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ABSTRACT

Semi-transparent perovskite solar cells (ST-PSCs) are promising in building-integrated photovoltaics (BIPVs) and tan-
dem solar cells (TSCs). One of the keys to fabricate high-performance ST-PSCs is depositing efficient transparent elec-
trodes. Indium tin oxide (ITO) is an excellent transparent conductive oxide with good light transmittance and high
conductivity. However, the high sheet resistance of ITO sputtered at room temperature leads to the low fill factor (FF)
and poor power conversion efficiency (PCE) of the ST-PSCs. Here, we study the effect of the sputtering temperature
on the properties of ITO and the performance of ST-PSCs. We find that when the sputtering temperature increases
from the room temperature to 70°C, the crystallinity of the sputtered ITO gradually improves. Therefore, the sheet
resistance decreases and the corresponding device performance improves. However, once the sputtering temperature
further increases over 70°C, the underlying hole transport layer will be damaged, leading to poor device performance.
Therefore, the optimized mild heating temperature of 70°C is applied and we obtain ST-PSCs with a champion PCE of
15.21%. We believe this mild heating assisted sputtering method is applicable in fabricating BIPVs and TSCs.
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1 Introduction

In recent years, organic-inorganic hybrid halide perovskites have attracted intensive attention due to
their excellent photovoltaic properties, such as long carrier-diffusion length [1] and strong optical
absorption [2]. The power conversion efficiencies (PCEs) of perovskite solar cells (PSCs) have increased
from 3.8% in 2009 [3] to the certified 25.7% in 2021 [4]. Except for the PCEs, another attractive feature
is that, by tuning the optical bandgap, the transparency of the perovskite materials is adjustable. This
makes it promising in building-integrated photovoltaics (BIPVs) [5]. Besides, by integrating the
transparent electrode with the semi-transparent perovskite films, semi-transparent perovskite solar cells
(ST-PSCs) can be applied in the solar windscreen and perovskite-silicon tandem solar cells (TSCs) [6–10].
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The transparent electrode is one of the most important materials in ST-PSCs. At present, the commonly
used transparent electrodes for ST-PSCs are transparent conductive oxide (TCO) [11–13], carbon (nanotubes
(CNT) and graphene) [14], and metals (ultrathin films, nanowires, meshes) [15–17]. Indium tin oxide (ITO)
is widely used in the ST-PSCs due to its excellent transparency and high conductivity. Magnetron sputtering
is the most commonly adopted method to deposit ITO. The high kinetic energy of the sputtered particles may
cause potential damage to the underlying layers. To reduce the sputtering damage, radio-frequency (RF)
sputtering is preferred over DC sputtering because RF sputtering generates particles with lower kinetic
energy [18]. Besides, a buffer layer is usually deposited to protect the underlying layer [12]. For example,
Loper et al. [19] prepared a MoOx/ITO-type transparent electrode by sputtering, where MoOx was used as
a buffer layer to reduce the damage of 2,2′,7,7′-tetrakis-(N, N-dimethoxy phenyl-amine)-9,9′-
spirobifluorene (Spiro-OMeTAD). The PCE of the resultant ST-PSC was 6.2%, and the PCE of the four-
terminal perovskite/crystalline silicon tandem solar cell was 13.4%. McMeekin et al. [20] reported a
method using spin-coated ITO as a buffer layer. They first prepared an ITO nanoparticles buffer layer by
spin-coating and then sputtered another ITO layer as a transparent electrode. The reported PCE of the ST-
PSC was 15.1%. Park et al. [12] used WOx/NbOy instead of MoOx as the buffer layer, effectively
enhancing the fill factor (FF). They prepared ST-PSC with a bandgap of 1.53 eV and achieved a PCE of
18.3%. Chen et al. [15] used atomic layer deposition (ALD) to deposit SnO2 as a buffer layer to construct
the p-i-n (inverted) ST-PSCs, the champion device’s PCE was 17.4%.

Apart from preventing the possible heat damage for the underlying layers, another key point to obtaining
high-performance ST-PSCs is to deposit high-quality ITO electrodes [21,22]. An excellent transparent
electrode for high-efficiency ST-PSCs should possess the properties such as sufficient transparency, robust
chemical stability, and low sheet resistance [23]. Although the ITO electrode is usually sputtered at room
temperature, the sheet resistance of the resulting ITO film is still relatively high, resulting in poor charge
collection, low FF, and inferior PCE for the corresponding ST-PSC. Here, we investigated the influence
of the sputtering temperature on the properties of the sputtered ITO. After optimizing the sputtering
temperature, we found that the ITO electrode prepared at 70°C can not only ensure low sheet resistance
and good light transmittance but also prevent heat damage for the perovskite absorption layer and hole
transport layer. Based on this optimized ITO film, we achieved a champion PCE of 15.21% for ST-PSCs.

2 Material and Methods

2.1 Materials
The ITO targets (90 wt% In2O3, 10 wt% SnO2) were purchased from ZhongNuo Advanced Material

(Beijing) Technology Co., Ltd. (Beijing, China) Tin (IV) oxide (SnO2, 15% in H2O colloidal dispersion)
was purchased from Alfa Aesar (Heysham, UK). Lead iodide (PbI2, 99.8%) was purchased from TCI (Tokyo,
Japan). Formamidinium iodide (FAI, 99.99%) and methylammonium iodide (MAI, 98.0%) were purchased
from Greatcellsolar (Queanbeyan, Australia). Lead bromide (PbBr2, 99.99%) and methylammonium chloride
(MACl, 99.9%) were purchased from Xi’an Polymer Light Technology Corporation (Xi’an, China). (2,2′,7,7′-
tetrakis-(N, N-dimethoxyphenyl-amine)-9,9′-spirobifluorene) (SpiroOMeTAD) was purchased from
Feiming Corporation (Shenzhen, China). Lithium bis (trifluoromethanesulfonyl)imide (LiTFSI,
99.95%), N, N-dimethylformamide (DMF, 99.8%), dimethyl sulfoxide (DMSO, 99.9%), isopropanol
(IPA, 99.8%), chlorobenzene (99.9%), acetonitrile (ACN, 99.8%), 4-tert-butylpyridine (4-TBP, 96%),
cesium iodide (CsI, 99.9%) and molybdenum (VI) oxide (MoO3, 99.97%) were purchased from Sigma-
Aldrich (Burlington, USA). All materials were used as received without further purification.

2.2 Fabrication of ITO Films
ITO films were prepared on glass substrates by RF magnetron sputtering. The sputtering target was a high

purity (99.99%) ITO ceramic billet. The diameter of the sputtering target was 50.8 mm. The base pressure was
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pumped to about 3.76 × 10−6 torr. ITO films were prepared in a pure Ar atmosphere (2 × 10−4 torr) with a
deposition power of 50 W and the sputtering rate was 0.34 Å/s. Before depositing ITO film on the glass
substrates, a pre-sputtering process for 10 min was performed on the target to remove the possible
impurities. Then, ITO films were deposited under the substrate temperature of room temperature (∼25°C),
45°C, 70°C, and 95°C, respectively. The thickness of the sputtered ITO films was about 120 nm.

2.3 Fabrication of Semi-Transparent Perovskite Solar Cells
The commercialized glass/ITO substrates were ultrasonically cleaned by detergent, deionized water,

IPA, and ethanol. Then the substrates were cleaned by plasma for 5 min. SnO2 films were obtained by
spin coating the SnO2 precursor solution (5%) on the substrate at 4,000 rpm for 30 s and annealed in the
air at 150°C for 15 min. The wide-bandgap perovskite films, with the formula of FAxMAyCs1−x−yPbIzBr3−z,
were obtained by the sequential deposition method. Lead halide precursor solution (precursor 1) and
organic salt solution (precursor 2) were sequentially spin-coated on the substrate. Specifically, precursor
1 was prepared by dissolving 437 mg of PbI2, 348.65 mg of PbBr2, and 24.7 mg of CsI in 1 mL of a mixed
solvent of DMF and DMSO (9:1, v/v). Precursor 2 was prepared by dissolving 67.45 mg of FAI, 25.76 mg
of MAI, and 9.5 mg of MACl in 1 mL of IPA. Before spin-coating, the SnO2-coated substrates were treated
by UV-ozone for 15 min. After that, precursor 1 was spin-coated onto the SnO2 film at 2,000 rpm for 30 s,
and then annealed at 70°C for 1 min. After cooling to room temperature, precursor 2 was spin-coated onto the
lead halide film at 2,200 rpm for 30 s, and then annealed at 150°C for 15 min in the air (the relative humidity
was ∼35%). The hole transport layer (HTL) was obtained by directly depositing the Spiro-OMeTAD solution
on top of the perovskite film. The HTL solution contained 90 mg of Spiro-OMeTAD, 19.75 μL of 4-TBP, and
11.5 μL of LiTFSI (520 mg/mL in ACN) in 1 mL of chlorobenzene. A MoOx film (∼20 nm) was deposited
on the HTM by thermal evaporation as a buffer layer. After that, ITO films (∼120 nm) were deposited
through magnetron sputtering at room temperature, 45°C, 70°C, and 95°C, respectively.

2.4 Characterizations
The sheet resistance of the sputtered ITO films was measured by the sheet resistance tester (HELPASS,

HPS2523). Transmittance spectra of the sputtered ITO films were acquired on an instrument in the glovebox
supplied by Xipu electronics (Guangzhou, China) equipped with an integrating sphere. X-ray diffraction
(XRD) measurements were performed on a SmartLab X-ray diffractometer (Rigaku Corporation, Tokyo,
Japan) using a Cu Kα radiation source. Scanning electron microscopy (SEM) experiments were carried
out on a field-emission scanning electron microscope (JEOL (Tokyo, Japan) JSM-7610F). The surface
morphology of sputtered ITO films was studied using a tapping-mode AFM on a Multimode 8 SPM
system (Bruker, Billerica, USA). Current density-voltage (J-V) curves of the ST-PSCs were measured
using a digital source meter (Keithley (Beaverton, USA) 2400) under AM 1.5G conditions (EnliTech
(Kaohsiung, Taiwan), AAA solar simulator). An NREL-calibrated Si solar cell equipped with an infrared
cutoff filter (KG-5) was used to calibrate the light intensity. A shadow mask with an effective area of
0.12 cm2 was used to reduce the light scattering. The IPCE characterizations were carried out on an EQE
system (EnliTech, QER666) under DC mode without any light bias.

3 Results and Discussion

3.1 The Effect of Sputtering Temperature on the Properties of the Sputtered ITO
The sheet resistance of ITO films deposited at different sputtering temperatures is shown in Fig. 1a. Note

that all the sputtered films have a similar thickness of ∼120 nm. The ITO film sputtered at room temperature
exhibits an average sheet resistance of ∼73 Ω/□. As the sputtering temperature increases, the resistance
decreases. The resistance value is about 67, 43, and 24 Ω/□ when sputtered at 45°C, 70°C, and 95°C,
respectively. This is probably due to the improvement of the film crystallinity as the temperature increases.
The enhanced film crystallinity can suppress the defect states in films, thereby increasing the carrier
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mobility [24–27]. Moreover, the relatively higher sputtering temperature can help the diffusion of Sn4+ ions into
the In2O3 lattice, which is beneficial to generate more carriers and improve the film conductivity [28].

XRD measurements were performed to study the crystallinity of the ITO films sputtered at different
temperatures. The XRD patterns are shown in Fig. 1b. When the film is deposited at room temperature, no
characteristic peaks can be assigned to ITO (black line). As the temperature increases, the peaks
corresponding to the (222) and (400) crystal planes of ITO gradually increase (red, blue, and magenta
lines). This is probably because the higher sputtering temperature can promote the crystallization of the
sputtered ITO particles. The transmittance spectra of the sputtered ITO films are shown in Fig. 1c. It can be
seen that there was almost no significant difference in the transmittance of ITO films sputtered at different
substrate temperatures. Moreover, they all show high transmittance of around 70%∼80% across the visible
region. This means the sputtered ITO is suitable for serving as transparent electrodes in the ST-PSCs.

SEM was used to investigate the morphology and microstructure of the sputtered ITO films. The results
are presented in Figs. 2a–2d. It can be observed that all of the ITO films are composed of uniform grains.
Besides, the grain size of the ITO films strongly depends on the sputtering temperature. As the
temperature increases, the grain size is enlarged. This is consistent with the XRD results.

Figure 1: (a) Sheet resistance, (b) XRD patterns, and (c) transmittance spectra of ITO samples sputtered on
glass substrates under sputtering temperatures of room temperature (RT), 45°C, 70°C, and 95°C

Figure 2: Top-view SEM images of glass/ITO sputtered at room temperature (RT), 45°C, 70°C, and 95°C
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To explore the surface roughness of the prepared ITO films, we performed atomic force microscopy
(AFM) measurements, and the results are shown in Figs. 3a–3d. The roughness (defined by root mean
sheet ) of the films sputtered at room temperature, 45°C, 70°C, and 95°C are 0.549, 1.32, 1.74, and 1.89
nm, respectively. This means the sputtered ITO possesses a very flat surface morphology over these four
sputtering temperatures. This is essential for high fill factor (FF) when these films are applied as
electrodes in the perovskite solar cells.

3.2 Device Performance of the ST-PSCs
We utilized the developed ITO sputtering recipe to fabricate ST-PSCs. As shown in Fig. 4a, the

architecture of the semi-transparent device is glass/commercialized-ITO/SnO2/perovskite/Spiro-OMeTAD/
MoOx/sputtered ITO. Therein, glass/ITO, SnO2, perovskite, Spiro-OMeTAD, and MoOx acts as the
cathode, electron transport material, light absorber, hole transport material, and buffer layer, respectively
[29,30]. Sputtered ITO film was deposited as the transparent electrode. The cross-sectional SEM was
performed to confirm the device structure. The image in Fig. 4b demonstrates a layer-by-layer structure,
which shows that the thickness of the perovskite, Spiro-OMeTAD, MoOx, and sputtered ITO layers is
about 816, 186, 21, and 127 nm, respectively.

Figure 3: AFM surface morphology and RMS of glass/ITO sputtered at room temperature (RT), 45°C, 70°C,
and 95°C
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Fig. 4c shows the typical current density-voltage (J–V) characteristics of ST-PSCs. The photovoltaic
parameters are summarized in Table 1. As the sputtering temperature increases from room temperature to
45°C and 70°C, the corresponding PCE increases from 13.10% to 14.05% and 15.21%. This

Figure 4: (a) Device architecture and (b) cross-sectional SEM image of the ST-PSC. (c) J–V curves of ST-
PSCs with ITO electrodes sputtered at room temperature (RT), 45°C, 70°C, and 95°C. (d) J–V curves of
forward and reverse scan for the champion ST-PSCs with ITO electrode sputtered at 70°C. (e) IPCE
spectra, and (f) steady-state output at maximum power point (0.82, 0.88, and 0.92 V) of ST-PSCs with
ITO electrode sputtered at room temperature (RT), 45°C, and 70°C. (g) Transmittance spectra of ST-PSC
with ITO electrodes sputtered at 70°C
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enhancement is mainly attributed to the improvement of FF from 60.62% to 65.56% and 70.68%. This is
consistent with the decline of sheet resistance when increasing the sputtering temperature of ITO
electrodes. In contrast, the efficiency of the sample prepared at 95°C is only 1.27%, which is ascribed to
the thermal damage of Spiro-OMeTAD.

Hysteresis is a common issue for perovskite solar cells. We studied the hysteresis effect of the ST-PSCs
with ITO sputtered at different temperatures. Fig. 4d shows that the hysteresis of our device is low. The
PCEreverse (scan from the open circuit to the short circuit) is 15.19%, and the PCEforward (scan from the
short circuit to the open-circuit) is 14.15% for the device with the ITO electrode sputtered at 70°C,
corresponding to a hysteresis index, defined by (PCEreverse − PCEforward)/PCEforward, of 7.3%. The
detailed device parameters extracted from reverse and forward scanned J–V curves are summarized in
Table 2.

Incident photon-to-electron conversion efficiency (IPCE) spectra were carried out to study the
photovoltaic response of these devices. The results are shown in Fig. 4e. The absorption threshold is
obtained by extrapolating the linear part of the IPCE spectra at the long-wavelength region. The bandgap
of the perovskite layer of these devices is extracted to be 1.70 eV, which is a typically optimized bandgap
for the top cell of perovskite/silicon tandem solar cells. The integrated JSC from the IPCE spectra for the
devices with ITO prepared at room temperature, 45°C, and 70°C are 19.02, 18.96, and 18.83 mA cm−2,
respectively, consistent with the measured JSC extracted from the J–V curves. The steady-state power
output at the maximum power point in Fig. 4f demonstrates that the device with ITO sputtered at 70°C
exhibits superior light stability under 1 sun illumination than those with ITO sputtered at other
temperatures. The result may be due to the relatively higher sputtering temperature can help the diffusion
of Sn4+ ions into the In2O3 lattice [28], which is beneficial to generate more carriers and improve the
conductivity of the ITO films. This contributes to suppressed charge accumulation and may be
responsible for better device stability. To test the semi-transparent properties of the device in the visible-
near infrared region, we measured the light transmittance of the device. As shown in Fig. 4g, the
transmittance of the device in the near-infrared wavelength range is about 80%. Good light transmittance
meets the requirements for the application in perovskite/silicon tandem solar cells.

To check the device reproducibility, the statistics of device performances based on ITO electrodes
sputtered at different temperatures are collected and shown in Figs. 5a–5d. It can be observed that as the

Table 1: Photovoltaic parameters of ST-PSCs with ITO sputtered at room temperature (RT), 45°C, 70°C, and
95°C

Sample VOC (V) JSC (mA cm−2) FF (%) PCE (%)

RT 1.131 19.10 60.62 13.10

45°C 1.131 18.95 65.56 14.05

70°C 1.132 19.01 70.68 15.21

95°C 1.016 9.621 13.05 1.27

Table 2: J–V parameters of forward and reverse scan for the champion ST-PSC with ITO sputtered at 70°C

Sample VOC (V) JSC (mA cm−2) FF (%) PCE (%)

Forward 1.138 18.92 65.65 14.15

Reverse 1.139 18.98 70.21 15.19
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sputtering temperature increases from room temperature to 45°C and 70°C, the open-circuit voltage (VOC)
and short circuit current density (JSC) do not show distinct variation. However, the FF gradually
increases, leading to a significant enhancement in the PCE. This improvement in FF and PCE can be
attributed to the decrease of the sheet resistance of sputtered ITO, thereby reducing the series resistance
(RS) of the device. However, when the sputtering temperature reaches 95°C, the device performance
dramatically drops. This is probably due to the direct evaporation of tBP from the doped Spiro-OMeTAD
film at 85°C, causing the significant device performance drop [31].

4 Conclusions

In summary, this work reports a new method for preparing transparent electrodes for ST-PSCs. By
adjusting the sputtering temperature, the crystallinity of the sputtered ITO is largely improved, and the
series resistance of ST-PSC is reduced. The device with the transparent electrode sputtered at a mild
heating temperature of 70°C shows a much-improved fill factor. Therefore, we obtain a champion device
with a PCE of 15.21% and good power output stability at the maximum power point under one-sum
illumination.
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Figure 5: Statistics of the photovoltaic parameters for the ST-PSCs with ITO sputtered at room temperature
(RT), 45°C, 70°C, and 95°C. (a) PCE, (b) FF, (c) VOC, and (d) JSC
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