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Abstract
The nanostructured ZnO thin films have been fabricated on seedless  SnO2: In (ITO) substrate by using an inexpensive and 
uncovered hydrothermal method. These prepared ZnO films are used as electron transporting materials to fabricate the per-
ovskite solar cells (PeSCs). The performance of PeSC has been varied with ZnO-deposition temperatures ranges from 55 to 
105 °C. The ZnO films show the high crystalline wurtzite structure. The whole surface of ZnO films fabricated at the higher 
deposition temperatures has covered with the hexagonal nanorods/nanotubes-like structures. The maximum efficiency of 
4.55% is obtained for PeSC with ZnO films prepared at 85 °C. The photocurrent increases from 8.5 to 13.9 mA/cm2 with the 
ZnO-deposition temperature increases from 55 to 105 °C. The PeSC with ZnO films prepared at 95 and 105 °C shows the 
lower efficiency than the PeSC with ZnO-85 °C, which may be caused due to the large series and shunt resistance as well as 
the carrier leakage in PeSCs. The surface morphological, structural, and optical properties of ZnO electrodes fabricated at 
various deposition temperatures have been correlated with the photovoltaic performances of PeSC prepared by these ZnO 
electrodes.

1 Introduction

Recently, the perovskite solar cells (PeSCs) have appealed 
remarkable attention in solar cells research due to its high 
efficiency, easier fabrication process, and low material cost 
[1–3]. Organic–inorganic lead-halide perovskites (PRV) 
have developed as the most promising materials due to their 
potential properties such as long carrier diffusion length, 
high crystallinity, tunable band gap, excellent carrier trans-
port, easier fabrication process, and facial solution process-
ing properties bring great potential for commercialization 
[4]. Miyasaka and coworkers have firstly introduced per-
ovskite sensitizer on  TiO2 in dye-sensitized solar cells with 
3.8% efficiency in 2009 [5], and the photoelectric conversion 

efficiency (PCE) has broken by 20% [6]. Seok’s team have 
been obtained the highest PCE of 20.1% [7]. This certi-
fied PCE has achieved up to 22.1% until today [8]. The 
mesoporous  TiO2 films is the most promising metal oxide 
used as electron transport layer in PeSCs [9] However, recent 
investigation has been showed that the lower electron mobil-
ity (0.1 × 104 cm2/Vs) of the  TiO2 films could create unbal-
anced charge transport in the PeSCs [10]. The ZnO film 
is an ideal alternative electron transport layer to replace 
 TiO2 because of its high electron mobility (115–155 cm2/
Vs) [11, 12] with low recombination loss (< 10−5 cm2/Vs) 
than the  TiO2 film [13]. Moreover, ZnO is also an n-type 
semiconductor with wide bandgap (Eg = 3.37 eV), moderate 
dielectric constant (3.75), very high exciton binding energy 
(60 meV) at room temperature (RT), high cohesion and 
breakdown strength [14]. Compared to  TiO2, the wurtzite 
structure of ZnO favors the formation of anisotropic proper-
ties which could tune the morphologies [13] of ZnO films. 
ZnO nanoparticles or nanorods (NRs) have been mostly used 
as an electron transporting layer in PeSCs [15, 16]. Nanopar-
ticles-like ZnO films have relatively slow electron transport 
and high charge recombination which may be due to the 
existence of many grain boundaries and surface defects [17]. 
Whereas, the ZnO NR is providing an easy path for charge 
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transfer because of the presence of an internal electric field 
along the c-axis, and the absence of grain boundaries [18].

Recently, several works have been done on the deposi-
tion of ZnO NRs by gas-phase synthesis techniques such as 
chemical vapor deposition [19, 20], vapor liquid solid [21], 
and pulsed laser deposition [22]. However, these methods 
require the high temperature and have the high development 
cost [23]. On the other hand, ZnO NRs are also prepared by 
liquid phase synthesis like hydrothermal method [14, 24, 25] 
and electrochemical method [26]. Among these methods, 
the hydrothermal method is favorable one because it needs 
relatively low processing temperature with allowing low-
cost materials and large-scale fabrication [25].

Normally, ZnO NRs are prepared by the two-steps 
method containing the deposition of seed ZnO layer on the 
substrates and hydrothermal growth. The high-crystalline 
seeded ZnO films would have great effects on the morphol-
ogy and the size of the ZnO nanostructures [27]. Most of the 
researchers have been used an expensive autoclaves system 
for preparing nanostructured ZnO films by hydrothermal 
[24, 25, 27] which has been avoided in this work [14]. How-
ever, the preparation of ZnO seed layer is again required 
an extra methodology [28], which causes time-consuming 
and additional cost. So in this work, ZnO nanostructures 
have been fabricated on seedless ITO substrate by a simple, 
inexpensive and uncovered hydrothermal method with vari-
ous deposition temperatures ranges from 55 to 105 °C under 
ambient pressure. The influence of deposition temperature 
on the surface morphological, structural, and optical proper-
ties of ZnO films deposited at different temperatures have 
been correlated and discussed with the photovoltaic perfor-
mances of PeSCs assembled with these ZnO nanostructures.

2  Experimental section

The nanostructured ZnO films have been grown on seed-
less ITO substrate (2.5 × 2.5 cm2, 10 Ω/ð). At first, the ITO 
glass substrates were etched by photolithography and were 
thoroughly cleaned with acetone-water-acetone using ultra-
sonication, and UV-ozone cleaning. After cleaning the ITO 
substrates, hydrothermal growth [24, 25] of nanostructured 
ZnO photoelectrodes were achieved by hanging these ITO 
substrates in a glass beaker which was filled with aqueous 
solution of 50 mM of zinc nitrate [Zn(NO3)2·6H2O] and 
50 mM of hexamethylenetetramine (HMTA,  C6H12N4). For 
growing ZnO nanostructures, a programmable temperature 
controller is used to maintain the constant deposition tem-
perature for heating the glass beaker. The ZnO nanostruc-
tures samples were prepared with various deposition tem-
peratures ranges from 55, 65, 75, 85, 95 and 105 °C. The 
deposition rate of ZnO nanostructures prepared at deposition 
temperature 55, 65, 75, 85, 95, and 105 °C were 3.35, 4.17, 

6.67, 11.1, 13.35, 19.7 nm/min, respectively. For comparing 
the performance, all the ZnO films have almost same thick-
ness (1.6–2.0 µm) which was measured by the aforemen-
tioned surface profiler. After finishing the growth period, 
the substrates were removed and then immediately rinsed 
with distilled water. Finally, the ZnO coated ITO substrate 
was dried in air at 150 °C for 30 min to remove the unwanted 
particles.

Perovskite (PRV) layer was deposited on the nanostruc-
tured ZnO thin films by the two-steps method in the glove-
box with an  N2 environment (Approx. − 43.2 to − 27.8 °C). 
The PRV precursor solutions were prepared by dissolving 
800 mg of  PbI2 (Sigma-Aldrich Co., 99% purity) in 2 mL 
of anhydrous N,N-dimethylformamide (DMF,) and 100 mg 
of methyl-ammonium iodide (MAI, Sigma-Aldrich Co.) in 
2 mL of ethanol (19:1 ratio). At first,  PbI2 was depositing 
on prepared ZnO/ITO films by the spin-coating method 
at 3000 revolutions per minute (rpm) for 30 s. After that, 
a single-drop (100 µL) of MAI solution was added and 
again spin-coating at 3000  rpm for 30  s. Finally, PRV 
coated ZnO electrode was heated at 110 °C for 30 min. 
The 2,2′,7,7′-Tetrakis(N,N-di-p-methoxyphenylamino)-
9,9′-spirobifluorene (Spiro-MeOTAD, SPR) solution 
was prepared by dissolving 72.3 mg of Spiro-MeOTAD 
(Sigma-Aldrich Co., 99% purity) in 1 mL of chlorobenzene 
(Sigma-Aldrich Co. 99.8%) with 17.5 µL of lithium bis (trif-
luoromethanesulfonyl) imide (LITFSI, Wako, 99.95%) solu-
tion (520 mg of LITSFI in 1 mL acetonitrile (Sigma-Aldrich, 
99.8%)) and 28.8 µL of 4-tert-butylpyridine (Sigma-Aldrich 
Co., 96%). The Spiro-MeOTAD was deposited on the PRV-
coated ZnO films by spin coating at 3000 rpm for 30 s inside 
the glovebox. Finally, The 70 nm thickness of gold metal-
electrode was deposited on Spiro-MeOTAD/PRV/ZnO by 
thermal evaporation at constant deposition rate of 1.0 Å/s.

The structural property of the ZnO and PRV/ZnO were 
investigated by X-ray diffractometer (XRD, Bruker Discover 
8) analysis with Cu-Kα line. The data were recorded from 
2θ values 10° to 90° with a step of 0.04°. The optical prop-
erty of the ZnO films were examined by UV/VIS spectro-
photometer (Hitachi U-1900) within the wavelength ranges 
300–900 nm. The morphology of ZnO films were observed 
by field emission scanning electron microscope (FE-SEM, 
JEOL 6700F) and transmission electron microscope (TEM, 
EM-002B, TOPCON Co. Ltd.). The X-ray photoelectron 
spectroscopy (XPS) measurement of ZnO photoelectrode 
prepared at 85 °C, was carried out by Thermo Fisher Sci-
entific XPS (EXCALAB 250Xi) spectroscopy using MgKα 
radiation. The chemical composition in weight-percentage 
(wt%) and compositional morphology was also estimated by 
wavelength dispersive spectroscopy (WDS) using Electron 
probe microanalyzer (EPMA, JXA-8230, JEOL). The photo-
voltaic performances of PeSCs were investigated by the sem-
iconductor parameter analyzer (KEYSIGHT Technology, 
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B1500A) with solar simulator AM 1.5 (Yamashita Denso, 
YSS E40). The incident photon to current conversion effi-
ciency (IPCE) spectra was calculated by a monochromator 
(Shimadzu, SPG-100ST, AT-100PCC, and AT- 100PL), a 
digital electrometer (Advantest, TR8652), and a halogen 
lamp (Scott, MegaLight 100). Before measuring the IPCE, 
a Si photodiode (Hamamatsu Photonics, S1223) has been 
used to calibrate as the reference.

3  Results and discussion

Figure 1a shows the XRD pattern of nanostructured ZnO 
films with various deposition temperatures of 55–105 °C. 
Some sharp peaks are found, which have agreement with 
the typical wurtzite structure of ZnO films. The sharp peaks 
of (100) and (101) indicate high crystallinity with wurtzite 
structure [22, 23]. Both of these peaks increase with the 
increase of ZnO-deposition temperature, which enhances the 

crystallinity. The crystallite size of the particles has been 
estimated from the Debye–Scherer’s equation as follows 
[29]:

where d is the crystallite size, λ is the wavelength of the 
X-ray radiation (Cu-Kα = 0.15406 nm), θ is the diffraction 
angle and β is the full width half maximum (FWHM). Using 
the wurtzite peak (101), the crystallite sizes of the ZnO 
nanostructures prepared at 55, 65, 75, 85, 95 and 105 °C, 
are 14.2, 15.5, 16.9, 17.2, 17.7and 18.0 nm, respectively. 
The FWHM steadily decreases with the increase of deposi-
tion temperature. From Fig. 1a, the PRV layer on ZnO thin 
films prepared at 55 °C (PRV/ZnO-55 °C) and 105 °C (PRV/
ZnO-105 °C) has very good crystallinity with thirteen num-
bers of strong-peaks. The PRV on ZnO prepared at various 
deposition temperatures shows almost the same crystallinity 
as compared to the crystallinity of PRV/ZnO-55 °C.

The incorporated amount of PRV in nanostructured ZnO 
electrode is estimated using the absorbance of UV–Vis 
spectrum. The absorption spectra corresponding to the bare 
ZnO films and PRV/ZnO films are shown in Fig. 1b. It has 
been clearly depicted that the absorbance of PRV/ZnO films 
for all deposition temperatures shows the large value in the 
whole wavelength range (410–750 nm) than the absorbance 
of all bared-ZnO films. The amount of PRV adsorption 
enhances with the increase of ZnO-deposition temperature. 
The ZnO-105 °C sample shows more photoactive than the 
ZnO-55 °C sample.

The absorption edge and optical bandgap ( Eg ) of nano-
structured ZnO films depends on the phase structure and 
crystallite size of the particle, which has affected by deposi-
tion temperature. The optical bandgap between the valence 
band and conduction band is calculated using the method of 
Tauc and Menth [30]:

where, A is the edge width parameter, α is the absorption 
coefficient, and hν is the photon energy h is the Plank’s con-
stant (4.136 × 10−15 eV s) and ν is the frequency of light 
 (s−1). Inset of Fig. 1b shows the direct (n = 1/2) and indirect 
transition (n = 2) bandgap of ZnO films has grown with dif-
ferent deposition temperatures. In both cases, the ZnO film 
prepared at 105 °C shows the lowest band gap. The bandgap 
of the ZnO films decreases from 3.47 to 3.00 eV and 3.90 
to 3.65 eV for indirect and direct transitions, respectively. 
Decreasing of band gap indicates the more photoactivity of 
ZnO films [31].

The core level XPS spectra of nanostructured ZnO films 
prepared at 85 °C, is shown in Fig. 2a. From Fig. 2b, the 
binding energy peaks Zn  2p1/2 and  2p3/2 are observed at 
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Fig. 1  a XRD analysis of ZnO electrode prepared at 55–105  °C, 
PRV/ZnO-55 °C, and PRV/ZnO-105 °C, where P indicates the PRV 
peaks; b absorbance spectra of ZnO films (solid line) and PRV/ZnO 
films (dotted line), (Inset) Photon energy versus deposition tempera-
ture curves of ZnO/ITO films for direct and indirect transition condi-
tions
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1045 and 1020 eV, respectively, which matches with the 
chemically pure ZnO films [32]. This further supports that 
the Zn occurs in the  Zn2+ state in the ZnO films, without 
any further formation. In Fig. 2c, The O 1s spectrum also 
indicates that the binding energy of O 1s is resolved into 
three peaks i.e., 529.6, 530 and 531.2 eV. The peak exhib-
ited at 530 eV represents the exact O 1s level in the pure 
ZnO, which is bounded by Zn atoms. On the other hand, 
the peak given at 531.2 eV is ascribed to the formation of 
Zn (OH)2 with the chemisorbed  O2 species  (O2

2−,  O2−, 
 O−,  Ob) [33]. Figure 2d exhibits a couple of well-defined 
peaks at 497.3, 493.3 and 484.7 eV originating due to the 
spin-orbit coupling of 3d electrons corresponding to the 
binding energies of two Sn  3d3/2 and an Sn  5d5/2 peaks, 
respectively.

The activation energy to start the nucleation of ZnO can 
be achieved at deposition temperatures above 50 °C [24]. 
With the increase of deposition temperature, the Zn(NO3)2 
is hydrolyzed to provide  Zn2+ ions whereas HMTA can 
slowly hydrolyze in the water solution to produce gradually 
 OH− ions [34, 35]. When substrate has floated on the nutri-
tion solution then the surface of ITO can be functioned as 
nucleation places. The amount of nuclei is equivalent to the 
concentration of nutrition solution [34]. After the nuclea-
tion, the newly produced ions can only be used to form the 
ZnO nanorods/nanotubes because the critical size of nucleus 
is required to grow into crystal. They have a more chance 

to grow on the existing nanostructures than the new nuclei 
form on substrate [36].

The surface of ZnO films with different deposition 
temperatures: 55, 65, 75, 85, 95 and 105 °C are given in 
Fig. 3a–f, respectively. In Fig. 3a, it has been observed that 
the surface of ZnO-55 °C sample is very compact with the 
less open surface. Some ZnO nanoclusters with the aver-
age diameter of 300 nm are uniformly grown on the whole 
surface. From Fig. 3b, the surface of ZnO-65 °C is clearly 
exhibited that the amount, size and shape of ZnO nanoclus-
ters are more than the ZnO-55 °C. The average diameter 
and length from the bottom surface of ZnO nanoclusters 
are 350 and 200 nm respectively. The ZnO nanorods (NRs) 
are found on the surface of ZnO prepare at 75 °C deposition 
temperature, as shown in Fig. 3c. The whole surface of ZnO-
85 °C films (Fig. 3d) is fully covered by ZnO NRs which are 
not aligned. These ZnO NRs show hexagonal shape with 
the approximate diameter of 500 nm. Interestingly, hexago-
nal ZnO nanotubes (NTs) with the inner and outer diam-
eter of 540 and 700 nm are displayed in the surface of ZnO 
films prepared at 95 °C. The ZnO-105 °C film shows the 
mixed structures of NRs and NTs with increased diameter 
(800 nm). The amount of ZnO nanostructures are increased 
with the increase of deposition temperature. Figure 3g dis-
plays the surface of PRV layer on the ZnO films prepared at 
105 °C. The surface is fully covered with PRV layer and is 
very compact with less pinhole. The yellow marked exhibits 

Fig. 2  a Full profile XPS spec-
tra of ZnO electrode prepared 
at 85 °C; b Zn 2p; c O 1s; d Sn 
3d spectra
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the PRV layer on hexagonal ZnO nanostructures (NRs or 
NTs). Figure 3h1 and h2 show the top surface of Spiro-
MeOTAD layer and Au-contact. Both of these layers are 
very compact which are required for good hole-transporting 
layer and the back-contact electrode.

To further confirm the microstructures and crystal quality 
of the 2D ZnO film, TEM, high-resolution TEM (HRTEM) 
and selective area electron diffraction (SAED) patterns are 

used to examine the ZnO nanostructures prepared at depo-
sition temperature of 85 °C. The TEM image of a NR is 
shown in Fig. 4a. It’s lateral dimension is ~ 500 nm and 
length, ~ 1 µm. In Fig. 4b, the SAED pattern shows six dif-
fraction rings corresponding to (100), (002), (101), (102), 
(110), and (103) planes of hexagonal wurtzite ZnO structure. 
These results also prove the polycrystalline wurtzite ZnO 
structure. From Fig. 4c, it is cleared that the ZnO film has 

Fig. 3  FE-SEM images of ZnO 
substrate at deposition tempera-
tures of a 55, b 65, c 75, d 85, 
e 95, f 105 °C, g PRV/ZnO-
105 °C, h1 Spiro-MeOTAD, 
and h2 Gold (Au)
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hexagonal crystal structure. Figure 4d exhibits the HRTEM 
image of the ZnO nanostructures. The inter-planar distances 
of 0.262 nm is ascribed to the (002) planes of wurtzite ZnO 
films.

The chemical (wt%) compositional analysis for lead (Pb), 
iodine (I), carbon (C), nitrogen (N) has measured from WDS 
spectra. Figure 5a shows the WDS spectrum of PRV on 
ZnO films prepared at 105 °C. From the WDS spectrum, 
the peaks of Pb, I, C, N, Zn, O, Sn, and In, have observed. 
The Pb, I, C, and N peak exhibits due to the PRV layer. It is 
cleared that the Zn and O peaks are found which means these 
products are chemically pure. Sn and In peaks are obtained 
due to ITO substrate. Table 1 (Inset of Fig. 5a) shows the 
composition in wt% of Pb, I, C, N, Zn, and O. These data 
have good agreement with XPS results (as shown in Fig. 2). 
Figure 5b shows the elemental composition with color map-
ping of Zn, O, C, N, Pb, and I. In this figure, it is clearly 
observed that the PRV layer has large amount of Pb, and 
I with C and N materials and which are fully covered the 
surface of ZnO films.

The important parameter for a solar cell is its PCE. The 
PCE of the PeSC can be determined from the expression 
[37]:

where VOC is the open-circuit voltage, JSC is the photocurrent 
density in mA/cm2, and FF is the fill factor measured by 
FF = (I × V)max∕ISCVOC . Figure 6a shows the I–V charac-
teristics of PeSC in the AM 1.5 with the light intensity of 
100 mW/cm2. The photovoltaic performance of these PeSC 
is summarized in Table 1. It is important that the PeSC with 
ZnO prepared at 85 °C shows the maximum � of 4.55% with 
VOC of 806 mV and JSC of 11.5 mA/cm2. The photocurrent 
increases from 8.5 to 13.9 mA/cm2 with the increase of dep-
osition temperatures from 55 to 105 °C, respectively which 
may be due to increasing the surface area. The efficiency 
of PeSc increases from 2.97 to 4.55% with the increase of 
deposition temperatures from 55 to 85 °C, respectively. Then 
efficiency decreases from 4.55 to 3.88% with the increase 
of deposition temperatures from 85 to 105 °C, respectively 
which may be caused due to large series and low shunt 
resistance as well as low fill factor [14]. The PeSc with 
ZnO-55 °C sample shows the lowest efficiency, � of 2.97% 

(3)� =
JSCVOCFF
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Fig. 4  a TEM image, b SAED pattern, c HRTEM images and d high 
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with current, JSC of 8.55 mA/cm2 and but the highest VOC of 
839 mV. The maximum FF of 75.6% is obtained with ZnO 
films prepared at 65 °C. The FF decreases with the increase 
of ZnO-deposition temperature which may be caused due to 
the large series and low shunt resistance of PeSC, as shown 
in Table 2.

The whole PeSC cell assembling procedure was carried 
out at low temperature (≤ 150 °C). A cross-sectional view of 
PeSC cell is shown in the inset of Fig. 6a. In this figure, ITO, 

ZnO, perovskite (PRV), Spiro-MeOTAD (SPR) and Au layer 
are clearly observed. The average thickness of PRV and SPR 
are approximately 400 and 350 nm, respectively.

Performance of the PeSCs can be calculated on a mac-
roscopic level in terms of IPCE, which provides the ratio 
between the number of generated charge carriers to pro-
vide the photocurrent and the amount of incident photons 
absorbed by the materials, as given by [38]:

where λ is the incident light wavelength. Figure 5b exhibits 
the IPCE spectra as the function of the wavelength of mono-
chromatic irradiation for a PeSC containing ZnO prepared at 
different deposition temperatures. The highest IPCE value 
of averagely 65% is obtained for PeSC with ZnO at 65 °C. 
The lowest value of 47.1% is found with PeSC for 105 °C 
of deposition temperature. These results have good agree-
ment with FF data of Table 2. The IPCE values decrease 
with the increase of ZnO-deposition temperature. The IPCE 
responses from ∼ 380 to ∼ 750 nm suggest that the PRV layer 
plays the important role in both solar-light absorption and 
photo-carrier generation in the PeSC cell.

The performance of PeSC prepared in this work is still 
low, which may be due to and may be due to absence of 
seed/blocking layer between ITO and ZnO nanostructures. 
It may be created the short-circuiting between PRV layers to 
ITO substrate [39]. Moreover, ZnO nanostructures are not 
highly aligned because ZnO has not found properly nuclea-
tion process due to absence of seed layer. For improving the 
PeSCs efficiency and reducing the carrier leakage in PeSCs, 
a seed/blocking layer should be introduced between the ITO 
and ZnO nanostructured layer.

4  Conclusion

The NRs/NTs-like ZnO photoelectrodes were successfully 
prepared on seedless ITO substrate by hydrothermal method. 
The PeSCs had also been fabricated with these nanostruc-
tured ZnO films. It was cleared from the structural and 
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Fig. 6  a Photocurrent versus photovoltage curves, Inset of Fig.  5a: 
Cross-sectional view of PeSC cell; and b IPCE spectra of PeSCs 
with ZnO electrode prepared at different deposition temperatures 
55–105 °C

Table 2  Photovoltaic data of 
PeSCs with nanostructured 
ZnO films prepared at different 
deposition temperatures

ZnO-deposition 
temperatures (°C)

VOC (V) JSC (mA/cm2) FF η (%) RS (Ω cm2) RSh (Ω cm2)

55 0.839 8.50 0.645 2.97 24.70 387.80
65 0.802 9.25 0.76 4.23 7.09 724.57
75 0.810 10.60 0.703 4.24 7.44 2352.89
85 0.806 11.50 0.700 4.55 6.83 1427.45
95 0.790 12.75 0.602 3.64 17.07 1073.48
105 0.772 13.90 0.601 3.88 15.30 962.23
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compositional analysis the ZnO is chemically pure and high 
crystalline wurtzite structure. The NRs and NTs were found 
on the surface of ZnO with higher deposition temperature 
(75–105 °C). The photovoltaic performance of PeSC was 
varied by deposition temperatures. The maximum PCE of 
4.55% was obtained for PeSC with ZnO prepared at 85 °C. 
The PCE decreases with higher ZnO-deposition temperature 
(95 and 105 °C) which may be due to the large series and 
shunt resistance as well as carrier leakage in PeSCs. The 
photocurrent was increased with the increase of ZnO-depo-
sition temperature. The photovoltaic performance of PeSC 
prepared with ZnO electrodes had correlated with the sur-
face morphological, structural, and optical properties of ZnO 
films at different deposition temperatures. The efficiency of 
these PeSC cells is still low because of an absence of ZnO 
seed layer/blocking layer.
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