, TCI)
were used for perovskite precursor solution. [6,6]-Phenyl Ce1 butyric acid methyl
ester (PCBM) (Sigma-Aldrich, 99% purity) was used for electron transport layer (ETL)
deposition. Aluminum doped zinc oxide (AZO) nanoparticle ink (Nanograde, N-21X,
Avantama) was used to prepare the AZO layer.

2.2 Device fabrication

We prepared NiOy film by sputtering deposition technique following our previous reports
[25]. In brief, the pre-cleaned ITO substrates were loaded in the deposition chamber and
evacuated until <2x10® Pa then pure argon gas was introduced at the rate of 20 standard
cm®min. The deposition was carried out in an argon gas pressure of 3.5 Pa and rf power supply
of 50 W for 20 min at room temperature. We used NiOy target (99.9% pure) from Kojundo
Chemical Laboratory Co. Ltd, Japan. The sputtered NiOx film was dipped into ethanol for
surface treatment for 5 - 20 min (EtOH treatment) (Fig. 1). Then NiOyx film was dried by

blowing nitrogen gas.

Fig. 1. Photos of sputtered NiOyx deposited on ITO (a). Sputtered NiOy thin films dipped in
ethanol (process of ethanol treatment on the surface of NiOx film) (b).

For the fabrication of perovskite films, the Pbl. solution was prepared by dissolving Pbl.
(500 mg/ml) + 5-AVAI (3 mg/ml) in a mixture of anhydrous DMF/DMSO (5:1 ratio) at 500
rpm/ 70°C for 12 hours. The MAX (MAI and MACI) solution (50 mg/ml; 19:1 ratio) in ethanol
at 300 rpm/ 50°C for 12 hours. The Pbl2 precursor solution was spin-coated at 3000 rpm for 90



s and the MAX precursor solution (a mixture of MAI + MACI) was subsequently spun onto
the Pbl; layer at 4000 rpm, for 30 s. Those as-grown CH3NH3PblsxClx (x= 0.002) perovskite
films were simply placed on the hot plate with MACI powder covered with a petri dish at 100
°C (30 min) for crystallization [26]. Then, PCBM (2 wt% in chlorobenzene) was spin-coated
on perovskite film (700 rpm for 30 s and 4000 rpm for 10 s) and annealed at 100 °C for 15 min.
A thin AZO layer (~25 nm) was deposited at 2500 rpm for 25 s and annealed at 100 °C for 10
min. Finally, 140 nm of Ag was thermally evaporated at a pressure <10 Pa to complete the
device structure. Devices were sealed by encapsulation glass and UV-curable resins (UV-
RESIN XNR5516Z; Nagase ChemteX, Japan) before the subsequent measurement in ambient
conditions. We fabricated the inverted structure planar devices;
ITO/NiOx/perovskite/PCBM/AZO/Ag and encapsulated them as described in our previous
reports [27]. The details of the precursor solution and device fabrication can be found in the

earlier reports [26,27].

2.3 Materials and Device Characterizations

We used a Rigaku X-ray diffractometer (CuKo radiation, A= 1.54 A) to measure X-ray
diffraction (XRD) patterns Bragg-Brentano 6-26 configuration at room temperature. The
morphology of films and cross-sectional images were taken by a high-resolution scanning
electron microscope (SEM) at 5 kV accelerating voltage (Hitachi, S-4800, SU8000). The
absorption spectra and work function were measured by UV-vis spectrometer (Shimadzu,
2600) and photoelectron spectrometer (Riken Keiki, AC-3). X-ray photoelectron spectroscopy
(XPS) spectra were obtained using a Versa Probe Il (ULVAC-PHI, Japan). XPS with a
nonmonochromatic source was measured (Al Ka; 1486.6 eV, spot size 10-300 um) at a pass
energy of 187.85 eV (1.5 eV step size) for the survey scan and pass energy 46.95 eV (0.1 eV
step size) for the fine scan with spot size 100 um. The XPS spectra were calibrated with the
binding energy of 284.8 eV for C1s. The baseline correction was carried out to make a linear
background (linear method) using origin software. The XPS spectral fitting was done with the
Voigt function fixing the characteristics XPS peaks for respective chemical species and their
full width at half maxima using origin software. The surface hydrophobicity of film was
measured using contact angle measurements (AST, VCA Optima XE, nano-bio platform).
Briefly, a 1.6 uL drop of deionized water was placed on the film. The carrier lifetimes were
measured with a fluorescence lifetime spectrometer (Quantaurus-t from Hamamatsu-Photonics
K. K.) equipped with ~405 nm laser diode (typical peak power of 400 mW) at 200 kHz

repetition rate. The current density—voltage (J-V) curves were measured at the scan rate of 0.05



V/s under 1 sun with an AM1.5G spectral filter (100 mW/cm?) coupled with a maximum power
point tracking system (Systemhouse Sunrise Corp.). The light intensity is calibrated by a silicon
diode (BS-520BK).

3. Results and discussion

We studied the film properties of ethanol treatment of NiOx film deposited by sputtering
without annealing. The thickness of NiOx film is ~20 nm. Figs. 2a-c show SEM images of ITO,
sputtered-NiOy, and NiOx-EtOH thin films. One can see the closely packed, uniform surface of
the as-sputtered NiOx thin film with an average crystallite size of ~11 nm. The NiOx-EtOH
shows a modification in surface morphology with a large crystallite size. XRD patterns (Fig.
2d) of the NiOy films deposited on ITO substrate (# -XRD peak) show the cubic structure
characteristic dominant peaks located at 35.31°, 38.09°, and 44.3° corresponding to the crystal
orientations of (111), (101), and (200), respectively. These results are well-matched with
reports [28,29]. Moreover, we noticed only (111) peaks remained dominant in NiOx-EtOH film
indicating orientational modification coupled with surface morphology. It has been reported
that the conductivity of NiOy film with (111) orientation is higher than that of (200) or mixed
orientations [21] indicating a benefit of ethanol treatment of NiOx. Fig. 2e shows transmittance
spectra of glass, ITO, and NiOx film deposited on ITO. We noticed transmittance of ~80% in
the range of 400-800 nm wavelength for the pristine film. The NiOx-EtOH film shows a slightly
higher transmittance indicating improved optophysical properties. It could be correlated to the
large grain size in NiOx-EtOH (Fig. 2c) which might decrease the light scattering with modified
grain boundaries in film.

We also measured the contact angle to evaluate the surface wettability of films. Figs. 2f-h
show the contact angle measurement of ITO, as-sputtered NiOy, and NiOx-EtOH films. The
contact angle of water on ITO (~17.5°) indicates a super hydrophilic surface. The water contact
angle of as-sputtered NiOy is ~59.6° while that for NiOx-EtOH decreases to ~45.8°. It suggests
that ethanol treatment of sputtered NiOx results in a more hydrophilic surface which plays a

vital role in fabricating high-quality perovskite film.
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Fig. 2. SEM surface morphology of (a) ITO substrate, sputtered NiOx (b) without and (c) with
ethanol treatment. XRD patterns (# denotes ITO) (d) and transmittance spectra (e) of respective
films. Water contact angles on different surfaces; (f) ITO, (g) ITO/NiOy, (h) ITO/NiOx-EtOH.

Furthermore, the photoelectron spectra of respective films (Figs. 3a, b) show an increase in
the HOMO level of the post-ethanol treated NiOx film (5.40 eV + 0.02 eV for pristine NiOx to
5.49 + 0.02 eV for NiOx-EtOH). It could induce a small spike at NiOx-EtOH and perovskite

interface in device structure that is benign for effective carrier dynamics in thin film solar cells
[30].
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Fig. 3. Photoelectron spectra of NiOx [(a) as-sputtered and (b) with ethanol treatment]. Ni 2p
XPS spectra of (c) as-sputtered, (d) ethanol- treated NiOyx films, and Ols XPS spectra of

respective films (e) and (f).

To investigate the effect of ethanol treatment on surface chemistry, X-ray photoelectron
spectroscopy was performed and the characteristics spectra were analysed as depicted in Fig.
3. The XPS spectra of the Ni 2p core (Figs. 3c, d) assign the characteristics peaks. The
characteristic peaks of the XPS spectra were fitted with the Voigt function. A broad peak
centred at ~860.7 eV corresponds to the shakeup process in the NiOy structure that is referred
to as the satellite peak. The peaks centred at ~853.4, ~855.3, and ~857.2 eV correspond to Ni?",

Ni*, and Ni-intersite, respectively [20,31,32]. The ionic composition of NiOx film was



evaluated by calculating the integral area of the fitting curve of the XPS spectra. The Ni®*/Ni?*
ratio of NiOx films shows a higher value for NiOx-EtOH film (~3.37) compared to as- sputtered
NiOx (~2.97). It has been documented that a higher amount of Ni** ionic species improve the
surface wettability of NiOy film [20]. Our result XPS result is consistent with water contact
angle results (Figs. 2g-h). Similarly, O 1s -core spectra (Fig. 3e, f) were fitted to four peaks
centred at ~529.4, ~530.8, ~529.4, and ~531.9 eV corresponding to NiO, Ni2Os, and Ni-OH
derivatives (Ni(OH)2, NiOOH), respectively. These results are in good agreement with
previous reports [9,20]. It is found that the ethanol treatment increases the concentration of Ni-
OH derivatives species resulting dipolar surface. Importantly, accounting for the higher
percentage of Ni»Osz, and Ni-OH derivatives, it has been reported to contribute to increasing
work function and enhancing the carrier transport dynamics [32,33]. This is supported by the
photoelectron spectra (Figs. 3a, b) and time-resolved photoluminescence (TRPL) results
(discussed below).
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Fig. 4. SEM surface morphology perovskite film deposited on sputtered NiOx without (b) and
with ethanol treatment (b). XRD patterns (¢) and UV-vis absorption/transmittance (d) of

respective films.



To examine the effect of ethanol treatment of sputtered NiOx on perovskite film, we
investigated the growth properties of the films. The SEM images of the perovskite films grown
on pristine or NiOx-EtOH film are shown in Figs. 4a, b. One can see a well-grown pinhole-free
surface morphology of the perovskite film. The perovskite film on NiOx-EtOH grows with a
larger grain size ranging from 150-600 nm with an average size of ~300 nm. While the
perovskite grains on pristine NiOy have comparatively smaller grain sizes ranging from 50-300
nm. It has been reported that large grain size reduces grain boundary defects which is beneficial
for enhancing device performance [26,34]. Fig. 4c shows the XRD patterns of perovskite films
with characteristic orientations [4,27]. The XRD patterns of the perovskite film grown on the
NiOx-EtOH film exhibited a relatively higher intensity of (110) and (220) crystal orientations
suggesting better crystallinity of perovskite film. We found relatively diminished Pbl, peak
intensity for the perovskite film grown on NiOx-EtOH film which is beneficial for device
performance and stability [35].

Furthermore, the optophysical properties were measured by UV-vis spectroscopy. No
difference was noticed in the absorption and transmittance spectra of perovskite films deposited
on respective NiOy substrates (Fig. 4d) at the band edge. The optical band edge of perovskite
bulk is estimated to be ~1.58 + 0.02 eV for both films. One can notice higher absorption in the
lower wavelength regime that is correlated to improvement in interface quality with NiOx-
EtOH and perovskite.
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Fig. 5. Schematic diagram of device architecture (a). Energy band diagram of the device (b).

Cross-sectional image of PSC (c). Current density-voltage (J-V) curves of PSCs with pristine



NiOx and NiOx-EtOH as HTL (mforward /o reverse scan direction; inset 1 cm? device area) (d).

Statistics of device parameters; Voc (e), and PCE (f).

Table 1. Photovoltaic performance of the fabricated device using sputtered NiOy; without and
with the surface by ethanol. Here, Voc -open circuit voltage, Jsc -short circuit current density,
FF- fill factor.

NiOx- Jsc Voc PCE _Dloqle PL lifetime
condition | (MA/cm?) | (V) FF (%) ideality
° factor (n) | 1 (nS) | t2(ns)
Pristine 18.94 0.99 0.628 11.78 + 0.64 2.18 4.68 43.31
NiOx-
EtOH 19.48 1.075 | 0.646 13.52 + 0.35 1.61 2.56 54.28

To evaluate the photovoltaic performance, we fabricated PSCs using NiOx HTL. Fig. 5a
shows the schematic diagram of the inverted structure of PSC with an energy band diagram
(Fig. 5b) having PCBM as an ETL coupled with a thin AZO as an electron selective layer
beneath the Ag electrode. In the energy band, the pristine NiOx shows a cliff of 10 meV while
the NiOx-EtOH introduces a spike of 80 meV that is favorable for effective carrier transport in
PSC [36]. Fig. 5c displays the cross-sectional image of a complete PSC device. The image of
PSC fabricated on ITO substrate (3.5 X 5 cm?) is shown in inset in Fig. 5d. The J-V
characteristics (Fig. 5d) and corresponding device parameters (Table 1) show the device results.
The PSC with as-sputtered NiOx achieved PCE of ~11.78% with Jsc ~18.94 mAcm™2 and Voc
~0.99 V. The device with EtOH/NiOx demonstrated a higher device efficiency of ~13.52%
(with higher Jsc ~19.48 mAcm and Voc -1.075 V) with device area of 1 cm?. The statistics of
device parameters (Voc and PCE) are given in supporting information (Figs. 5e, f). The device
parameters for NiOx-EtOH are less scattered compared to the as-sputtered NiOyx indicating
higher reproducibility. This is attributed to the improved quality of perovskite film (i.e.,
morphology, crystallinity) grown on NiOx-EtOH (Fig. 4). The enhanced device parameters are
attributed to the cumulative effect of deep HOMO level (Figs. 3a, b), improved hydrophilicity,
and higher conductivity (induced by preferred crystal orientation (111) and XPS analysis) of
NiOx-EtOH. Moreover, we found that longer-time (>20 min) ethanol-treated NiOyx is
detrimental to the device performance. This could be associated with poor interface quality
induced by deteriorated NiOy surface due to prolong interaction of ethanol and NiOy surface.
It is to be noted that although ethanol treatment of sputtered NiOyx film demonstrated an

improvement in device performance, it is not as promising as solution-processed and high-
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temperature annealed NiOy [9,22,37]. Indeed, there is much room for improvement in device

parameters to get competitive PCE for large area devices as in other reports [38,39].

~_~
= (b)
=
= 800
=
ot
S
N’
2400
‘7 ——NiO /perovskite
A NiO, § ——NiO,-EtOH/perovskite
0.2} . o NoFoR] B | : .
0.1 1 10 100 0 100 .200 300 400
Light intensity (mWcm™) Time (ns)

Fig. 6. The light intensity depended-Voc of device (a). TRPL spectra of respective films (b).

To get insight into the recombination mechanism of photogenerated carriers in the device
[40], we analysed the light intensity dependence of Voc. Fig. 6a depicts a semi-logarithmic
plot of Voc as a function of light intensity. The linear fitting of the Voc-I plot for the device
with pristine NiOx showed a slope of ~2.18 ksT/q, which suggests a dominant Shockley—Read—
Hall recombination via comparatively deep traps, which act as efficient recombination centers
[26,40], While a lower value of slope (~1.61 kgT/q) for the device with NiOx-EtOH suggests
comparatively attenuated trap-assisted recombination. The lower value of the diode ideality
factor for the NiOx-EtOH device supports an increase in Voc. Although the diode quality of the
perovskite device is better for the device with NiOx-EtOH, both devices are limited by
recombination via active trap states in perovskite bulk or at interfaces. There is much room for
further improvement of the NiOy/perovskite interface and bulk quality of PSCs. Furthermore,
we evaluated the energy shift (1E= Eq—Ez; E1 is an intercept of the Voc—I plot) [40]. It is
calculated to be 0.636 eV for the device with NiOx-EtOH which is lower than the as-sputtered
NiOy case (0.766 eV). It indicates a higher energetic disorder in the device near the interfacial

layer of perovskite and as-sputtered NiOy that is detrimental for interface quality.

To explore the HTL/perovskite interface, we measured TRPL spectroscopy. Fig. 6b shows
the TRPL spectra of NiOx/perovskite films. The carrier life time values are listed in Table 1.
We observed a short carrier injection time (t1 ~2.56 ns) for the NiOx-EtOH/perovskite film (that
for pristine NiOy; ~4.68 ns). It suggests faster carrier transfer better carrier injection which is
attributed to better interface quality [3,41]. This is correlated to modified surface morphology
and chemistry of NiOx-EtOH (as observed in SEM, XRD, and XPS results) confirmed by

11



growth characteristics. Similarly, a longer carrier life time (t2 ~54.28 (43.31) ns for NiOx-EtOH
(pristine-NiOy)/perovskite film) indicates an attenuated trap densities at interface and
perovskite bulk. These TRPL results support an increase in Voc and Jsc of the device with
NiOx-EtOH. This work underscores that the surface treatment of sputtered NiOx film not only
influences the properties of NiOx films but also improves the film quality of perovskite grown
on it. Indeed, there is still much room to improve the surface chemistry of sputtered NiOx and

interface and bulk quality of perovskite films grown for improvement of device performance.

4. Conclusions

In this work, we fabricated the perovskite device using sputtered NiOx without annealing
followed by surface treatment. The ethanol treatment on NiOx modifies the film morphology,
surface hydrophilicity, optophysical properties, and surface chemistry. We found that the NiOx-
EtOH film expedites the growth of good quality perovskite absorber which results in PCE of
~13.52% (device area of 1 cm?) with higher reproducibility. The device analysis suggested that
the device with NiOx-EtOH film suppressed trap-assisted recombination in the perovskite bulk
or interface as well as enhanced the carrier transport. This work substantiates that the surface
treatment using multifunctional chemicals could be a nice choice for further optimization of
properties of sputtered metal oxide film as an air-stable inorganic hole transport layer for the
high efficiency and stable PSC.
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