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Owing to its high mobility with a low sintering temperature, ZnO is a promising
electron-transporting material for flexible and tandem applications of perovskite solar cells.
However, ZnO inevitably triggers the degradation of perovskite materials. Such degradation
can be inhibited when ZnO films with good stoichiometry and minimum interstitials are used.
In this work, a record-high efficiency with substantial stability of ZnO-based perovskite solar
cells is obtained using a high-working-pressure-sputtering technique. The high-working-
pressure-sputtering process can produce higher quality ZnO films with fewer surface defects
compared with conventional sputtering and sol-gel ZnO solution process. A power conversion
efficiency of 17.3% was obtained, which is the highest among the values reported for single

compact ZnO layer-based perovskite solar cells. In addition, the stability of these devices was

significantly higher than that of the conventional ZnO-based perovskite solar cells. This
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indicates that ZnO can be a good candidate for the electron-transporting layer in perovskite

solar cells, especially for flexible and tandem applications.

The photovoltaic community has witnessed a rapid development of perovskite solar
cells (PSCs) in recent years, because of their high power conversion efficiency (PCE) while
retaining the advantages of thin-film solar cells. As much as the organometallic halide
perovskite light-absorbers of PSCs are important, the charge-transporting layers play an
equally vital role.! ZnO electron transporting layer (ETL) in PSCs has been investigated by
many researchers as an alternative to the widely used TiO2.>- This is because ZnO requires a
low sintering temperature, which is a prerequisite for printability on flexible substrates.[®]
Moreover, ZnO has electron mobilities between 200 and 300 cm® V s, which are
approximately one order of magnitude higher than those of TiO2.°'') However, ZnO in PSCs

has not been preferred over TiO2 in PSCs because it leads to a faster degradation of the

3,12,13] [14,15]

perovskite layer.! It was observed that residual chemicals, adsorbed water
molecules,!'®!"l ZnO interstitials,!'®!”) and the basicity of ZnO°22! contribute to the
degradation. To avoid this problem, several solutions, such as adding a layer on top of
Zn0,1*23-241 doping with AL*>26] and a two-step deposition method, have been proposed thus
far.[%?71 Nevertheless, these methods require more fabrication steps, which is not ideal for
achieving a facile PSC process.!*®! Amongst the proposed solutions, a sputtering process of
ZnO is deemed the most promising, and has already been demonstrated by number of
researchers.!*”!! Contrary to the general perception, ZnO sputtering does not increase the
fabrication cost, because it is an extention of the indium tin oxide (ITO) deposition, which is
also a sputtering process.l*”) Furthermore, sputtering does not require stabilizing ligands,

r (14,15

which exacerbate the degradation of perovskite laye I However, sputtered ZnO still

contains interstitial defects on its surface, which leads to the formation of hydroxyl groups,

triggering the degradation of the perovskite layer.33-3!

2



Previously, we reported a novel sputtering method for generating ZnO films with high
conductivity and crystallinity by controlling the working pressure inside the sputter
chamber.[*”] High working pressure (HWP) during the sputtering reduced the energy of the
high-energy particles, such as Ar, by controlling the bombardment energy, resulting in
reduced recombination centers. This produced ZnO films with more balanced Zn to O
stoichiometry with fewer defects (Figure S1). Organic solar cells fabricated on this HWP-
sputtered ZnO showed a significant increase in device performance. In this work, we used
HWP-sputtered ZnO films in PSCs and demonstrated that they improved both the efficiency
and stability significantly. This communication reveals that the HWP-sputtering also
improves the surface properties of ZnO which have a direct impact on the stability of the
perovskite material on top. Ultimately, a PCE of 17.3%, which is the highest efficiency
among the reported values for single compact ZnO ETL-based PSCs, was obtained from the

HWP-sputtered ZnO-based PSCs with high stability.

The faster perovskite degradation on ZnO is due to the intrinsic surface properties of
ZnO. There are two ways to be discussed in this regard. The first aspect is the degradation
through moisture, which is accelerated in the presence of ZnO. It is well known that
CH3NH3Pblz (MAPDI3) dissociates into CH3NHsI and Pbl> by water (1).' CH3NH:I can
further decompose into CH3NH2 and HI (2).??! Unlike TiO2, ZnO reacts with HI to produce
Znl> and H20, and consequently, the degradation is accelerated (3).¢! The second aspect is
the defect sites on the surface of ZnO. CH3NHsI terminations on the surface of the perovskite
films interact with ZnO chiefly by forming I-Zn bonds if there are uncoordinated Zn defect
sites. The deprotonation can result in methylammonium (CH3NH3") next to Zn producing
methylamine (CH3NH2) with the released protons being absorbed by vicinal oxygen.!!*! This
is not observed in the case of perovskite on TiO2.°7) These uncoordinated Zn and Zn

interstitials lead to the formation of hydroxyl groups and Zn(OH): species, which can react



with CH3NHsI to etch the ZnO film (4).1°8] Therefore, it is imperative that ZnO be free from

both water and surface defects.

CH;NH,Pbl, = CH,NH,I + Pbl, )
CH;NH,I = CH,NH, + HI (2)
Zn0 + 2HI = Znl, + H,0 (3)
Zn(0OH), + 4CH;NH, - HI - [Zn(CH;NH, - HI),]** + 20H" 4)

As it is important to prevent the initiation of the perovskite degradation in ZnO-based
PSCs, all the processes were performed inside a glove box. Further, all ZnO films were pre-
annealed for 10 min before the perovskite deposition to dry off even trace amounts of water
molecules.['”! Such pre-annealing of ZnO was crucial in obtaining high PCEs (Table S1). The
annealing of the perovskite was limited to 10 min to prevent the triggering of perovskite
degradation by the polar dimethylformamide (DMF) solvent. 10 min was enough to obtain
perovskite grains of sufficient size as ZnO induces a faster growth of perovskite crystals via
the formation of a tetragonal phase.***! We prepared four different types of ZnO ETL films:
two splits of sol-gel ZnO films annealed at 300 °C and 500 °C, sputtered ZnO films, and
HWP-sputtered ZnO films (Figure 1a). The HWP-sputter process is briefly illustrated in
Figure 1b. We assessed the accelerated degradation by depositing CH3NH3Pbls on these
films and annealed them at 105 °C in air (Figure 1c). It was apparent even with the naked eye
that the sol-gel ZnO at 300 °C showed the lowest stability and the HWP-sputtered ZnO
showed the highest stability (Figure 1d). The instability of sol-gel ZnO was due to the high
concentration of hydroxyl and acetate groups produced via the hydrolysis reaction.['>"13] The
sol-gel ZnO annealed at 500 °C was relatively more stable than the sol-gel ZnO annealed at

300 °C owing to evaporation of aminoethan-1-ol ligands as demonstrated using energy-
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dispersive X-ray analysis (EDX) and X-ray photoelectron spectroscopy (XPS) (Figure S2
and S3). ZnO annealed at 500 °C shows reduced carbon and nitrogen amounts according to
EDX, which indicate the reduced amount of aminoethan-1-ol (Figure S2). XPS also shows
that the carbon intensity decreased for the ZnO samples annealed at 500 °C, corroborating our
hypothesis (Figure S3a). The stability difference between sputtered ZnO and HWP-sputtered
ZnO was visibly unclear, hence UV-vis spectroscopy was used to differentiate them (Figure
le and f). It is evident from the data that the absorption of CH3NH3Pbls on sputtered ZnO
was reduced after aging for 1h (Figure 1e), whereas the absorption of CH3NH3Pbl; on HWP-

sputtered ZnO did not change for 1 h (figure 1f).

Understanding the stability difference between the sputtered ZnO and the HWP-
sputtered ZnO is much more challenging. Therefore, detailed investigation of the interface of
ZnO 1is necessary. As mentioned above, more surface interstitials caused by unbalanced
stoichiometry can lead to a faster degradation of perovskite. XPS oxygen peaks (Figure S3b)
and Zn peaks (Figure S3c¢) confirm that HWP-sputtered ZnO possesses fewer Zn defects and
oxygen-deficient species than the sputtered ZnO, which is consistent with our previous
finding.*?! Figure S3b shows that the oxygen-deficient shoulder, which represents interstitial
sites, is much smaller for the HWP-sputtered ZnO. In addition, Zn peaks for the HWP
sputtered ZnO films are shifted to a lower binding energy, which indicates that more Zn is
bonded to oxygen, indicating fewer interstitials at the interface. To support this, we performed
photoelectron yield spectroscopy (PYS) measurement for the HWP-sputtered ZnO and
sputtered ZnO films. The data denotes that the HWP-sputtered ZnO films possess a higher
valence level by approximately 0.3 eV compared with the sputtered ZnO films (Figure S4).
We observe that the two films have different surface properties. This indicates that HWP-
sputtered ZnO possesses fewer interstitials than conventionally sputtered ZnO as the oxygen

non-stoichiometry is reported to downshift the valence edge.[***!



To enhance the observation of the interface properties of ZnO, we analyzed the ZnO
surface before and after the interaction of ZnO with MAPDbI3 (Figure 2a). By depositing and
degrading MAPbI3 on ZnO, and therefter washing it off using DMF, we could induce a
greater difference between HWP-sputtered ZnO and sputtered ZnO (convention) surfaces.
Water contact angle test, Fourier-transform infrared spectroscopy (FTIR), and XPS were used
to observe the difference before and after the interaction. Water contact angle data show that
sputtered ZnO is more hydrophilic than HWP-sputtered ZnO before the deposition of MAPbI3
(Figure 2b). The difference in the water contact angle increases after the interaction, as both
films become more hydrophilic. This can be explained by surface condition of ZnO. As more
charged species on the ZnO surfaces attract polar water molecules via ionic interaction,
sputtered ZnO with more defect sites such as Zn*" and non-stoichiometric OH will be more
hydrophilic than HWP-sputtered ZnO. The increased hydrophilicity of the films become more
hydrophilic after the deposition and degradation of MAPDbIs indicates that there are more
charged species are generated from the interaction between ZnO and MAPDIs. This can be
explained by equations (3) and (4), according to which Znlo, Zn(OH)x, and
[Zn(CH3NH2-HI)4]>" are generated on the ZnO surface when MAPbI3 degrades.['*) The
sputtered ZnO became even more hydrophilic than HWP-sputtered ZnO after washing off
MAPDI3 because more charged species were generated, corroborating our hypothesis that
HWP-sputtered ZnO possesses a better interface, leading to slower degradation. Transmission
FTIR analysis provided chemical evidence of this phenomenon. Both sputtered ZnO and
HWP-sputtered ZnO on Si substrates have Zn-O peaks at 450 cm™!, and Zn(OH)2 peaks at
600 cm™ with similar intensities (Figure 2¢).[***>%] After depositing and washing off
MAPDI3, both Zn—O and Zn(OH)2 peaks of the sputtered ZnO became stronger, indicating
that more Zn interstitials and hydroxyl groups were generated on its surface. Moreover, the
peak corresponding to the Si-O peak from the Si substrates at 1050 cm™ intensified for the

sputtered ZnO. Considering that the peak of the Si substrate should possess the same intensity
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of its peak, we suspected that this peak may indicate the generation of Zn—I. Nonetheless, the
FTIR peak of Zn—I has not been reported yet and cannot be found on the FTIR database to the
best of our knowledge. Therefore, we performed powder FTIR of Znlz(s) to identify the Zn—I
peak. Figure S5 shows that there is a strong peak at 1050 cm™! without Si substrates and small
peaks around 900 cm™ and 1400 cm™'. This indicates that the strong enhancement of the peak
at 1050 cm™! is due to the generation of Zn-I. In addition, a set of weak peaks appeared near
1400 cm™ for both sputtered and HWP-sputtered ZnO. Peaks in this region can be attributed
C-H, N-H, O-H, and even Zn-lI. The peaks may originate from Zn(OH)x and
[Zn(CH3NH2-HI)4]** species. These small peaks for the sputtered ZnO were stronger than

those of HWP-sputtered ZnO.

XPS was used to investigate the ZnO interface further. Figure S6 shows 2P32 peaks of
sputtered ZnO and HWP-sputtered ZnO at a high resolution after calibrating their binding
energies for comparison. We can observe that the sputtered ZnO 2P3» peak was slightly
broader and with a higher binding energy. This indicates the existence of Zn species bonded
to hydroxides./*”! Figure 3a and b show 2P32 Zn peaks before and after the interaction with
MAPDI;. We can observe that, in both sputtered ZnO and HWP-sputtered ZnO, the Zn peaks
decreased significantly. We suspect that the etching of Zn during the interaction with MAPbI3
may have etched off ZnO which is less than 20 nm thick. However, the peak positions were
different. The peak of sputtered ZnO (Figure 3a) was shifted to a slightly lower binding
energy than that of HWP-sputtered ZnO (Figure 3b). This can be attributed to the fact that
more [Zn(CH3NH2-HI)4]** complexes are formed for the sputtered ZnO due to the greater
number of intrinsic defect sites (4). However, for the HWP-sputtered ZnO, there are more Znl
(3), because of fewer defect sites. 1s O XPS peaks also point to the same conclusion (Figure
3c and d). Before the deposition of MAPbIs, sputtered ZnO shows a stronger oxygen-

deficient component of the oxygen peak (Figure 3c¢) than that of HWP-sputtered ZnO (Figure



3d) (Figure S7). After depositing MAPbI3 and washing it off with DMF, the oxygen-deficient
component was enhanced in both the ZnO samples. However, the oxygen-deficient
component was again much stronger for the sputtered ZnO sample (Figure 3c) than that of
the HWP-sputtered ZnO sample (Figure 3d). The interaction between ZnO and MAPDI3 is
summarized and graphically depicted in Figure 3e. The actual effect of the difference
between the two types of sputtered ZnO films can be observed using photoluminescence (PL).
PL data in Figure S8 show that the perovskite on HWP-sputtered ZnO became quenched
more than that on sputtered ZnO. In addition, HWP-sputtered ZnO PL spectrum is slightly
blue shifted (~7 nm) with a narrower full width at half maximum (FWHM). The blue shift
denotes passivation of the trap states on the perovskite surface as they lead to spontaneous

radiative recombination at the surface.[*®!

Moreover, the narrower FWHM indicates a
reduction in shallow trap density at the interface between HWP-sputtered ZnO and the
perovskite, revealing that there are fewer defects at the HWP-sputtered ZnO interface.*”! The
perovskite films on ZnO were studied using scanning electron microscopy (SEM). According
to the SEM images in Figure S9, The films of MAPbI3 on sol-gel ZnO were of poor quality
films with many voids, among which the samples annealed at 500 °C appeared slightly better
(Figure S9a and b). The MAPbI3 films on sputtered ZnO exhibited high film quality and
were free of voids; the grain size of the perovskite on HWP-sputtered ZnO was marginally
larger than the that on sputtered ZnO (Figure S9c¢ and d). This can be ascribed to the
hydrophobicity of HWP-sputtered ZnO (Figure 2b) as a more hydrophobic substrate results

in larger grain size.l>"

After investigating the surface properties of the different ZnO films, we fabricated
PSCs using these ZnO films and measured their photovoltaic performances (Table S2). As
expected, the sol-gel ZnO-based PSCs exhibited much lower PCEs than the sputtered ZnO-

based PSCs, although the sol-gel ZnO annealed at 500 °C exhibited higher PCEs than that



annealed at 300 °C. The HWP-sputtered ZnO ETL-based PSCs exhibited a much higher PCE
of 17.3% than the sputtered ZnO ETL-based PSCs (15.2%) (Figure 4a, b, ¢, d, and e).
Overall, the increases in all of the three photovoltaic parameters enhanced the PCE. The
higher short-circuit current density (Jsc) was due to larger grain size (Figure 4a). The higher
fill factor (FF) was due to the higher conductivity owing to better oxygen stoichiometry

51-531 The slight increase in open-circuit voltage (Voc) was probably due to the

(Figure 4c).[
difference in ZnO interstitials!'® and surface trap sitesl®¥ (Figure 4b). This is also linked to
the lower hysteresis of the HWP-sputtered ZnO ETL-based PSCs (Table S2).°5] Moreover,
the stability of the encapsulated HWP-sputtered ZnO ETL-based PSCs in air was much higher
than that of the sputtered ZnO ETL-based PSCs in the same condition (Figure 4f). The
outcomes are reasonable considering the difference between surface properties of the two
types of sputtered ZnO samples. The HWP-sputtered ZnO does not trigger the perovskite
degradation as fast as the sputtered ZnO. The PCE of 17.3% obtained for the HWP-sputtered

ZnO ETL-based PSC is the highest among the reported PCEs for single compact ZnO ETL-

based PSCs (Figure 4g).[®!

In conclusion, ZnO films produced via a HWP sputtering process had good
stoichiometry and minimum defects. Accordingly, high-performance and stable ZnO-based
PSCs were realized. The surface property of the ZnO films was analyzed from various
perspectives. In addtion, the relationship between the surface property and the device
performance was investigated by examining the interaction between ZnO and MAPbI3 during
the degradation. As the sputtering process is used for the deposition of indium tin oxide
electrode, the sputtering of ZnO is as effective as the solution process in terms of the
fabrication cost and large-size application. In fact, as evidenced by our work, HWP-sputtered
ZnO can be used to produce high-performance and highly stable ZnO ETL-based PSCs. As

ZnO plays a vital role in the tandem application of PSCs, our next step in this research is to



apply HWP sputtering to silicon-perovskite tandem solar cells.

Experimental Section

ZnO preparation: Patterned indium-doped tin oxide substrates of dimensions 15 x 15 mm
(Techno Print Co. Ltd., ~9 Q sq.") were used for the experiments. They were sequentially
cleaned with water, acetone, and 2-isopropanol for 15 min each, and subsequently subjected
to UV/O3 treatment for 15 min. For sol-gel ZnO, a 0.1 M solution of zinc acetate dihydrate
(Zn(CH3COO0)2:2H20) (Wako, 99.0%) in ethanol (Wako, 99.5%) was prepared and
subsequently subjected to rigorous stirring for 2-3 h at 80 °C. Subsequently, an ethanolamine
stabilizer (28% in weight) was added and the solution was stirred for further 12—15 h at 60 °C.
Radio frequency (RF) magnetron sputtering was employed to obtain both conventionally
sputtered ZnO and HWP-sputtered ZnO. ZnOx ceramic target obtained from Kojundo
Chemical Laboratory Co., Ltd was used for sputtering. The RF power used for the deposition
process was 100 W. The sputter deposition time was varied proportionately for the sputtered
and HWP-sputtered films to obtain a similar thickness. The deposition was performed in an
environment of Ar and Oz, where Oz partial pressure was maintained at 1% of the pressure of
the gas mixture. The normal sputter deposition was performed at a pressure of 2.6 x 10°! Pa,
whereas the HWP sputtering was performed at a pressure of 2.6 x 10° Pa.

Device Fabrication: The photoactive layer of MAPbI3 is prepared using a 1:1:1 molar mixture
of MAI (TCI), Pblz (TCI), and dimethyl sulfoxide (DMSO) (Sigma Aldrich) at 50 wt% in a
nitrogen environment. The mixture was stirred without heating and left for complete
dissolution. Subsequently, 50 pL of this solution was spin-coated on pre-annealed ZnO thin
films at 4000 rpm for 30 s. Further, 0.1 mL of diethyl ether was deposited 7.5 s after the spin-
coating process was initiated. The CH3NH31.Pbl>.DMSO adduct film was annealing on a hot

plate at 100 °C for 10 min to obtain a brown-colored perovskite thin film. To prepare the hole
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transport material solution, 80 mg spiro-MeOTAD, 15 pL stock solution of lithium
bis(trifluoromethylsulphonyl)imide in acetonitrile (520 mg mL™"), and 22.5 uL 4-tert-
butylpyridine were dissolved in 1 mL chlorobenzene. Subsequently, 15 pL of this solution
was spin-coated on the perovskite layer to form the hole transport layer. Finally, ~50-nm-

thick gold electrodes were deposited on the substrates via thermal evaporation in vacuum.

Characterizations: The J-V characteristics were measured using a software-controlled source
meter (Keithley 2400 SourceMeter) under dark conditions and the simulated sunlight
irradiation of 1 sun (AM 1.5G; 100 mW cm) using a solar simulator (EMS-35AAA, Ushio
Spax Inc.) with a Ushio Xe short arc lamp 500. The source meter was calibrated using a
silicon diode (BS-520BK, Bunkokeiki). SEM analysis of the perovskite films was performed
using an S-4800 (Hitachi). The SEM and EDX measurements of ZnO films were performed
using JSM-7001F (JEOL) and JED-2300F (JEOL), respectively. Shimazu UV-3150 was used
for the UV—vis—NIR measurement. The PL measurements were performed using JASCO
Spectrofluorometer (FP-8300). The valence band and Fermi levels measurements of ZnO
films were performed using Riken Keiki PYS-A AC-2 and Kelvin probe spectroscopy in air
(ESA), respectively. The photoemission measurements were performed using XPS (PHI5S000,
Versa Probe) with monochromatic Al Ko radiation. The water contact angle measurements
were performed using a contact angle meter (DMo-501, Kyowa Interface Science Co., Ltd.).
The substrates were annealed on a hot plate at 110 °C for 10 min before performing water
contact angle measurements to evaporate the deposited vapors on the films. Transmission

FTIR measurements were performed using Shimazu IRAffinity-1S.
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Figure 1. a) Structural schematics of a PSC using ZnO as ETL and four types of ZnO films
with different surface properties. b) Graphical depiction of the inside of the sputtering
chamber. c) Illustration of the aging process. d) Degradation images of perovskite films on
different ZnO films during the aging process. UV—vis absorption spectra of the perovskite
films on e) sputtered ZnO and f) HWP-sputtered ZnO during the aging process.
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from ZnO. b) Water contact angles of sputtered ZnO (red) and HWP-sputtered ZnO (blue)
before (left) and after (right) the interaction of ZnO with MAPbIs. ¢) FTIR data of sputtered
Zn0O (red) and HWP-sputtered ZnO (blue) before (left) and after (right) the interaction of ZnO
with MAPbI.
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Figure 4. Statistical analysis of the sputtered ZnO ETL-based PSCs (red diamonds) and the
HWP-sputtered ZnO ETL-based PSCs (blue squares) illustrating a) Jsc, b) Voc, ¢) FF, and d)
PCE distribution. e¢) J-V curves under forward bias of PSCs using a sputtered ZnO (red
circles) and HWP-sputtered ZnO (blue circles). f) Stability test result of unencapsulated PSCs
using a sputtered ZnO (red diamonds) and HWP-sputtered ZnO (blue squares) under constant
illumination in air (20 °C, 30%). g) PCE record chart listing single compact ZnO layer-based
PSCs reported thus far, including this work.
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High-performance and stable ZnO-based perovskite solar cells are fabricated using
sputtering process under high working pressure. Although ZnO is a good electron-
transporting layer, its interaction with perovskite limits its application in perovskite solar cells.
However, in this work, ZnO films with a good stoichiometry and minimum defects were
produced using high-working-pressure sputtering, which results in a record-high performance
of perovskite solar cells with high stability among the reported ZnO-based perovskite solar
cells.
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1. HWP Sputtering Illustration
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Figure S1 Illustration of the sputter chamber and locations of bombardment during the sputtering process

2. Pre-Annealing of ZnO

Table S1 PCE of PSCs using ZnO as the ETL before and after the pre-annealing treatment under 1 sun
(AM 1.5 G, 100 mW cm™).

PCEforward (%)
ETL
Before 10 min pre-annealing After 10 min pre-annealing
Sol-gel ZnO annealed at 300 °C 3.9 7.65
Sol-gel ZnO annealed at 500 °C 6.6 12.3
Sputtered ZnO 111 15.7
HWP-sputtered ZnO 12.3 17.4
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3. EDX Analysis
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Figure S2 EDX analyses of ZnO films annealed at 300 °C: a) the spectra scan, b) carbon content mapping,
and c) nitrogen content mapping; ZnO films annealed at 500 °C: d) the atomic weight scan, e) carbon

content mapping, and f) nitrogen content mapping.
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4. XPS Analysis 1
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Figure S3 a) XPS carbon peaks of ZnO films annealed at 300 °C (red line) and 500 °C (blue line). XPS
data comparison between HWP-sputtered ZnO (blue) and sputtered ZnO (red) for b) the O 1s peaks and
c) the Zn 2p3.2 peaks.
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5. PYS Analysis
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Figure S4 PYS data of HWP-sputtered ZnO (blue dots) and sputtered ZnO (red dots) (above), and energy
level diagram with two different types of sputtered ZnO: conventionally sputtered and HWP-sputtered in

PSCs (below).



6. XPS Analysis 2
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Figure S5 Zn 2p32 XPS peaks of sputtered ZnO (red) and HWP-sputtered ZnO (blue) overlapped at high
resolution for better comparison
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Figure S6 O 1s XPS peaks of sputtered ZnO (red) and HWP-sputtered ZnO (blue) overlapped at high
resolution for better comparison
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Figure S7 XPS data comparison between HWP-sputtered ZnO (blue) and sputtered ZnO (red) for I 3ds»2
peaks after the interaction of ZnO and MAPbI3

7. Photoluminescence
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Figure S8 PL spectra of CH3NH3PbIs on glass (black line), on HWP-sputtered ZnO (blue line), and on
sputtered ZnO (red line)
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8. SEM analysis

Figure S9 SEM images of sol-gel ZnO a) annealed at 300 °C, b) annealed at 500 °C, and CH3NH3Pbl3
on sol-gel ZnO c) annealed at 300 °C, d) annealed at 500 °C.

Figure S10 SEM images of a) sputtered ZnO, b) HWP-sputtered ZnO, and CH3NH3PbIs on c) sputtered
Zn0, d) HWP-sputtered ZnO.
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9. Photovoltaic Table

Table S2 Photovoltaic performance of PSCs using four different types of ZnO as the ETL under 1 sun
(AM 1.5 G, 100 mW cm™). The PCE values are the best values with averages and error ranges in
parentheses.

ETL Jsc (MAcm?)  Voc (V) FF  PCEpest (%) [average] Hysteresis Index
Sol-gel ZnO annealed at 300 °C 17.0 0.81 0.53 7.65 [5.47 £0.89] 0.718
Sol-gel ZnO annealed at 500 °C 19.9 0.93 0.60 12.310.1 £0.9] 0.620
Sputtered ZnO 221 1.0 0.68 15.7 [14.0 £0.8] 0.238
HWP-sputtered ZnO 22.2 11 0.71 17.4[16.4 £1.1] 0.181
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