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ZnO/ZnTe core/shell
heterostructures on an AZO substrate for improved
photovoltaic performance†
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Vertically aligned ZnO/ZnTe core/shell heterostructures on an Al-doped ZnO substrate are developed for

non-toxic semiconductor sensitized solar cells. Structural and morphological analysis serves as evidence of

the successful synthesis of ZnO nanorods, ZnTe nanocrystals and ZnO/ZnTe heterostructures. The clearly

observed quenching of photoluminescence (PL) from the heterostructure indicates efficient charge transfer

occurring at the interface of ZnO and ZnTe, due to the type-II energy level alignment constructed by the

two. The formation mechanism of the ZnO/ZnTe heterostructure is studied in depth via time-dependent

reactions. It was found that the strain between ZnO and ZnTe modifies the band alignment at the

interface of the heterostructure in a manner which depends on the growth time. Finally, sensitized solar

cells based on the ZnO/ZnTe heterostructures with different ZnTe growth times were fabricated to

evaluate the photovoltaic performance. By the careful control of the ZnTe growth time and as a result of

the band alignment between ZnO and ZnTe, the power conversion efficiency (PCE) of the vertically

aligned ZnO/ZnTe based solar cells could be improved to about 2%, along with a short-circuit

photocurrent density of around 7.5 mA cm�2, a record efficiency for ZnO/ZnTe based sensitized solar

cells. Notably, for the optimized system the internal quantum efficiency of the ZnO/ZnTe based solar cell

approaches 100% in certain wavelengths, implying effective separation of photoexcited free carriers

towards either the electrolyte or anode.
1. Introduction

Semiconductor sensitized solar cells (SSSCs) are one of the most
studied types of next generation of solar cells, along with dye-
sensitized solar cells,1 polymer solar cells2 and the emerging
organo-lead-halide perovskite cells.3,4 The efficiency of SSSCs'
has improved dramatically over the last few years, recently
exceeding 10%.5 Yet, high efficiency SSSCs utilize PbS,5 CdS,6

CdSe,7 CdSeTe8 as sensitizers, all of which contain toxic heavy
metals – mostly lead and cadmium. This clearly raises signi-
cant issues regarding their potential practical application, and
highlights the need to develop more environmentally friendly
SSSC materials and designs.
ne Processing, School of Materials Science

jing 100084, China. E-mail: hong-lin@

for Application Technology of Chemical

llege of Materials Science and Chemical

228, China

, Weizmann Institute of Science, Rehovot

.ac.il

tion (ESI) available. See DOI:

hemistry 2017
ZnTe, having a bulk band gap of about 2.25 eV, is one
potential contender for non-toxic SSSCs. It has been shown both
theoretically and experimentally that ZnO/ZnTe hetero-
structures could serve as photoanodes in photovoltaic devices.
Moreover, the band alignment between the twomaterials can be
modied by strain, which may depend on the growth
method.9,10 ZnO/ZnTe heterostructures based on vertically
grown nanowires have previously been fabricated by CVD.11 We
have recently reported a simpler, low-cost approach to synthe-
size ZnO/ZnTe heterostructures by using dendrite-like ZnO
nanorods as sacricial templates via an in situ method.10 These
devices exhibited good absorption properties due to the effect of
light scattering, reaching an overall efficiency of up to 1.7%. Yet,
the geometry of the dendrite-like ZnO is probably inferior to
vertically grown wires in terms of charge transport due to the
loose contact between ZnO nanorods and the transparent
conductive glass (uorine-doped SnO2, FTO). Indeed, sensitized
solar cells made from oriented, one-dimensional semi-
conductor nanostructures have been shown to improve the cell
photovoltaic performance, attributed to the direct connection of
the point of photogeneration with the collection electrode.12,13

This was shown for chemical bath deposited ZnO nanorods
based semiconductor sensitized cells14,15 as well as for vertically
oriented single crystal rutile TiO2 nanowire based dye sensitized
RSC Adv., 2017, 7, 14837–14845 | 14837
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cells.13 It can thus be anticipated that ZnTe-based SSSC's could
exhibit improved performance when based on vertically grown
wires. Since, as discussed above, the band alignment between
ZnO and ZnTe can be modied by strain, it is necessary to carry
out a systematic study of the band alignment when considering
a new geometry for the photoanode.

Here, we perform such a systematic study of ZnO/ZnTe het-
erostructures based on vertically grown nanorods. The vertically
aligned ZnO nanorods were grown by a chemical bath deposi-
tion (CBD) method, taking Al-doped ZnO (AZO) glass as both
a layer of ZnO seeds and substrate. ZnTe was grown in situ using
wet chemical methods on the sacricial ZnO template. Several
samples with different growth times were prepared and studied
as a function of the growth time. The formation mechanism of
ZnO/ZnTe heterostructure was studied via time-dependent
reactions and relevant transmission electron microscopy
(TEM) measurements. Structural, morphological analyses and
photoluminescence (PL) measurements were then performed in
detail to investigate the properties of the as prepared samples.
In particular, the band structures of the fabricated ZnO/ZnTe
heterostructures with different ZnTe growth times were
studied by absorption measurements and X-ray photoelectron
spectroscopy (XPS) spectra. Finally, SSSCs based on the ZnO/
ZnTe heterostructure with different ZnTe growth time were
fabricated, for which the charge transport and recombination
processes have also been investigated in detail by electro-
chemical impedance spectroscopy (EIS). The best performing
device indeed showed an improvement in efficiency as
compared with cells utilizing dendrite-like ZnO structures.
2. Experimental
2.1 Synthesis of ZnO nanorods, ZnO/ZnTe core/shell
heterostructures and ZnTe nanocrystals

ZnO nanorods were grown by immersing the thoroughly
cleaned AZO glass in an aqueous solution containing zinc
nitrate hydrate (0.1 M), hexamethylenetetramine (0.1 M), and
polyethylenimine (5.0 mM) at 90 �C for 4 h. The ZnO nanorod
samples were then thoroughly rinsed with deionized water,
ethanol to remove the surfactant and the residual salt and
annealed at 350 �C for 20 min in air to increase the conductivity.

The ZnO/ZnTe core/shell heterostructure was prepared
according to the method in our previous publication.10 Briey,
the ZnO nanorods were kept in a 16 mM Te2� source solution
for a period of time at 50 �C for 6 h in a sealed box. Te2� source
solution was prepared by dissolving Te powder and NaBH4 in
water. In order to study the properties of ZnTe alone, ZnTe
nanocrystals were prepared by keeping the prepared ZnO
nanorods in Te2� source solution at 50 �C for over 18 h to
completely remove the inner ZnO cores.
Fig. 1 Process flow of preparing the vertically aligned ZnO/ZnTe
heterostructure based solar cell. There is a transparent hot-melt ring
between Pt counter electrode and ZnO/ZnTe based photoanode.
2.2 Device fabrication

The counter electrode was prepared by sputtering platinum
onto the FTO glass. The cells were fabricated by assembling
counter electrodes and respective ZnO/ZnTe based photo-
anodes (active cell area of 0.4 � 0.4 cm2) with a 60 mm thick
14838 | RSC Adv., 2017, 7, 14837–14845
Surlyn hotmelt ring (DuPont, USA). The electrolyte consisted of
0.025 M I2, 0.6 M 1-propyl-3-methylimidazolium iodide (PMII),
0.1 M guanidine thiocyanate (GNCS), and 0.5 M 4-tert-butyl-
pyridine (TBP) in acetonitrile (AN). When measuring the cell
performance, the electrolyte was injected.

2.3 Characterization

The morphology of the samples was characterized by eld
emission scanning electron microscope (SEM: LEO 1530,
Gemini, Zeiss, Germany). High resolution transmission elec-
tron microscopy (HRTEM) measurements were performed by
a JEM-2100 electron microscope (JEOL, Japan). X-ray diffrac-
tometer (XRD, D8 advance, Bruker, Germany) was used to
determine the structural properties of the as prepared samples.
The vibrational properties of the samples were investigated by
the Raman spectroscopy (HORIBA JOBIN YVON HR800, France)
excited by a 488 nm laser at room temperature. X-ray photo-
electron spectroscopy (XPS) spectra were performed on X-ray
photoelectron spectrometer (ESCALAB 250Xi, Thermo Fisher
SCIENTIFIC INC., USA). The absorption properties were ob-
tained by measuring with a UV/VIS/NIR Spectrophotometer
(Lambda 950, Perkin Elmer, USA) and subtraction of the scat-
tering spectrum as obtained from a bare ZnO nanorod elec-
trode. In doing this, we assume that the scattering spectrum
(but not the magnitude) is approximately independent of the
duration of ZnTe growth. Steady-state PL spectra were detected
by a uorescence spectrometer (FLS920, Edinburgh Instru-
ments, UK). Photovoltaic performances of all cells were tested
by a solar simulator (91192, Oriel, USA) equipped with a 450 W
xenon lamp (Newport 69920) and a Keithley 2400 source meter
under AM 1.5 100 mW cm�2 illumination. The IPCE spectra
were measured by the IPCEmeasurement system (QEX10 PV, PV
Measurements Inc., USA). EIS spectra was measured by
a CHI650C Electrochemical Workstation (Shanghai Chenhua,
China) under dark with a magnitude of the modulation signal
of 5 mV, ranging from 105 Hz to 0.1 Hz. Then the spectra were
tted by Z-View soware.

3. Results and discussion

As depicted in Fig. 1, vertically aligned ZnO nanorods were rst
grown directly on the AZO glass by a CBD method, followed by
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Surface and cross-sectional SEM images of ZnO nanorods (a) and (c) and ZnO/ZnTe heterostructures (b) and (d). Insets of (c) and (d) show
the ultra-high magnification SEM images. TEM images of ZnO/ZnTe heterostructure (e) and ZnTe nanoparticles (f). Inset of (f) is a typical HRTEM
image of ZnTe nanoparticles. (g) O, Zn and Te elemental EDS mappings for ZnO/ZnTe heterostructure shown in (e), respectively.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 14837–14845 | 14839
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the in situ growth of ZnTe nanocrystals along the ZnO nano-
rods.10 Fig. 2 shows an overview of the as prepared products. It is
shown in SEM images that the grown ZnO consists of a dense
array of well-aligned nanorods, which uniformly covers the AZO
substrate. The ZnO nanorods are approximately perpendicular
to the substrate surface, with a length of about 3.5 mm. Aer the
growth of ZnTe, ZnO nanorods were entirely covered by ZnTe
nanoparticles, which makes the surface of ZnO nanorods
rough. Notably, most of the inner pores between ZnO nanorods
are not blocked by the formation of ZnO/ZnTe heterostructure,
so that they are suitable for use in liquid electrolyte based solar
cells. Detailed characterization of the shape, microstructure
and chemical composition of the products can be obtained
using TEM-related techniques. A typical TEM image of the ZnO/
ZnTe products in Fig. 2(e) further conrms the formation of
ZnO/ZnTe core/shell structure, where the ZnTe shell is
uniformly distributed along the ZnO rod, and the ZnTe nano-
particles are stacked on top of each other (Fig. 2(f)). The char-
acteristic radius of ZnTe nanoparticles is approximately 5 nm,
with a typical lattice fringe spacing of about 0.35 nm. Elemental
energy dispersive spectroscopy (EDS) mappings (Fig. 2(g)), in
which brighter regions indicate higher element content, is
a good method of understanding the chemical composition of
the samples. From the low signal at the center of the wire, it is
apparent that the concentration of Te is higher on the shell,
whereas both Zn and O show a maximal signal at the center of
Fig. 3 (a–c) XRD patterns of AZO-coated glass substrate, ZnO nanorods
(d) Raman spectra of ZnO, ZnTe and ZnO/ZnTe on AZO substrate.

14840 | RSC Adv., 2017, 7, 14837–14845
the nanorod. The EDS results illustrate that ZnTe nanocrystals
homogeneously cover the ZnO nanorods, leading to a ZnO/ZnTe
core/shell heterostructure.

As prepared samples were characterized by X-ray diffraction
(XRD) and Raman spectroscopy to obtain information on the
crystal structure, phase composition and vibrational properties.
Here ZnTe nanocrystals were prepared to study the properties of
ZnTe alone by prolonging the growth process until the sacri-
cial ZnO template has been completely removed. Fig. 3 shows
the XRD patterns of the AZO-coated glass substrate, ZnO
nanorods, ZnTe nanoparticles, and the ZnO/ZnTe hetero-
structure on the AZO substrate. The diffraction peaks at around
30.9�, 34.4� are attributed to the diffraction from the (1 0 �1 0), (0
0 2) planes of ZnO, which is indexed with the standard
diffraction pattern (PDF# 21-1486) and (PDF# 36-1451) with
wurtzite-hexagonal crystal structure. Peaks at around 25.3�,
41.8� and 49.5� are ascribed to the diffraction from the (1 1 1), (2
2 0) and (3 1 1) planes of ZnTe, which agrees well with the
standard diffraction pattern (JPCDS PDF# 15-0746, cubic
structure). On the other hand, the interplanar spacing of ZnTe
(1 1 1) plane matches well with the fringe spacing of �0.35 nm
in Fig. 2(f). With the growth of ZnTe, the peak intensity from
ZnO was reduced, due to that the fact that ZnO acted as
a sacricial template for ZnTe. It is noted that the characteristic
peaks for ZnO completely disappeared in ZnTe lms as
compared to the bare ZnO lm and ZnO/ZnTe lm, indicating
, ZnTe nanoparticles and ZnO/ZnTe heterostructure on AZO substrate.

This journal is © The Royal Society of Chemistry 2017
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that the ZnO nanorods were etched away. This could also be
further conrmed by Raman spectra (as shown in Fig. 3(d)).
Different scattering intensities at 276 cm�1, 438 cm�1, 580 cm�1

are assigned to the additional mode, high frequency branch of
E2 mode and A1 longitudinal optical mode of ZnO, respectively,
indicating the wurtzite crystal structure of ZnO.16 The sharp and
strong peaks at 125 cm�1, 145 cm�1 are attribute to transverse
acoustic mode of ZnTe, while the strong peak at 203 cm�1,
along with a weak peak at 410 cm�1 results from the longitu-
dinal optical mode of ZnTe.17 Similar to the results of XRD
patterns, the ZnTe lm only exhibits Raman peaks from ZnTe,
indicating no residual ZnO is existing, which makes it possible
to study the properties of ZnTe alone.

To understand the charge transfer processes between ZnO
and ZnTe, PL spectra of ZnO nanorods, ZnTe nanocrystals
alone, ZnO/ZnTe heterostructure were measured, as shown in
Fig. 4. For comparison, PL spectra of AZO glass, remaining ZnO
and the PL intensity for numerical sum of remaining ZnO with
ZnTe were also displayed. ZnO nanorods exhibit two emitting
bands, a sharp narrow ultraviolet emission peak at 377 nm
along with a broad red emission centered at �640 nm, which is
similar to our previous observations.10 It is widely known that
the emission at 377 nm is attributed to the recombination of
free excitons in the near-band-edge of the wide band gap ZnO,
while the broad visible luminescence is derived from the
recombination of a delocalized electron close to the conduction
band with a deeply trapped hole in the single negatively charged
interstitial oxygen ion Oi

� center.18 It should be noted that for
our samples, the emission peak of ZnO in the ultraviolet range
is much more intense than that in the visible region, indicating
good crystallinity and a low concentration of defects. As for the
PL spectrum of ZnTe, a broad response in the range of 500–
800 nm, with a peak at 636 nm (1.95 eV) was observed, which
should be ascribed to combined effect of ZnTe near band edge
Fig. 4 Steady-state PL spectra of AZO glass, ZnO nanorods, ZnTe
nanocrystals, ZnO/ZnTe heterostructure. The excitationwavelength of
300 nm was employed to detect the PL properties from 350 nm to
460 nm, and 405 nm was used for the PL properties from 460 nm to
800 nm. When measuring the approximate PL intensity of remaining
ZnO nanorods and the numerical sum of remaining ZnO and ZnTe, the
thickness of ZnTe layer was considered as�20 nm and the diameter of
original ZnO nanorod was considered as �200 nm (see Fig. 2(e)).

This journal is © The Royal Society of Chemistry 2017
emission and the oxygen doping of ZnTe nanocrystals.19 Growth
of ZnTe on ZnO remarkably reduced both the luminescence
intensity of ZnO (both ultraviolet and visible emission) and that
of ZnTe. Though the additional non-radiative recombination
channels from structural defects associated with lattice
corruption by ZnTe deposition or Te0 atoms at ZnO|ZnTe
interface acting as traps, would contribute some reduction of PL
intensity. We claim that the signicantly eliminated PL inten-
sity is primarily attributed to the efficient charge transfer
process occurring between ZnO and ZnTe, due to the band
alignment in our structure. Indeed, the band alignment of the
two materials is type-II, such that the photogenerated electrons
transfer from ZnTe to the conduction band of ZnO and the
photogenerated holes transfer from the valence band of ZnO to
that of ZnTe. Therefore it can be concluded that the growth of
ZnTe on ZnO promotes the separation of photoexcited free
carriers towards either the electrolyte or anode. The formation
of a type-II heterojunction should be reected in a high internal
quantum efficiency, as indeed shown below.

In order to reveal the formation mechanism of ZnO/ZnTe
heterostructure, time-dependent reactions were carried out to
investigate the growth process. Fig. 5 shows the typical TEM
images of the products prepared at certain growth time inter-
vals. It can be observed that the solid ZnO nanorods trans-
formed into a mesoporous arrangement of ZnTe nanocrystals
gradually as the reaction progressed. Our strategy for the
synthesis of ZnTe nanocrystals is believed to be the result of the
Kirkendall effect, which has been employed to synthesize many
hollow nanomaterials successfully.20–22 At the initial stage of the
growth process, Te2� was adsorbed onto the surface of ZnO
nanorods and diffused into the crystal structures by
substituting the O atoms out of the rods. This could happen
because ZnO shows much larger solubility product (Ksp) than
that of ZnTe. Therefore, O atom diffused into the solution much
faster than Te atoms, which led to the formation of Kirkendall
voids (Fig. 5(c and d)) if the growth time is long enough. As the
diffusion reaction proceeded, ZnO/ZnTe heterostructure could
be obtained before hollow ZnTe nanocrystals (Fig. 5(e)) came
into being, which takes as long as 18 h. The above mentioned
process is also called anion exchange, where ZnO acts as
sacricial templates to synthesize ZnTe.

As previously reported, the strain between ZnO and ZnTe can
affect the band alignment between ZnO and ZnTe. This could
depend on the growth method as well as the growth time.9,10

Here, XPS and UV/Vis/NIR measurements were employed to
investigate the valence band (VB) and conduction band (CB)
positions of ZnTe at different growth times. The optical
absorption properties of the various ZnTe samples were used to
extract the band gap energy (Eg) of ZnTe nanocrystals. The value
of Eg for the ZnO/ZnTe heterostructure was obtained using the
equation for the near-edge absorption and the extrapolation of
the linear region of the plot of (Ahn)2 against photon energy
(hn)23 as shown in Fig. 6(a). Clearly, the Eg of ZnTe decreased
with increasing growth time of ZnTe nanocrystals. The extrap-
olated band gaps were 2.31 eV, 2.28 eV, 2.25 eV, 2.24 eV for
growth times of 0.5 h, 1.0 h, 1.5 h, 3.0 h, respectively. This is
primarily due to the increased nanocrystal size thus weakened
RSC Adv., 2017, 7, 14837–14845 | 14841
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Fig. 5 TEM images of (a) ZnO nanorod and (b–e) ZnO/ZnTe heterostructure with different growth time, (b) 1 h, (c) 2 h, (d) 3 h, (e) 18 h.

Fig. 6 (a) The dependence of (Ahn)2 against photon energy (hn) for ZnO/ZnTe heterostructure using linear extrapolation for the proposed direct
forbidden transition. (b) XPS valence spectra and the linear interpolations of the leading edge of ZnO/ZnTe. The inset shows the spectra in wide
scan. (c) The band alignment evolution and the corresponding charge transfer process upon illumination in the ZnO/ZnTe heterostructures with
different reaction time.
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quantum connement effect. The bandgap is getting closer to
its bulk value with the growth time increasing.24,25 Fig. 6(b)
shows the valence spectra for the top of the ZnO/ZnTe hetero-
structure. Based on the work function for the XPS instrument
(4.75 eV) and the intersection of baseline with the tangent line
of a spectrum, the position of the VB maximum of an electrode
can be determined. As in the following, the VB maximum for
ZnO/ZnTe with the growth time increasing is estimated to be
�5.06 eV, �5.20 eV, �5.12 eV, �5.12 eV relative to vacuum,
respectively. This non-monotonous dependence of the VB
maximum position among the ZnO/ZnTe photoanodes is
a combined effect of strain between ZnO and ZnTe and
quantum connement.9,10 Based on the above analysis, the
alignment of energy levels for different ZnO/ZnTe hetero-
structures can be drawn as shown in Fig. 6(c).
14842 | RSC Adv., 2017, 7, 14837–14845
Sensitized solar cells based on ZnO/ZnTe with different ZnTe
growth time were fabricated to investigate their photovoltaic
performances. The photocurrent density–photovoltage curves
(J–V curves) based on different ZnO/ZnTe photoanodes are
shown in Fig. 7. Detailed parameters including short-circuit
photocurrent density (Jsc), open-circuit photovoltage (Voc), ll
factor (FF) and power conversation efficiency (h) are summa-
rized in Table 1. On the whole, ZnO/ZnTe based solar cells
possessed high Jsc, which should be attributed to high charge
separation efficiency created by the ZnTe–ZnO p–n junction, but
with low Voc and FF probably due to charge recombination in
the solar cell. By increasing the growth time of ZnTe from 0.5 h
to 1 h, notable Jsc and Voc enhancement was observed from 5.14
mA cm�2 to 7.26 mA cm�2 and from 514 mV to 583 mV,
respectively. Obviously this result should be on one hand
ascribed to the smaller band gap of 1 h-ZnTe than that of 0.5 h-
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (a) J–V characteristics of solar cells based on ZnO/ZnTe heterostructure with different growth time. IPCE (b) and IQE (c) curves of solar
cells based on different ZnO/ZnTe electrodes. (d) Absorption, IPCE and IQE spectra of solar cell based on 1 h-ZnO/ZnTe electrode.
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ZnTe due to the reduced degree of quantum connement. On
the other hand, the difference between the CB energy levels of
ZnO and ZnTe (1 h) is smaller than that of ZnO/ZnTe (0.5 h),
which, while still ensuring a sufficiently large driving force for
charge separation results in a reduced energy loss during this
process. Nevertheless, further increasing the growth time of
ZnTe, the photovoltaic performance decreased as a result of
decrease both in Voc and in the FF. When the growth time of
ZnTe increased to 3 h, the cell efficiency was further lowered to
0.78%. Apart from the above discussed change in band align-
ment, the contact between ZnO and ZnTe is gradually modied
during growth. In particular, it appears that the system suffers
from increased losses which harm its photovoltaic properties.
This is further discussed below.

Measurements of the absorption spectra (Fig. S3†) of ZnO/
ZnTe photoanode and the incident monochromatic photon-to-
Table 1 Detailed photovoltaic parameters of solar cells based on
different photoanodes

Photoanode Jsc (mA cm�2) Voc (mV) FF h (%)

ZnO/ZnTe (0.5 h) 5.14 514 0.45 1.19
ZnO/ZnTe (1.0 h) 7.26 583 0.45 1.90
ZnO/ZnTe (1.5 h) 6.21 502 0.40 1.25
ZnO/ZnTe (3.0 h) 5.43 462 0.31 0.78

This journal is © The Royal Society of Chemistry 2017
current conversion efficiency (IPCE) spectra (Fig. 7(b)) of the
ZnO/ZnTe based solar cells enabled the calculation of the
internal quantum efficiency (IQE) spectra shown in Fig. 7(c).
Meanwhile, the absorption, IPCE and IQE spectra of solar cell
based on 1 h-ZnO/ZnTe electrode are shown together in
Fig. 7(d). The IPCE spectra are in good agreement with the trend
of Jsc obtained from J–V measurement. It is easily found that
solar cell based on 1 h-ZnO/ZnTe possessed remarkably high
IQE values, approaching 100%, especially in the range of 400–
500 nm. This result indicates that nearly every absorbed photon
leads to a separated pair of charge carriers and that almost all
carriers photogenerated by wavelengths in this range are
collected at the electrodes. The IQE values of all the cells studied
here declined rapidly in the wavelength range of 500–600 nm,
which is probably attributed to absorption by trap states.

To further clarify charge transport process at the interface of
photoanode and counter electrode with the electrolyte, EIS
Table 2 Recombination resistance (Rct) and electron lifetime (sn)
derived from EIS fitting results

Photoanode Rct (U cm2) fmin (Hz) sn (ms)

ZnO/ZnTe (0.5 h) 727.8 16.98 9.38
ZnO/ZnTe (1.0 h) 818.4 11.22 14.19
ZnO/ZnTe (1.5 h) 290.8 25.70 7.00
ZnO/ZnTe (3.0 h) 227.4 31.62 5.04

RSC Adv., 2017, 7, 14837–14845 | 14843
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Fig. 8 Nyquist (a) and Bode (b) plots for the solar cells based on ZnO/ZnTe photoanodes with different growth time in the dark at an applied
forward bias of �0.7 V. (c) Equivalent circuit for fitting the EIS plots, Rs: series resistance; Rct-CE: charge transfer resistance at the interface of
counter electrode (Pt) and electrolyte, Rct-photoanode, recombination resistance at the photoanode/electrolyte interface, CPEct-CE: double-
layer capacitance at the counter electrode; CPEct-photoanode: chemical capacitance of ZnO photoanode.
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measurements were conducted in the dark. Equivalent circuit
model in Fig. 8(c) was employed to further analyze the EIS
curves, meanwhile the Nyquist and Bode spectra for different
photoanode based solar cells were plotted in Fig. 8(a and b).
Two semicircles of the each Nyquist spectrum were observed in
the frequency range from 105 Hz to 0.1 Hz in our present study.
It is established that the response in the high frequency (le-
most semicircle) can be attributed to the charge transfer at the
interface of Pt and electrolyte. The response in the intermediate
frequency (right semicircle) corresponds to the charge transfer
at the interface of semiconductor and electrolyte. Clearly there
is small difference among the lemost semicircles for all solar
cells, as a result of the same counter electrodes and electrolyte.
While non-negligible difference among the right semicircles
was observed, indicating distinct charge transfer processes at
the interface of photoanode and electrolyte. The recombination
resistance (Rct) at the ZnO/electrolyte interface could be esti-
mated by the diameter of the second semicircle in the inter-
mediate frequency. Based on the tting results of the EIS
spectra, the Rct was obtained (shown in Table 2). Larger Rct

indicates smaller recombination in the solar cells. It is clearly
seen that Rct rose rstly and then descended with the increase of
ZnTe growth time, and eventually the solar cell based on the 1 h-
ZnTe possessed the largest Rct, revealing the smallest recom-
bination. Furthermore, Bode plots of the cells in Fig. 8(b) have
been used to estimate the electron lifetime (sn) in the solar cells
by the following eqn (1). Longer electron lifetime represents less
serious recombination in the complete cell.26

sn ¼ 1/2pfmin (1)

where fmin is the characteristic frequency minimum of phase
in the middle frequency. fmin and sn were also summarized in
14844 | RSC Adv., 2017, 7, 14837–14845
Table 2. It is obvious that sn rstly increased and then
decreased with the increase of ZnTe-growth time, which is in
good agreement with the results of Rct. When increasing the
ZnTe-growth time from 0.5 h to 1.0 h, the quantity and crys-
tallinity of ZnTe nanoparticles increased, promoting the
charge transfer at the interface of photoanode with the elec-
trolyte. This result suppressed the recombination and
increased the electron lifetime. Further increasing the growth
time, the particle size of ZnTe nanocrystal got bigger leading
to a deterioration in the electronic properties at the contact
between ZnO and ZnTe. This makes it more difficult to collect
charges, leading to more severe recombination and thus
shorter electron lifetime.
4. Conclusion

In summary, vertically aligned ZnO/ZnTe core/shell hetero-
structures grown directly from AZO glass with different ZnTe
growth times were studied for applications in SSSCs. The details
of the type-II energy level alignment between ZnO and ZnTe,
which are affected by strain, play an important role on the cell
performance. This, in turn, depended on the growth time of
ZnTe. When the ZnTe growth time was 1 h, the solar cell ach-
ieved the best performance, with a PCE of 1.90%, a Jsc of about
7.26 mA cm�2 and a Voc of 583 mV, IQE values of approaching
100% in a broad range of wavelengths corresponding to band-
edge absorption in ZnTe. Considering there is still some
space for improvement of Voc, Jsc, and especially the FF, further
improvement of the cell performance might be expected by
increasing the absorption of the photoanode and constructing
more suitable band alignment between ZnO and ZnTe. In this
case, there should be large enough driving force with less energy
loss for the electrons from ZnTe transferring to ZnO.
This journal is © The Royal Society of Chemistry 2017
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M. Saliba, M. T. Hörantner, A. Haghighirad, N. Sakai,
L. Korte, B. Rech, M. B. Johnston, L. M. Herz and
H. J. Snaith, Science, 2016, 351, 151–155.

5 X. Lan, O. Voznyy, F. P. Garćıa De Arquer, M. Liu, J. Xu,
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