ROYAL SOCIETY

OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Enhanced device performance and stability of
perovskite solar cells with low-temperature ZnO/
TiO, bilayered electron transport layerst

i ") Check for updates ‘

Cite this: RSC Adv., 2018, 8, 23019

Caifeng Zhang,?> Guangmei Zhai, (2 *2°¢ Yong Zhang,®“® Wenhui Gao,*
Zhimeng Shao ¢ Lulu Zheng 2 Fuhong Mei,? Hua Zhang,*®® Yongzhen Yang,
Xuemin Li,>® Xuguang Liu @2 and Bingshe Xu®

The instability of perovskite films is a major issue for perovskite solar cells based on ZnO electron transport
layers (ETLs). Here, ZnO nanoparticle (NP)- and ZnO sol-gel layers capped with low-temperature
processed TiO,, namely ZnO/TiO, bilayered films, have been successfully employed as ETLs in highly
efficient MAPbIs-based perovskite solar cells. It is demonstrated that these ZnO/TiO, bilayered ETLs are
not only capable of enhancing photovoltaic performance, but also capable of improving device stability.
The best device based on the ZnO/TiO; bilayered ETL exhibits an efficiency of ~15% under standard test
conditions and can retain nearly 100% of its initial efficiency after 30 days of atmosphere storage,
showing much higher device performance and stability compared to those devices based on ZnO

single-layer ETLs. Moreover, it is found that perovskite films and devices prepared on the single ZnO
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Accepted 19th June 2018 sol—gel ETLs are much superior to those deposited on the single ZnO NP-ETLs in both stability and

performance, which can be ascribed to fewer surface hydroxyl groups and much smoother surface

DOI: 10.1039/c8ra03162b morphology of the ZnO sol-gel films. The results pave the way for ZnO to be used as an effective ETL of
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Introduction

Organic-inorganic hybrid perovskite solar cells (PSCs) have
drawn much attention in the past several years as the power
conversion efficiency (PCE) increases quickly from preliminary
3.8% to 22.7% in the present day.“> Although the excellent
performance of PSCs is fundamentally due to perovskite mate-
rials’ excellent electronic and optical properties, such as direct
bandgap structures, high light absorption coefficients, high
carrier mobilities, low exciton binding energies and long carrier
diffusion lengths,*® technically it is also related to their device
structure. PSCs either in a normal (n-i-p) structure or an
inverted (p-i-n) structure are generally composed of a trans-
parent conductive layer, an electron transport layer (ETL),
a light absorption perovskite layer, a hole transport layer and
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low-temperature processed, efficient and stable PSCs compatible with flexible substrates.

a metal electrode layer. Among these layers, ETL works as an
electron selective contact, playing an important role in extract-
ing electrons from the light absorbing layer and suppressing
charge recombination,®® and thus significantly affects the final
performance of PSCs. To date, the most widely used ETL
material in perovskite photovoltaic devices is TiO,, based on
which highly efficient PSCs with power conversion efficiencies
exceeding 20% have been produced. However, TiO, usually
requires a high sintering temperature (~500 °C) to obtain its
anatase phase for most of the highly efficient perovskite devices
in the normal device structure, which not only increases their
producing cost but also hinders the development of flexible
devices on plastic substrates.” Therefore, the exploration of low-
temperature processed ETLs for PSCs is highly desirable. So far,
several low-temperature processable ETL materials including
ZnO® and SnO,'>"* have been developed. Specifically, as a wide
band gap semiconductor, ZnO can achieve high crystalline
quality even at low temperature.'> Moreover, ZnO has a suitable
work function, outstanding light transmittance and a high
electron mobility."* All of these remarkable optoelectronic
properties of ZnO make it an attractive ETL candidate in PSCs.
Some efforts have been made in low-temperature ZnO-based
PSCs. Kelly et al.® successfully employed ZnO nanoparticle
(NP)-ETLs to fabricate CH;NHzPbl;-based planar hetero-
junction PSCs with high efficiency at room temperature. Elu-
malai and Uddin et al.** used a simple, low-temperature (<150
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°C) processed sol-gel ZnO thin film as ETL for CH;NH;PbI;-
based perovskite solar cells and achieved a PCE of 8.77%.
However, perovskite films deposited atop ZnO layers encounter
a severe instability issue, which would adversely affect the
application of these devices.”'® To alleviate the instability
problem, several strategies have been reported, such as
doping'”*® and surface modification/passivation.*>* Although
the stability of ZnO based devices has been indeed improved by
means of these strategies, either their performance is still poor
or high-temperature processes are involved in some strategies.

In this work, we develop a facile and effective method of
improving the stability of ZnO-based PSCs, in which low-
temperature processed TiO, was deposited on top of either
ZnO NP- or ZnO sol-gel layers to form ZnO/TiO, bilayered ETLs
for perovskite solar cells. Compared with those ZnO single-layer
ETLs, not only stability but also photovoltaic performance of the
devices based on the ZnO/TiO, bilayer-ETLs was substantially
enhanced. Moreover, interestingly we found that the perovskite
films prepared via “one-step” deposition on the ZnO sol-gel
ETLs are much superior to those deposited on the ZnO NP-ETLs
in both stability and device performance. Since the entire device
fabrication can be processed at less than 150 °C, it is expected
that the ZnO/TiO, bilayer-ETLs reported here would have great
application potential in flexible devices with roll-to-roll
processes.

Experimental
Materials

Ti-nanoxide T-L/SC was purchased from Solaronix, Switzer-
land. N,N-dimethylformamide (DMF, =99.8%), dimethyl
sulfoxide (DMSO, =99.5%), chlorobenzene (99.8%), acetoni-
trile (99.9%), 4-tert-butylpyridine (TBP, >96.0%), and bistri-
fluoromethanesulfonimide lithium (Li-TFSI, 99.95%) were
ordered from Sigma-Aldrich. Lead iodide (PbI,, 99.999%) and
CH;3NH;I (MAIL, 99%) were obtained from Shanghai MaterWin
New Materials Co., Ltd. Diethyl ether, zinc acetate dihydrate,
methanol, n-butanol, chloroform, 2-methoxyethanol, etha-
nolamine were purchased from Sinopharm Chemical Reagent
Co., Ltd. 2,2/,7,7-tetrakis[N,N-Di(4-methoxyphenyl)amino]-
9,9'-spiro-bifluorene (spiro-OMeTAD, >99.5%) and gold elec-
trode (99.999%) were ordered from Luminescence Technology
Corp. and Zhongnuo Advanced Material Technology Co., Ltd,
respectively. All the chemicals were used as received without
any further purification.

Device fabrication

The ZnO NPs and ZnO sol-gel were prepared according to the
methods reported in literatures 8 and 20, respectively. All of
the devices were fabricated on fluorine-doped tin oxide (FTO, 7
+ 1 Q [O') glass substrates. These FTO substrates were
cleaned orderly by ultrasonication in detergent, DI water,
acetone and ethanol for 15 min, respectively. Then the
substrates were blow dried with N, and treated with
ultraviolet/ozone for 15 min before the fabrication of solar
cells. For the ZnO-NP films, the as-prepared ZnO NP-solution
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(around 6 mg mL™"' in the mixture of n-butanol, methanol
and chloroform) was spin-coated onto the substrate at
2500 rpm for 30 s and then annealed on a hot plate at 130 °C
for 10 min in air. The procedure was repeated again to obtain
a continuous, smooth film. For the ZnO sol-gel films depos-
ited by a low temperature method, the ZnO sol-gel precursor
solution was spin-coated onto the substrate at 4000 rpm for
30 s and then annealed on a hot plate at 140 °C for 30 min in
air. The procedure was also repeated once. To construct the
ZnO NPs/TiO, and ZnO sol-gel/TiO, bilayered films, the Ti-
nanoxide T-L/SC was first diluted to half of its original
concentration in order to get an optimal film thickness. Then
the solution was spin-coated onto the ZnO-NP film or ZnO sol-
gel film at 4000 rpm for 30 s, followed by annealing at 150 °C
for 30 min. The thicknesses of these ZnO-NP, ZnO sol-gel, and
TiO,-NP films are around 50 nm, 50 nm, and 60 nm, respec-
tively. Then the substrates were transferred into a N,-filled
glovebox. The perovskite layers were deposited on the ob-
tained ETLs by a “one-step” deposition method.** The perov-
skite precursor solution containing 484 mg Pbl,, 159 mg MAI
and 71 pL DMSO (molar ratio 1.05: 1 : 1) in 635 uL. DMF was
spin-coated at 4000 rpm for 30 s, and then 500 pL of diethyl
ether was continuously dripped onto the rotating substrate in
8 s. Subsequently the as-prepared transparent intermediate
phase films were heated in order at 65 °C for 1 min and at
100 °C for 2 min to obtain compact perovskite films. After
cooling down to room temperature, a spiro-OMeTAD based
HTL precursor [72.3 mg spiro-OMeTAD, 29 uL TBP and 18 uL
Li-TFSI solution (520 mg mL ™" Li-TFSI solution in acetonitrile)
all dissolved in 1 mL chlorobenzene] was spin-coated on the
perovskite layer at 3000 rpm for 30 s to form a smooth HTL.
Then the samples with HTL were left overnight in an electronic
dry cabinet (=15% RH) for oxidation. Finally, an Au electrode
was deposited on top of the spiro-OMeTAD layer by thermal
evaporation.

Characterization

The X-ray diffraction (XRD) with Cu Ko radiation (1.5418 A) was
performed on a Y-2000 Automated X-ray diffractometer or
a Rigaku Smart Lab SE X-ray diffractometer. The Fourier
transform infrared (FT-IR) spectra were recorded on a Bruker
Tensor 27 infrared spectrometer. The surface chemical
compositions of films were characterized by X-ray photoelec-
tron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher). The
surface morphologies of films were obtained using a JSM-6700F
field emission scanning electron microscope (SEM) and the
surface roughness was measured with a NSK SPA-300HV atomic
force microscope (AFM). The absorbance and transmittance
spectra were recorded by a Perkin Elmer Lambda 950 UV-Vis-
NIR spectrometer. The current density-voltage (J-V) character-
istics of the devices were measured with a PVIV-3A solar cell
measurement system including a solar simulator and a Keithley
2400 source meter at room temperature. The AM 1.5G illumi-
nation of 100 mW ¢cm™> was calibrated by using a standard Si
reference cell certificated by the National Institute of Metrology,
China. The effective area of cells was defined as 3 mm?®.

This journal is © The Royal Society of Chemistry 2018
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Results and discussion

Fig. 1 shows the transmittance spectra and SEM images of
a ZnO-NP film, a ZnO sol-gel film, a ZnO NPs/TiO, bilayered
film and a ZnO sol-gel/TiO, bilayered film. It can be clearly seen
from Fig. 1(a) and (d) that both the ZnO-NP film and the ZnO
sol-gel film possess similar transmittance values (=80%) to
those of their ZnO/TiO, bilayered counterparts over the entire
spectral range from 400 nm to 800 nm, indicating that the TiO,
capping layers have no negative effects on ETLs' optical char-
acteristics. The SEM images [Fig. 1(b), (c), (e) and (f)] show that
the ZnO-NP film is much rougher than the ZnO sol-gel film,
causing the slightly uneven surface of the ZnO NPs/TiO, bilay-
ered film compared to the ZnO sol-gel/TiO, bilayered film,
while both TiO, top layers are relatively dense. The XRD
patterns of these films were obtained by grazing-incidence X-ray
diffraction measurements and shown in Fig. S1.} As can be seen
from Fig. S1,T (100), (101) and (110) characteristic diffraction
peaks of hexagonal ZnO at 26 = 31.6°, 36.1° and 56.6°, respec-
tively, are distinguishable for the ZnO-NP film. However, no
clear characteristic peaks can be observed for the ZnO sol-gel
film, indicating that the crystallization of the ZnO sol-gel film is
much worse than the ZnO-NP film. Moreover, only weak (101)
characteristic diffraction peaks of anatase TiO, at 26 = 25.3° can
be observed in the XRD patterns of those ZnO NPs/TiO,, ZnO
sol-gel/TiO,, and TiO, films, suggesting that these low-
temperature ETLs are less crystallized.

Following the processes stated in the experimental section,
MAPDI; perovskite films were deposited on these four ETLs and
then annealed in N, at 100 °C to evaluate their stability. Fig. 2(a)
shows the photographs of MAPbI; films deposited on the ZnO-
NP film and the ZnO NPs/TiO, bilayered film before and after
the thermal treatment. It can be seen that both MAPbI; films on
the ZnO-NP film and the ZnO NPs/TiO, bilayered film are
initially dark brown. After annealing at 100 °C for 10 min, the
MAPDI; film on the ZnO-NP film turned light brown, indicating
that the perovskite film had partly decomposed. When the
annealing time was prolonged to 20 min, the MAPbI; film on
the ZnO-NP film had predominantly become yellowish, reflect-
ing a basically complete decomposition of perovskite into Pbl,.
However, the MAPDbI; perovskite film on the ZnO NPs/TiO,
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Fig. 1 Transmittance spectra (a and d) and SEM images of (b) a ZnO-
NP film, (c) a ZnO NPs/TiO, bilayered film, (e) a ZnO sol-gel film, and
(f) a ZnO sol—-gel/TiO, bilayered film.
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Fig.2 The stability comparison between perovskite films deposited (a
ona ZnO-NP film and a ZnO NPs/TiO; bilayered film, (b) ona ZnO sol—
gel film and a ZnO sol-gel/TiO, bilayered film upon thermal
treatments.

bilayered film was still dark brown after annealing for 20 min
and could even remain unchanged in a prolonged period of
time, manifesting that the low-temperature ZnO NPs/TiO,
bilayered film can significantly improve the stability of perov-
skite films compared with the single ZnO-NP film. Fig. 2(b)
shows the photographs of MAPDI; films on the ZnO sol-gel film
and the ZnO sol-gel/TiO, bilayered film before and after the
thermal treatment. At the beginning, the MAPDI; films depos-
ited on both the ZnO sol-gel film and the ZnO sol-gel/TiO, film
are also dark brown, same as those on the ZnO-NP film and the
ZnO NPs/TiO, film. Unexpectedly, the MAPbDI; film deposited on
the ZnO sol-gel film showed much higher thermal stability than
that on the ZnO-NP film. As shown in Fig. 2(b), even after
annealing at 100 °C for 100 min, only the marginal part of the
film slightly turned yellow while the most area still remained
the same dark brown as the perovskite on the ZnO sol-gel-TiO,
bilayered film. This indicates that the stability of perovskite on
the ZnO sol-gel films is only slightly lower than that on the ZnO
sol-gel/TiO, bilayered films, but much higher than that on the
ZnO-NP films.

In order to understand their difference in stability, we
investigated the surface chemistry of these four ETLs by XPS
measurements. As shown in Fig. 3, the O 1s core level spectra
can be deconvoluted into two main peaks located at 530.0 eV (or
529.5 eV) and 531.4 eV, which correspond to the O 1s core level
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Fig. 3 XPS spectra of (a) a ZnO-NP film, (b) a ZnO NPs/TiO, bilayered
film, (c) a ZnO sol-gel film, and (d) a ZnO sol-gel/TiO, bilayered film.
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in ZnO (and/or TiO,) and the chemisorbed oxygen species such
as hydroxyl (OH "), respectively. Their Zn 2p and Ti 2p core level
spectra are shown in Fig. S2.7 It is generally believed that
hydroxyls on the surface of ZnO are the origin of the decom-
position of perovskite.'>** Hydroxyls on the film surface are
derived from dissociated and molecularly adsorbed water.>> For
the ZnO-NP film, the ratio of O in hydroxyls and O in ZnO NPs is
0.688 : 1, however the ratio of O in hydroxyls and O in TiO, (and/
or ZnO NPs) decreases to 0.307 : 1 for the ZnO NPs/TiO, bilay-
ered film, which we believe can account for the improved
thermal stability of perovskite films on the ZnO NPs/TiO,
bilayered films in comparison with the ZnO-NP films. Similarly,
the ratios are 0.436 : 1 and 0.194 : 1 for the ZnO sol-gel film and
the ZnO sol-gel/TiO, bilayered film, respectively, which may be
responsible for the improved thermal stability of perovskite
films on the bilayered ETLs to some extent. Moreover, it is
obvious that the ratio of hydroxyls in the ZnO sol-gel is signif-
icantly lower than that in the ZnO NPs, and even comparable to
that in ZnO NPs/TiO, bilayered films. Therefore, we believe that
the better thermal stability for perovskite films on the ZnO sol-
gel films as compared to the ZnO-NP films can be, at least partly,
ascribed to fewer hydroxyls on the surface of the ZnO sol-gel
films. Fewer hydroxyls on the ZnO sol-gel film surface probably
result from its relatively smooth surface where less molecularly
water can be absorbed.?” Also, we employed FT-IR to investigate
chemical groups in the ZnO-NP films and the ZnO sol-gel films.
As shown in Fig. S3,T the peak associated to the stretching of
hydroxyls around 3400 cm™ ' in the ZnO sol-gel sample is
obviously stronger than that in the ZnO NP-sample, which
seems to be contradictory to the XPS results presented above.
However, given that the ZnO sol-gel film is formed by poly-
condensation reaction and less crystalized (which can be sup-
ported by XRD results discussed above), much more hydroxyl
groups should exist inside the ZnO sol-gel film than the ZnO-NP
film. Moreover, FT-IR is a technique commonly used to probe
bulk properties of materials rather than their surface properties
which XPS is capable of characterizing. We believe that the
inconsistency is understandable and the decomposition of
perovskite is predominately caused by hydroxyl groups on the
ZnO film surface rather than inside the film. In addition, to gain
more insights into possible reasons for the stability difference
between perovskite films on these two kinds of ZnO, their
surface topography was further -characterized via AFM
measurements (Fig. 4). Consistent with the top-view SEM
results, the root mean square (RMS) roughness of the ZnO-NP
film (32.63 nm) is much higher than that of the ZnO sol-gel
film (5.695 nm). The rougher surfaces of ZnO-NP films provide
more contact area with perovskite, leading to the deteriorated
thermal stability of perovksite.

Fig. 5 shows the SEM images of perovskite films on these
four different ETLs. It can be seen that the morphology of the
perovskite film deposited on the ZnO-NP film is clearly different
from that on the ZnO sol-gel film. The former is composed of
bigger grains with size of around 200 nm and a few voids, which
is probably induced by the release of gas byproducts from
perovskite decomposition,* whereas the latter is flat and dense,
and made of smaller grains of about 100 nm. It is speculated

23022 | RSC Adv., 2018, 8, 23019-23026
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0.00 [nm] 31.85

Fig. 4 Two and three dimensional AFM images of (a) a ZnO-NP film,
(b) a ZnO sol-gel film.

that the different morphologies between these two samples is
due to the occurrence of distinct nucleation and crystal growth
processes caused by different underlying ETLs.**** The perov-
skite films on the ZnO NPs/TiO, film and the ZnO sol-gel/TiO,
film have very similar surface morphology owing to the exis-
tence of the same underlying TiO, layers.

Using the perovskite films deposited on these four ETLs, we
further fabricated PSCs with the structure of FTO/ETL/CH;-
NH;Pbl;/spiro-OMeTAD/Au, as illustrated in Fig. 6(a), in order
to investigate the effects of underlying ETLs on device perfor-
mance and stability (the cross-sectional SEM image of a typical
actual device is shown in Fig. S41). These devices' schematic
energy band diagram is shown in Fig. 6(b). The optimized
thicknesses of the ZnO-NP films, ZnO sol-gel films, TiO,
capping layers, perovskite films, spiro-OMeTAD films and Au
films are 50 nm, 50 nm, 60 nm, 450 nm, 190 nm and 60 nm,

200 nm 200 nm

200 nm

200 nm
SR SRS

Fig.5 SEM images of perovskite films deposited on (a) a ZnO-NP film,
(b) a ZnO NPs/TiO; bilayered film, (c) a ZnO sol-gel film, and (d) a ZnO
sol—gel/TiO; bilayered film, respectively.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 (a) Schematic architecture of PSCs fabricated in the work; (b)

schematic energy band diagram of PSCs fabricated in the work; typical
J-V characteristics of perovskite solar cells fabricated (c) on a ZnO-NP
film and a ZnO NPs/TiO, bilayered film; (d) on a ZnO sol-gel film and
a ZnO sol-gel/TiO, bilayered film.

respectively. Statistics results of photovoltaic parameters, series
resistance (Ry) and shunt resistance (Rg},) for PSCs fabricated on
the ZnO-NP films, ZnO NPs/TiO, bilayered films, ZnO sol-gel
films and ZnO sol-gel/TiO, bilayered films are tabulated in
Table 1. The typical current density-voltage (/-V) characteristics
of the PSCs based on these four ETLs under AM 1.5G 100 mW
cm? simulated solar light are shown in Fig. 6(c) and (d). The
device with the ZnO NP-ETL, as shown in Fig. 6(c), exhibits
a poor PCE of 3.56% with an open circuit voltage (V,.) of 0.98 V,
a short-circuit current density (Js.) of 9.94 mA cm >, and a fill
factor (FF) of 36.50%, while the device containing the ZnO NPs/
TiO, bilayered ETL yields a dramatically enhanced PCE of
15.0% with a V. of 1.06 V, a J. of 19.1 mA cm 2, and a FF of
73.9%. Also, it can be clearly seen from Fig. 6(d) that the device
based on the ZnO sol-gel/TiO, bilayered ETL shows a high PCE
of 14.55% with a V.. of 1.08 V, a Js. of 18.11 mA cm ™2, and a FF
of 74.38%. In contrast, a decent PCE of 9.03% can only be
achieved for the device with the ZnO sol-gel single-layer ETL
due to the reduced J,. (15.90 mA cm ™ ?) and FF (52.58%). We
note that, as shown in Fig. S5 and Table S1,t the hysteresis of
these devices based on low-temperature ETLs is serious prob-
ably due to the existence of a large number of defects in these
ETL materials.>® But then, devices based on the ZnO/TiO,
bilayered ETLs show less hysteresis than the corresponding
ZnO-only devices.
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To elucidate the influence of these underlying ETLs on
perovskite properties and device performance, a variety of
structural, optical and electrical measurements on the perov-
skite films and devices were further conducted. For the perov-
skite films deposited on the ZnO NP-ETL and the ZnO NPs/TiO,
bilayered ETL, XRD patterns [Fig. 7(a)] show that, as expected,
there is a characteristic diffraction peak of Pbl, (001) at around
12.8° for the perovskite film on the ZnO NP-ETL, suggesting
a fast decomposition of MAPbI; into Pbl, in the course of device
fabrication. However, the peak is missing for the perovskite film
on the ZnO NPs/TiO, bilayered ETL, which indicates that the
decomposition of perovskite on the ZnO NPs/TiO, bilayered
film has been effectively suppressed. This is consistent with the
results of the accelerated degradation experiment shown in
Fig. 2. The absorbance spectra of both perovskite films are
shown in Fig. 8(a). It can be seen that the absorption intensity of
the perovskite film on the ZnO NP-ETL is slightly lower than
that on the ZnO/TiO, bilayered ETL, and an shoulder around
498 nm only occurs in the former's absorption spectrum,
further indicating the decomposition of perovskite on the ZnO
NP-ETL into Pbl,.”” The degradation of perovskite does not have
too much influence on V., but reduces Js. and FF remarkably,
thereby adversely affecting the final device performance. It
could be ascribed to the increased series resistance and asso-
ciated recombination as a consequence of inhomogeneous
degradation of the perovskite film.?® As tabulated in Table 1, the
devices containing these ZnO NPs/TiO, bilayered ETLs have
much lower series resistance (R;) and remarkably higher shunt
resistance (Rgy) calculated from J-V curves than the cells based
on those ZnO NP-ETLs.

For the perovskite films deposited on the ZnO sol-gel ETL
and the ZnO sol-gel/TiO, bilayered ETL, as shown in Fig. 7(b),
no characteristic diffraction peaks of PbI, can be detected.
Moreover, the absorption intensity of perovskite on the ZnO
sol-gel ETL is almost the same as that on the ZnO sol-gel/TiO,
bilayered ETL [Fig. 8(b)]. Therefore, the enhanced performance
for devices on the ZnO sol-gel/TiO, bilayered films may be not
mainly due to the suppressed decomposition of perovskite,
though they have lower R, and higher Ry, compared to those on
the ZnO sol-gel ETLs, as tabulated in Table 1. To further
investigate possible reasons for the improved efficiency, time-
resolved photoluminescence (TRPL) measurements of perov-
skite films deposited on the ZnO sol-gel film and the ZnO sol-
gel/TiO, bilayered film were performed and displayed in Fig. 9.
The TRPL spectra of the perovskite films on both ETLs show bi-
exponential decays with fast (z;) and slow (t,) components, and
the resulting decay lifetimes and decay amplitudes (4;) are listed

Table 1 Statistics of photovoltaic parameters, series resistance (Rs) and shunt resistance (R,) of perovskite solar cells fabricated on ZnO-NP
films, ZNnO NPs/TiO, bilayered films, ZnO sol-gel films and ZnO sol-gel/TiO; bilayered films

ETL Voe (V) Jse (MA cm™?) FF (%) PCE (%) R,/Ohm Rgn/Ohm

ZnO NPs 0.94 + 0.03 9.40 + 0.68 35.46 + 2.86 3.12 + 0.15 2086 + 172 10 948 + 1333
ZnO NPs/TiO, 1.06 =+ 0.007 18.89 + 0.37 71.95 + 2.63 14.44 + 0.43 263 + 15 53 427 + 5253
Zno sol-gel 1.06 + 0.01 15.53 + 0.22 51.50 + 0.98 8.48 4 0.27 679 + 41 18 807 + 1452
ZnO sol—gel/Ti02 1.06 £ 0.008 18.04 £+ 0.13 74.31 £ 0.32 14.26 + 0.16 250 + 15 49 756 + 4490

This journal is © The Royal Society of Chemistry 2018
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Fig.7 XRD patterns of perovskite films deposited (a) on a ZnO-NP film
and a ZnO NPs/TiO; bilayered film; (b) on a ZnO sol-gel film and a ZnO
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Fig. 8 Absorbance spectra of perovskite films deposited (a) on a ZnO
NP-film and a ZnO NPs/TiO, bilayered film; (b) on a ZnO sol-gel film
and a ZnO sol-gel/TiO; bilayered film.

in the inset of Fig. 9. It is reported that 7, is a decay component
closely related to non-radiative recombination by defects (e.g:
surface traps near grain boundaries), while 7, is a component of
radiative recombination from bulk perovskite.””** As shown in
Fig. 9 and its inset, on one hand, the perovskite on the ZnO sol-
gel/Ti0, bilayered film has a much longer lifetime 7; compared
to the perovskite deposited on the ZnO sol-gel film, suggesting
it has fewer traps near grain boundaries. This is in consistence
with the results deduced from the SEM images (Fig. 5) that the
perovskite on the ZnO sol-gel film has more grain boundaries
due to their smaller grain size. On the other hand, perovskite on
the ZnO sol-gel/TiO, bilayered film has a much shorter lifetime
7, compared to perovskite deposited on the ZnO sol-gel film,

—— Glass/ZnO sol-gel/Perovskite
— Glass/ZnO sol-gel/TiO /Perovskite
1000
3: L
A
2
2
3 100 F
£
I
o
10F
0 200 400 600 800 1000
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Fig. 9 Time resolved photoluminescence spectra of perovskite films

deposited on a ZnO sol-gel film and a ZnO sol-gel/TiO, bilayered
film. Inset: the resulting decay lifetimes (z;) and decay amplitudes (A).
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implying that the electron transfer from perovskite to the ZnO
sol-gel/TiO, bilayered film is faster than the ZnO sol-gel film.
According to the equation T, = > A7’/ Ajt;, the estimated
average carrier lifetimes (t,ye) in these perovskite films depos-
ited on the ZnO sol-gel and ZnO sol-gel/TiO, films are 172.94 ns
and 112.79 ns, respectively. The more efficient carrier extraction
between perovskite and the ZnO sol-gel/TiO, bilayer-ETL is
further confirmed by the weaker steady-state PL in comparison
with perovskite on the ZnO sol-gel film, as shown in Fig. S6.f
The more efficient carrier extraction in the ZnO sol-gel/TiO,
bilayer-based device results in a higher J...*>*" The higher FF for
the ZnO sol-gel/TiO, bilayer-ETL device can be ascribed to its
lower Ry and higher Ry, as shown in Table 1.>** In addition,
although the conductivity of the ZnO sol-gel film is much lower
than that of the ZnO-NP film (Fig. S71), it is evident that the
device performance based on the ZnO sol-gel ETL is far supe-
rior to the device based on the ZnO NP-ETL, which can be
attributed to the fact that perovskite on the ZnO sol-gel films is
much more stable. As shown in Fig. S8,f the more stable
perovskite film on the ZnO sol-gel film behaves better in light
harvesting compared to that on the ZnO-NP film. As mentioned
above, the appearance of a shoulder at around 498 nm for the
perovskite/ZnO-NP film indicates the partial decomposition of
perovskite into Pbl,.””

Also, we fabricated perovskite solar cells based on low-
temperature TiO,-only ETLs to see if the performance
enhancement just comes from the usage of TiO,. The typical -V
curve of the TiO,-only device is shown in Fig. S9.f When
comparing the TiO,-only device with those ZnO/TiO, devices,
we can find that the former has a lower PCE than its bi-ETL
counterparts mainly due to the reduced V,. and FF. Therefore,
we believe that the enhanced device performance after the
introduction of TiO, is not only due to the fact that it may
prevent the quick decomposition of perovskite, but also due to
its synergistic effect with ZnO. For these ZnO/TiO, bilayered
ETLs, the conduction band of TiO, is slightly higher than that of
ZnO, which not only facilitates the electron injection from
perovskite into ETL but also prevents the back electron transfer
from ETL to perovksite.** Or, from another perspective, a n'-n
heterojunction might be formed at the ZnO/TiO, interface,
where the induced built-in electrical field is beneficial to the
suppression of interfacial charge recombination.*® The reduced
charge recombination at the perovskite/bilayered ETL interface
is beneficial to increasing FF and V,.."***

To evaluate device stability, unencapsulated devices fabri-
cated on these four ETLs were stored in ambient environment
(temperature: ~20 °C; relative humidity: ~20%) and tested
under standard one sun illumination every few days. The plots
of the normalized average PCEs as a function of storage time are
shown in Fig. 10(a) and (b). The devices with the ZnO NP-ETLs
drastically degraded and lost 75% of their initial efficiency
merely within two days, showing considerably poor device
stability. In contrast, the average efficiency of devices with the
ZnO NPs/TiO, bilayer-ETLs increased first and then decreased,
but nearly 100% of their initial efficiency was still retained even
after thirty days, exhibiting much higher device stability. The
initial device performance evolution was simultaneously

This journal is © The Royal Society of Chemistry 2018
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affected by two factors: spiro-OMeTAD oxidation and perovskite
decomposition. The former can increase device efficiency, while
the latter will degrade device performance. We note that the
initial efficiency enhancement of these devices based on the
bilayered ETLs might be attributed to the dominant spiro-
OMeTAD oxidation, while the monotonic efficiency decline
with the storage time for those devices based on the ZnO NP-
ETLs results from their serious and predominant perovskite
decomposition. Likewise, the average efficiency of devices
with the ZnO sol-gel ETLs was only 40% of their initial value
after eight days. However, the average efficiency of devices with
the ZnO sol-gel/TiO, bilayered ETLs could remain their initial
efficiency even after thirty days. Therefore, the ZnO/TiO, bilayer-
ETLs reported in the work can not only significantly enhance
device performance, but also effectively improve the device
stability of ZnO-based PSCs.

Conclusions

The ZnO/TiO, bilayered films prepared by solution processes at
low-temperature have been successfully employed as electron
transport layers in MAPbI;-based perovskite solar cells. The
devices based on these low-temperature ZnO/TiO, bilayered
ETLs exhibit not only high photovoltaic performance but also
extraordinarily good stability compared with those based on
ZnO single-layer ETLs. Moreover, it has been found that the
perovskite films prepared on the ZnO sol-gel films are much
superior to those deposited on the ZnO-NP films in both film
stability and device performance, which can be ascribed to less
surface hydroxyl groups and much smoother surface
morphology in the ZnO sol-gel films. Our results suggest that
the ZnO/TiO, bilayered films and even ZnO sol-gel films can be
good ETL candidates for low-temperature PSCs, and pave the
way for the fabrication of efficient and stable PSCs on flexible
substrates.
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