
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 3
/5

/2
02

6 
7:

46
:0

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Cd2SnO4 transpa
Institute of Solar Energy Materials and D

Engineering, Sichuan University, Chengdu,

com; zhangjq@scu.edu.cn; Fax: +86 28 854

† Electronic supplementary information
parameters of the TiO2 and Cd2SnO4 lm
layers; histograms of their devices effi
stored in relative humidity of �10% for 2

‡ These authors contributed equally to th

Cite this: RSC Adv., 2017, 7, 8295

Received 22nd November 2016
Accepted 26th December 2016

DOI: 10.1039/c6ra27146d

www.rsc.org/advances

This journal is © The Royal Society of C
rent conductive oxide:
a promising alternative candidate for highly
efficient hybrid halide perovskite solar cells†

Dong Liu,‡ Shengqiang Ren,‡ Xiao Ma, Cai Liu, Lili Wu,* Wei Li, Jingquan Zhang*
and Lianghuan Feng

Organic–inorganic hybrid perovskite solar cells have attracted significant research attention in terms of

perovskite materials, fabrication, device architecture, and interfacial engineering to increase their power

conversion efficiency (PCE). However, the state-of-the-art front electrode of perovskite solar cells is

mainly focused on indium tin oxide (ITO) and fluorine-doped tin oxide (FTO). To further improve the

optical characteristics of front electrodes for perovskite devices, it is necessary to explore a new and

suitable transparent conductive oxide material. Herein, we introduce a Cd2SnO4 film for constructing

a perovskite device with a novel structure. The as-prepared Cd2SnO4 film shows higher optical

transmission in the visible region compared to the FTO substrate. The matching energy band alignment

can ensure efficient carrier transport and collection between the TiO2 layer and Cd2SnO4 electrode. The

higher PCEs with an average of 15.58% under AM 1.5 irradiation for Cd2SnO4-based perovskite solar cells

were obtained compared to those of the FTO-based devices. This renders the Cd2SnO4 film a promising

transparent conductive oxide candidate for highly efficient perovskite solar cells. However, the toxicity of

lead and cadmium components still remain a major concern for its commercial applications.
Introduction

In recent years, organic/inorganic perovskite hybrid photovol-
taic devices have attracted considerable attention due to the
abnormally excellent optical and electrical properties, such as
ambipolar charge transport, high absorption coefficient, and
wide band gap tunability, of perovskite materials.1–4 The power
conversion efficiency has dramatically increased over the last
few years. A PCE of up to 20% was obtained based on a p–i–n
device architecture consisting of FTO/TiO2/perovskite/HTM/Au
via vacuum ash-assisted solution process.5 Note that these
large-area perovskite devices show great potential for commer-
cial application. For the p–i–n device architecture fabrication,
the conventional devices have multiple layers including
a front electrode, electron transport layer, perovskite layer, hole
transport material (HTM) layer, and metal back electrode.
Inverted planar heterojunction perovskite solar cells employ
indium-doped-tin oxide, hole transport layer, perovskite layer,
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electron transport layer, and metal back electrode. The main
research studies for investigating the performance of perovskite
solar cells have been carried out on the interfacial modica-
tion,6,7 perovskite materials,8–10 stability,11 etc. Improving the
optical characteristics of the front electrode plays an important
role in perovskite solar cells. However, the current sputtered
transparent conductive oxides for perovskite solar cells are
based on tin-doped indium-oxide and uorine-doped tin oxide.
It is necessary to nd excellent transparent conductive oxide
materials to realize high performance perovskite solar cells.
Recently, other novel transparent conductive materials were
employed as electrode layers to fabricate the perovskite-based
hybrid solar cells, as shown in Table 1. The oxidized Ni/Au
electrode was developed for perovskite solar cells with
a conventional architecture, which exhibited potential applica-
tions for cost-effective, low weight, and stable solar cells.12

Copper nanowires as a vacuum-free and noble-metal-free
transparent top electrode in perovskite solar cells were
utilized and they exhibited promising device performance.13

Conducting polymers have been used as transparent electrodes
to realize high efficiency, good exibility, and low-cost perov-
skite planar heterojunction solar cells on exible substrates.14–16

Highly transparent graphene, replacing the conventional
transparent conductive oxide, had been applied in highly effi-
cient perovskite solar cells.17

In addition, for conventional transparent conductive oxides
used for commercial applications, the sheet resistance and
RSC Adv., 2017, 7, 8295–8302 | 8295
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Table 1 Reported transparent conductive materials in the references

TCO Device architecture References

Au:NiOx Au:NiOx/perovskite/C60/BCP/Al 12
PH1000 PH1000/Pedot:PSS/perovskite/PCBM/Al 14–16
Graphene Graphene/MoOx/Pedot:PSS/perovskite/

C60/BCP/LiF/Al
17

Nanowires FTO/TiO2/perovskite/HTM/nanowires 13
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transmittance spectra of FTO do not show signicant changes
before and aer thermal heating at 500 �C. Note that the elec-
trical properties of ITO show signicant changes as compared
to those of FTO. This indicates that FTO shows relatively high
stability against thermal heating. Therefore, ITO as a TCO layer
for TiO2 structure devices is unsuitable. Moreover, SnO2 lms
prepared by sputtering show an average transmission of about
80% with a sheet resistivity of 10 U per square. Moreover, they
possess a narrow range of adjustability and exibility for their
optoelectrical properties and manufacturing costs. Optimizing
the device performance or processing cost adhesion not only
improves their properties, but also provides greater latitude in
the material treatment process. Considering the photovoltaic
performance andmanufacturing cost of the perovskite solar cell
modules, conventional transparent conductive oxides have
shown a lower design latitude.

Cadmium stannate (Cd2SnO4) is a well-known transparent
conductive oxide (TCO) that has been used in CdTe solar cells
owing to its high electrical conductivity and optical trans-
mission in the visible range compared to those of FTO.18–20 The
thin lm has demonstrated an electron mobility and resistivity
of up to 100 cm2 V�1 s�1 and 1.28 � 10�4 U cm, respectively.19,21

It is a n-type semiconductor material with a band gap of around
3.0 eV, in which oxygen vacancies act as donor states.21 The
conduction band edge position is closely matched with the
conduction band minimum of TiO2. The structure and optical
characteristics of cadmium stannate thin lms can be further
tailored by gamma irradiation21 and suitable dopants, such as
In and Sb.22 Furthermore, Cd2SnO4 thin lms require cost-
effective preparation techniques including radio frequency
magnetron sputtering,23 sol–gel,24 dip coating,25 and spray
pyrolysis.22 In addition to acquiring both high conductivity and
stretch ability of the electrodes, Cd2SnO4 transparent conduc-
tive oxide renders these as excellent candidates for realizing
high performance solar cells. However, serious issues of these
materials cannot be ignored. Tin and cadmium are rare
elements. Moreover, lead and cadmium components can cause
serious environmental pollution. The material cost and toxicity
should be considered for their application and commercializa-
tion in the future. Reducing the cost of the preparation process
and reasonable device encapsulation should be carefully
considered for rectifying these problems.

Herein, we exploited the Cd2SnO4 lm to serve as a trans-
parent conductive oxide for the Cd2SnO4/bl-TiO2/mp-TiO2/
perovskite/spiro-MeOTAD/Au device. The presence of a Cd2SnO4

layer exhibited superior transmittance in the visible and NIR
regions compared to the FTO substrate. Energy band diagram
8296 | RSC Adv., 2017, 7, 8295–8302
and interfacial features were discussed by constructing the
thermal equilibrium energy band structure diagram from the
vacuum energy level. Higher PCEs with an average of 15.58%
under AM 1.5 irradiation for Cd2SnO4-based perovskite solar cells
were obtained compared to those of the FTO-based devices. We
believe that Cd2SnO4 lm will be the most promising candidate
for high performance perovskite solar cell applications.

Experimental
Materials

Lead iodide, lead chloride, titanium diisopropoxide bis(acety-
lacetonate) (75% in isopropanol), and N,N-dimethylformamide
were purchased from Alfa Aesar. Chlorobenzene was purchased
from Acros. Spiro-MeOTAD was purchased from Lumtec.
CH3NH3I was prepared using the method reported in litera-
ture.26 The conventional transparent conductive oxide substrate
was FTO (Pilkington, thickness: 3.2 mm, sheet resistance 10 U

per square). Cd2SnO4 thin lms used as solar cell substrates
were deposited by radio frequency magnetron sputtering on
corning glass (sheet resistance: �10 U per square).

Device fabrication

The devices Cd2SnO4 (and FTO)/bl-TiO2/mp-TiO2/CH3NH3-
PbI3�xClx/spiro-OMeTAD/Au were fabricated. First, the trans-
parent conductive oxide substrates were cleaned with
a detergent. They were then sonicated with high purity water in
an ultrasonic bath for 15 min, and nally placed in boiling
water for 5 min, and the abovementioned steps were repeated
three times. TiO2 blocking layer (bl-TiO2) of 40 nm was prepared
by spray pyrolysis using titanium diisopropoxide bis(acetyla-
cetonate) (75% in isopropanol) (diluted in ethanol in a volu-
metric ratio of 1 : 40) at 450 �C. To prepare a 120 nm
mesoporous TiO2 layer (mp-TiO2), diluted 18NR-T (Dyesol
18NR-T : ethanol ¼ 2 : 15, m/m) was spin coated on the
substrate at 4200 rpm for 40 s, and then annealed at 500 �C for
60 min. CH3NH3I was mixed with PbI2 and PbCl2 (mole ratio of
PbI2 : PbCl2 : CH3NH3I ¼ 1 : 1 : 4, 50 wt%) in DMF. Stirring at
65 �C and ltration led to transparent precursor solution. To
obtain CH3NH3PbI3�xClx lms, the precursor solution was spin-
coated on the mp-TiO2 layer at 4000 rpm for 50 s, and then
placed in a drying cabinet for 50 min (at 20% relative humidity),
followed by thermal annealing at 100 �C for 75 min. The spiro-
MeOTAD layer was spin coated on the perovskite layer at
2000 rpm for 30 s from a hybrid solution (dissolved in chloro-
benzene, 72 mg/1 mL; 17 mL Li-bis(triuoromethanesulfonyl)-
imide (Li-TFSI), dissolved in acetonitrile, 520 mg mL�1 and 20
mL tert-butylpyridine (t-BP)). The gold lm of 100 nm was
deposited on the spiro-MeOTAD layer as the back electrode by
thermal evaporation technology.

Characterization

The transmittance spectra were obtained using a Perkin Elmer
Lambda 950 Spectrometer. The ultraviolet photoelectron spec-
troscopy (UPS) measurements of Cd2SnO4 lm were performed
using Thermo Scientic Escalab 250Xi. The SEM images were
This journal is © The Royal Society of Chemistry 2017
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obtained using a Hitachi S-5200. Atomic force microscopy
(AFM) measurements of the samples were conducted using
Bruker multimode 8 scanning probe microscopy. The photo I–V
curves were obtained using a Keithley 2400 Source meter under
simulated AM 1.5G sunlight irradiation (100 mW cm�2) (ABET
technologies Sun 2000 solar simulator). The light intensity was
calibrated using a GaAs reference cell certicated by NREL. The
dark I–V curves were obtained using an Agilent 4284A precision
LCR meter. The external quantum efficiency (EQE) was
measured using a QEX10 measurement system (PV Measure-
ments, Inc.). The active area of the devices was typically 0.15
cm2. The steady-state and time-resolved photoluminescence
spectra were obtained using a FLS 980 uorescence spectrom-
eter (Edinburgh Instruments) with excitation at 655 nm.
Results and discussion

The transmittance spectra of the FTO and Cd2SnO4 transparent
conductive oxide substrates with a similar sheet resistivity of 10
U per square are illustrated in Fig. 1(a). Typically, to obtain
a similar sheet resistivity with FTO, the thickness of the
Cd2SnO4 lm was controlled to �250 nm during the sputter
deposition process. As shown in Fig. 1(a), the Cd2SnO4 lm
showed better optical transmittance than the SnO2:F lm in the
vis-NIR region. The onset of the transmittance spectra showed
a slight difference due to difference in the optical band gap (Eg).
According to the Tauc equation,27

ahn ¼ A(hn � Eg)
n (1)

where a, A, and h represent the absorption coefficient, constant,
and Planck constant, respectively. For a direct band gap semi-
conductor, n¼ 0.5, the optical band gap of Cd2SnO4 lm can be
calculated from eqn (1), as shown in Fig. 1(b). As is known, the
optical band gap of a SnO2:F lm is 3.7 eV,28 which is higher
than that of a Cd2SnO4 lm (�3.05 eV), leading to a slight red
shi for the Cd2SnO4 lm compared to the FTO substrate. It was
observed that the transmittance in the 400–900 nm region of the
Cd2SnO4 lm was much better than that of the SnO2:F lm
under similar sheet resistivity conditions. This suggests that
thinner lms will be required to obtain the same excellent
optical properties (the thickness of �400 nm for FTO). In
addition, the transmittance of a Cd2SnO4 lm at 1000 nm can
still be up to �86% compared to that of FTO (<80%). This also
Fig. 1 (a) Transmittance spectra of different transparent conductive
oxide substrates with similar sheet resistivity of 10 U per square and (b)
plot of (ahn)2 versus photon energy (hn) for Cd2SnO4 film.

This journal is © The Royal Society of Chemistry 2017
shows higher transmittance in the near-infrared region, which
is of great benet for the applications of perovskite-based
tandem devices, such as monolithic perovskite/silicon tandem
solar cells.29–31

The UPS spectrum was obtained to calculate the work func-
tion of the Cd2SnO4 layer, as shown in Fig. 2. According to the
linear t at the secondary electron onset, we can obtain the
sample inelastic cut-off (ECutoff) of 17.02 eV. In the valence band
emission region, the distance between the valence band (EVBM)
and Fermi edge (EFermi) can be estimated to 3.03 eV from the
intercept of the linear tting plot. Based on the Einstein's
photoemission law, the work function (F) can be described as
follows:32

F ¼ hn � (ECutoff � EFermi) (2)

where hn represents the photon energy. The work function of
the Cd2SnO4 lm was calculated to be 4.2 eV. Based on the
optical band gap from the transmittance spectra, the electron
affinity (c) can be written as

c ¼ F + EVBM � Eg (3)

According to eqn (3), we can obtain an c value of 4.18 eV for
the Cd2SnO4 lm. This electron affinity for Cd2SnO4 lm is
comparable to that of FTO (4.4 eV (ref. 28)) transparent
conductive oxide lm. This indicates that the Cd2SnO4 lm
shows a compatible energy level for a transparent conductive
oxide substrate.

To investigate the effect of energy band matching at the
Cd2SnO4/TiO2 interface, the thermal equilibrium energy band
diagram of the Cd2SnO4/TiO2 interface is shown in Fig. 3.
Typically, the energy band parameters of TiO2 are reported in
another study.33 The energy band parameters of the TiO2 and
Cd2SnO4 layers are listed in ESI Table S1.† In the front contact
region of the photovoltaic devices, the electron-transporting
layer/transparent conductive oxide layer interface has a key
inuence on electron collection. The high resistivity of the TiO2

layer coated on the Cd2SnO4 layer provides reasonable elec-
tronic levels with favorable electron collection, associating with
low recombination at the TiO2/electrode interface.34 As shown
in Fig. 3, the work function of the TiO2 layer is higher than that
of Cd2SnO4 at the Cd2SnO4/TiO2 interface, which renders it
Fig. 2 UPS spectrum of Cd2SnO4 film on glass.

RSC Adv., 2017, 7, 8295–8302 | 8297
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Fig. 3 Energy band structure diagram of the TiO2/Cd2SnO4 layer
interface.
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possible for charge injection and collection from TiO2 to the
electrode. The energy band bending of 0.45 eV occurs in this
heterojunction. The very small band barrier DEc of 0.08 eV exists
at the interface, enhancing the interfacial charge transport and
decreasing the electronic reux and charge accumulation.35 It is
reasonable to form an energy band structure-matching between
the Cd2SnO4 electrode and electron-transporting layer for an
efficient charge transport process. This suggests that the
Cd2SnO4 layer is a promising and excellent transparent
conductive oxide substrate for TiO2-based perovskite solar cells.

To investigate the effect of interfacial recombination on the
Cd2SnO4 and TiO2 layers, Cd2SnO4 (and FTO)/bl-TiO2/spiro-
OMeTAD/Au devices were prepared. Fig. 4(a–e) shows SEM
and AFM images of the bl-TiO2 on FTO and Cd2SnO4 substrates
and the dark current density–voltage characteristics of the TCO/
TiO2/spiro-OMeTAD/Au devices. Their interface quality plays
a key role in the performance of devices. As can be seen in
Fig. 4 SEM and AFM images of bl-TiO2 on FTO (a and c) and Cd2SnO4

(b and d) substrates; (e) dark current density–voltage characteristics of
the FTO and Cd2SnO4/TiO2/spiro-OMeTAD/Au devices.

8298 | RSC Adv., 2017, 7, 8295–8302
Fig. 4(a–d), themorphology of TiO2 is strongly dependent on the
substrate. TiO2 on the FTO substrate shows a large size
compared to that on the Cd2SnO4 substrate. Highly dense and
homogeneous TiO2 lms were formed by spray pyrolysis. AFM
was carried out to study the morphology of different substrates.
The AFM images of FTO and Cd2SnO4 substrates are shown in
ESI Fig. S1.† According to the AFM images, the surface root-
mean-square (RMS) roughness of FTO, Cd2SnO4, FTO/TiO2,
and Cd2SnO4/TiO2 were 12.2 nm, 7.24 nm, 8.16 nm, and
3.97 nm, respectively. The Cd2SnO4 and Cd2SnO4/TiO2 layers
show lower surface roughness as compared to the FTO
substrate. Note that a smooth and compact TiO2 coating layer
can effectively be formed on the Cd2SnO4 substrate due to the
smaller grain size of Cd2SnO4. As can be observed from the dark
current density–voltage curves of TCO/TiO2/spiro-OMeTAD/Au
devices, the Cd2SnO4-based device shows a dark current
density of 10�5 mA cm�2, which is lower than that of the FTO-
based device. This indicates that charge recombination can be
decreased at the electron-transporting layer/Cd2SnO4 electrode
interface. The higher surface roughness increases the interfa-
cial charge recombination and reduces electron collection from
the TiO2 layer to the electrode.17

Fig. 5(a and b) shows the typical structure conguration of
perovskite device and the energy level alignment of the perovskite
device employing the Cd2SnO4-based substrate. The glass/TCO/
TiO2/CH3NH3PbI3�xClx/spiro-MeOTAD/Au devices were fabri-
cated. The detailed preparation approaches are discussed in the
methods section. The perovskite lms absorb the incident
photons under light irradiation, resulting in rapid generation,
dri, and diffusion of excitons in the built-in electric eld. Then,
photoexcited charge transfer occurs at the TiO2/perovskite/HTM
interface.36 The holes of the valence band maximum position
are extracted from the HOMO level of HTM. The electrons are
Fig. 5 (a) Structure of perovskite devices and (b) energy band diagram
of the perovskite devices. Cross-sectional SEM image of the devices:
(c) glass/FTO/TiO2/CH3NH3PbI3�xClx/spiro-MeOTAD/Au and (d)
glass/Cd2SnO4/TiO2/CH3NH3PbI3�xClx/spiro-MeOTAD/Au.

This journal is © The Royal Society of Chemistry 2017
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Table 2 Average photovoltaic parameters of the FTO and Cd2SnO4-
based perovskite devices. (Based on 15 devices of each group)

Substrate Jsc (mA cm�2) Voc (V) FF (%) PCE (%)

FTO 20.04 � 1.39 0.97 � 0.03 72.65 � 2.12 14.05 � 1.3
Cd2SnO4 21.24 � 1.96 0.99 � 0.04 73.83 � 1.14 15.58 � 3.25
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injected into the conduction bandminimum position of the TiO2

layer. Thus, the electrons are collected by the Cd2SnO4 electrode.
The matching energy-band alignment can ensure smooth carrier
transport between the TiO2 and Cd2SnO4 electrode layers.

Fig. 5(c and d) shows cross-sectional SEM images of the FTO
and Cd2SnO4-based devices. As can be seen in the two devices,
the interfacial layers are effectively contacted to ensure charge
transfer. These homogeneous and dense perovskite lms
fabricated using a high precursor concentration method were
formed on the mp-TiO2 layer. The morphology of the perovskite
lm has been reported in a previous study.37 Compared to the
cross-sectional SEM images of the two devices, the thickness of
FTO substrate can be up to �400 nm. As abovementioned, both
substrates have a similar sheet resistivity of 10 U per square.
The thickness of Cd2SnO4 substrate is only about 250 nm. This
is important for regulating the lm thickness of the front
electrode, which presumably has an inuence on the optical
properties of the perovskite solar cells. A thicker transparent
conductive oxide lm decreases the optical transmittance and
further affects the photovoltaic performance.

Fig. 6(a) shows the J–V curves of the FTO and Cd2SnO4-based
devices obtained under an air mass 1.5 global irradiation of 100
mW cm�2 for reverse and forward scanning. Table 2 lists the
average photovoltaic parameters for the FTO and Cd2SnO4-
based perovskite devices. Histograms of their device efficiency
are shown in ESI Fig. S2.† Typically, the devices were investi-
gated with a delay time of 10 ms from �0.1 V to 1.1 V for the
reverse and forward scanning direction. Both the FTO and
Cd2SnO4-based devices exhibit slight hysteresis, as shown in
Fig. 6(a), which is similar to the behavior of perovskite solar
cells with a TiO2 architecture reported in other studies possibly
due to the unusual defect physics and grain boundary ion
migration.38–40 The average photovoltaic performance parame-
ters for the FTO-based device exhibit a PCE of 14.05%, open
circuit voltage (Voc) of 0.97 V, short-circuit current density (Jsc) of
20.04 mA cm�2, and ll factor (FF) of 72.65% for the reverse
scanning direction, and a Jsc of 19.14 mA cm�2, Voc of 0.90 V, FF
of 70.2%, and PCE of 12.1% for the forward scanning direction.
For the Cd2SnO4-based device, the performance shows a PCE of
15.58%, Voc of 0.99 V, Jsc of 21.24 mA cm�2, and FF of 73.83% for
the reverse scanning direction, and a PCE of 14.06%, Voc of
0.94 V, Jsc of 20.79 mA cm�2, and FF of 72.2% for the forward
scanning direction. As shown in Table 2, the Jsc, Voc, and FF for
the Cd2SnO4-based device are higher than those for the FTO-
Fig. 6 (a) Typical J–V curve of the FTO and Cd2SnO4-based devices
obtained under AM1.5 light irradiation for the reverse and forward
scanning directions and (b) EQE spectra of the devices.

This journal is © The Royal Society of Chemistry 2017
based device. Specically, a higher photocurrent can be ex-
pected from the more incident photons absorbed by the
perovskite lm. Due to the high transmittance in the visible
spectra region of the transparent conductive oxide layer, as
shown in Fig. 1, more incident photons reach the perovskite
layer from the front contact. More absorption and transition
from the valance band to the conduction band occur in the
photoactive layer. In addition, due to the high roughness of the
FTO/TiO2 interface, trapping states distributed in the energy
band gap increase at the heterojunction interface, leading to an
energy level offset that is deviated from the predicted level
position.41 In this case, electron–hole recombination loss may
occur due to the undesirable charge separation efficiency in the
device, contributing to the lower Voc and FF.17 Fig. 6(b) shows
the external quantum efficiency of the devices. The spectral
response of the Cd2SnO4-based devices begins at �320 nm,
which exhibits narrow response compared to that of the FTO
based-devices due to the lower optical energy band gap. This is
consistent with the transmittance spectra, as shown in Fig. 1(a).
The EQE dramatically increases in the 500–600 nm spectral
range. This suggests that efficient charge extraction and trans-
portation occur in the built-in electric eld for the Cd2SnO4-
based device, leading to a higher photogenerated current.

We further analyzed the I–V properties of the solar cells.
According to the Shockley equation and equivalent circuit
model for a single heterojunction solar cell, the I–V character-
istic equation is described as follows:42,43

J ¼ �Jsc þ J0

�
exp

�
eðV � JRsÞ

nkT

�
� 1

�
þ V � JRs

Rsh

(4)

where, J, Jsc, J0, e, V, n, k, Rs, Rsh, and T represent current density,
short-circuit current density, recombination current density,
electric charge, bias voltage, diode ideality factor, Boltzmann
constant, series resistance, shunt resistance, and temperature,
respectively. Based on the differential equation and mathe-
matical conversion, eqn (4) can be written as

dV

dJ
¼ nkT

e

1� Rsh
�1dV
dJ

J þ Jsc � V=Rsh

0
B@

1
CAþ Rs (5)

lnðJ þ Jsc � V=RshÞ ¼ e

nkT
ðV � RsJÞ þ ln J0 (6)

For perovskite devices, the shunt resistances of the devices are
estimated to be 3000 U cm2.42 The value of Rs is the intercept by
linear curve tting, as shown in Fig. 7(a). The series resistance of
FTO and Cd2SnO4-based devices was estimated to be 1.63 U cm2

and 1.46 U cm2, respectively. This indicates that the Cd2SnO4-
RSC Adv., 2017, 7, 8295–8302 | 8299
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Fig. 7 (a) Plots of
dV
dJ

against
1� Rsh

�1dV
dJ

J þ Jsc � V=Rsh

0
BB@

1
CCA and (b) plots of ln(J +

Jsc � V/Rsh) against (V � RsJ). Fig. 9 Stability of the device stored in a relative humidity of �10% for
60 days.
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based device shows a lower series resistance due to the thickness
of the lms. Similarly, the value of J0 can be obtained by linear
curve tting, as shown in Fig. 7(b). The values of the intercept for
the FTO and Cd2SnO4-based devices are �12.85 and �13.67 and
the recombination current density can be estimated to be 2.62 �
10�6 mA cm�2 and 1.16� 10�6 mA cm�2, respectively. The lower
J0 of the Cd2SnO4-based devices indicates that interface charge
recombination loss can be effectively decreased by interfacial
engineering, leading to a higher Voc and FF.

The steady-state photoluminescence and time-resolved
photoluminescence spectra were acquired to explore the
photoinduced charge dynamical process in the devices. We
prepared CH3NH3PbI3�xClx lms on FTO/TiO2 and Cd2SnO4/TiO2

substrates. Fig. 8(a) presents the steady-state photoluminescence
spectra for CH3NH3PbI3�xClx lms on FTO/TiO2 and Cd2SnO4/
TiO2 substrates. The PL intensity at 773 nm for the perovskite lm
on Cd2SnO4/TiO2 clearly shows a decrease as compared to that for
the perovskite lm on the FTO/TiO2 substrate. This indicates that
the charge dissociation process on the Cd2SnO4 electrode with
TiO2 layer is more efficient. Fig. 8(b) shows the time-resolved
photoluminescence spectra of the perovskite lms on various
substrates. The PL decay lifetimes were obtained by tting the
data to the biexponential decay function containing a fast decay
component (s1) and a slow decay component (s2). The detailed
tting parameters are summarized in ESI Table S2.† The fast
decay component might be considered as the result of the
quenching of free electrons in the perovskite via transport to TiO2.
The slow decay component can be originated from the radiative
recombination of the free carriers in the perovskite lm.15,44,45 For
the FTO/TiO2/CH3NH3PbI3�xClx lm sample, the fast decay
Fig. 8 (a) Steady-state photoluminescence spectra and (b) time-
resolved photoluminescence spectra of the CH3NH3PbI3�xClx films on
the FTO/TiO2 and Cd2SnO4/TiO2 substrates.

8300 | RSC Adv., 2017, 7, 8295–8302
lifetime was 0.55 ns and the slow decay lifetime was 14.4 ns,
whereas the weight fractions were 67.7% and 32.3%, respectively.
This indicates that the decay of free charges was dominated by
charge collection through the TiO2/perovskite interface. However,
the s1 and s2 for the Cd2SnO4/TiO2/CH3NH3PbI3�xClx sample
decreased to 0.46 ns and 9.26 ns, respectively. The weight fraction
of the fast decay component drastically increased to 89.6%. The
Cd2SnO4 electrode facilitates faster charge transfer from perov-
skite to TiO2. The electrode can enable the much faster and more
efficient collection of the photogenerated electrons due to lower
interfacial recombination loss as discussed above, leading to the
enhancement of photovoltaic performance.15

Furthermore, we investigated the long-term device stability
of the Cd2SnO4-based device in a relative humidity of �10% at
room temperature, as shown in Fig. 9. The stability of the FTO-
based device is shown in ESI Fig. S3.†

When the device was stored for 60 days, the Voc showed a slight
decay. The device efficiency drops�35% aer 60 days. The FF and
Jsc of the device maintained 85% of its initial value. For the FTO-
based device, the FF and Jsc of the device can retain �95% of the
initial value when the device was stored for 25 days. The dense
HTM layer hinders the penetration of water molecule for a long
time, which can improve the device stability. The device param-
eters did not show signicant degradation in two months.
However, the instability of perovskite devices is the main issue
while exposing them to an ambient air environment. Moisture
degradation and photooxidationmay take place at the interface in
the presence of oxygen, light, and moisture. Further enhance-
ments of the stability of the device are required. Interface modi-
cation on TiO2/CH3NH3PbI3�xClx may be an effective method to
improve the stability. In further studies, we believe that the
introduction of surface treatment technology by passivation
surface defects of TiO2 layer to protect the perovskite devices from
corrosion by moisture and oxygen is required. Solving the
extrinsic and intrinsic degradation problem of the perovskite
devices, which have potential for large scale applications, over-
comes the major obstacles in their practical applications.
Conclusion

We demonstrated a new structure of perovskite solar cell using
a Cd2SnO4 transparent conducting oxide substrate. Owing to
This journal is © The Royal Society of Chemistry 2017
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its higher electrical conductivity, optical transmission in the
visible range, and lower surface roughness as compared to
those of FTO, a higher PCE of 15.58% for the Cd2SnO4-based
perovskite solar cell was obtained. The energy band structure
and interfacial characteristics of Cd2SnO4/TiO2 interface were
investigated. The results showed that the matching energy
band alignment could ensure smooth carrier transport and
collection between the TiO2 and Cd2SnO4 electrode layers,
which suggests that Cd2SnO4 transparent conducting oxide
would be the most promising candidate for high performance
perovskite solar cells.
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