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Remarkable enhancement of photovoltaic performance of ZnO/CdTe core-
shell nanorod array solar cells through interface passivation with TiO, layer

Guanghui Zhang®, Yukun Wu?, Huaiyi Ding®, Yunsong Zhu?, Junwen Li?, Yue Lin®, Shenlong
Jiang™¢, Qun Zhang™¢, Nan Pan®¢, Yi Luo®® and Xiaoping Wang®"*

All-inorganic solid-state ZnO/CdTe core-shell nanorod array solar cells (NRASCs) have been fabricated by a simple low-
temperature and low-cost chemical solution method. A thin TiO, layer with different thickness was introduced at the
ZnO/CdTe interface using atomic layer deposition and its effect on the photovoltaic performance of the NRASCs was
investigated. It is found that the overall power conversion efficiency of the ZnO/TiO, (4 nm)/CdTe NRASC can reach up to
1.44% under AM 1.5G illumination (100 mW/cmZ), which is about 6 times of the NRASC without TiO, layer. By further
systematic characterizations, we find that the thin TiO, layer, serving as an efficient passivation and blocking layer at the
interface of ZnO/CdTe nanorod, can remarkably suppress the charge recombination at the interface but negligibly affect
the light absorption and the charge separation efficiency, thus leading to significant increases of the carrier lifetime and
the open-circuit voltage of the NRASCs. This result expands the knowledge and opportunities for low-cost, high-

performance NRASCs through simple interface engineering.

Introduction

Various nanomaterials and nanostructures have been
developed recently to make low-cost, high-performance solar
cells.” Well-aligned one-dimensional nanostructure has
attracted exceptionally significant attention for its excellent
light trapping and antireflection properties, rendering the
enhancement of light absorption for solar cells.”® In particular,
core-shell nanorod array solar cell (NRASC), in which the
nanorod core is covered by other type of semiconductor shell
to form a p-n junction in the radial direction, allows light
absorption in the axial direction and charge separation in the
radial one. By virtue of this unique architecture, it enables
strong light absorption as well as efficient charge separation
and transport, promising an overall improvement of power
conversion efficiency. More importantly, the NRASC can even
be composed of materials with short minority carrier diffusion
length, providing an alternative access to produce high-
efficiency photovoltaic devices via low-cost materials.

Among NRASC materials, n-type ZnO nanorod arrays
(NRAs) are widely used as the electron transport component
because of the high electron mobility and facile synthesis.7'11

Meanwhile, p-type CdTe is a promising active material for
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photovoltaics because of its nearly ideal band gap for single-
junction solar cells and large optical absorption coefficient. In
addition, a type-ll energy band alignment is well defined
between CdTe and ZnO, which can facilitate the separation of
the electron-hole pairs.g' 12,13 However, despite the
aforementioned advantages, only a few ZnO/CdTe NRASCs
have been reported and the corresponding performances are
not as high as expected yet.lz' 14-16 Besides, the solar cells
based on core-shell nanostructures always suffer from the low
open-circuit voltage (V,.) and fill factor (FF) due to the severe
charge recombination process occurred through the interface.
Therefore, avoiding the charge carrier from the recombination
is vital for improving the power conversion efficiency of core-
shell NRASCs. To this end, various materials, such as Ti02,17'19
AI20320 and Zr0221 have been introduced at the interface to
increase the lifetime of minority carrier and enhance the
device performance. Among these materials, TiO, is most
commonly used as an electron acceptor in photovoltaic
devices owing to its good chemical stability.1 Moreover, since
TiO, has the similar valence band (VB) and conduction band
(CB) energy levels as those of Zn0O, it can efficiently passivate
the surface defect of ZnO NR without degradation of the
carrier transport. For example, Tian et al. introduced TiO,
nanosheets on the surface of ZnO NR in quantum dot
sensitized solar cells to prolong the electron lifetime and
increase the Voc.18

In this work, we fabricated solid-state ZnO/CdTe core-shell
NRASCs through depositing the CdTe shell onto the
hydrothermally-grown ZnO NRs using a low-cost successive
ionic layer adsorption and reaction (SILAR) method.”*** A thin
TiO, layer, with various thicknesses of 0.5, 1, 2, and 4 nm
respectively, was introduced at the core/shell interface by
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atomic layer deposition (ALD) to reduce the interfacial charge
recombination. The architecture of our solar cell is
schematically shown in Fig. 1a. The photovoltaic performances
of these ZnO/CdTe and ZnO/TiO,/CdTe NRASCs have been
systematically investigated. We found that the V. of the solar
cell is only 165 mV for ZnO/CdTe NRASC, but can increase
dramatically after inserting the TiO, layer and reach to 627 mV
for ZnO/TiO, (4 nm)/CdTe NRASC. At the same time, the short-
circuit current density (J,c) and FF is also slightly improved by
the thin TiO, interfacial layer. Consequently, the overall power
conversion efficiency of the ZnO/TiO, (4 nm)/CdTe NRASC can
reach up to 1.44%, which is about 6 times of ZnO/CdTe NRASC.
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Fig. 1 (a) Schematic of the ZnO/TiO,/CdTe core-shell NRASC. (b and c) The energy level
as well as the carrier transport and recombination path of ZnO/CdTe (b) and
Zn0O/Ti0,/CdTe core-shell NRASC (c).

Experimental section
Synthesis of ZnO NRAs

ZnO NRAs were synthesized using a two-step procedure of
seeding and hydrothermal growth on patterned fluorine-
doped tin oxide (FTO) coated glass substrates.” ?® The sheet
resistance of the FTO is 15 Q/cmz. The 2x2 cm? FTO slides were
cleaned and dried before a ZnO nanocrystal seed layer was
prepared by spin coating the sol-gel precursor containing 0.75
M zinc acetate dihydrate in 2-methoxyethanol with a 1:1 ratio
at 1200 rpm and subsequent annealing in air at 400 °C for 10
minutes. ZnO NRAs were then hydrothermally grown from the
seed layer in a solution containing 30 mM zinc nitrate and
equivalent hexamethylenetetramine at 92 °C for 90 minutes.

ALD of TiO,

TiO, was deposited onto the ZnO NRAs using an ALD system
(MNT-100, Wuxi MNT Micro and Nanotech).
Tetrakis(dimethylamino)titanium and water were used as the
titanium and oxygen precursors, respectively. The deposition
was performed at 120 °C under a base pressure of 42 Pa. Each
cycle of ALD consists of 40 ms Ti precursor pulse with 25 s N,
purging and 6 ms water pulse with 30 s N, purging. The
thickness of TiO, layer was controlled by the ALD cycles.

CdTe shell deposition

The CdTe shell was deposited using SILAR method.
Cd(NO3),-4H,0 was used as the Ccd” sources. Te’ was
prepared from Te powder reduced by NaBH, with N,
protection. Then the CdTe was deposited

22-24

under N,
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atmosphere to prevent the oxidation of Tez', the concentration
for both precursor solutions was 0.1 M. Typically, in each cycle
of CdTe SILAR process, the substrate was immersed into cd*
solution for 15 s and rinsed by deionized water; followed by 15
s immersion in Te” solution and rinsing. After 60 cycles, CdTe
was fully filled the interspace of the NRAs. After deposition,
the samples were pre-annealed at 150 °C for 2 min,
immediately followed by immersion into a 60 °C solution of
saturated CdCl, in methanol, rinsing with 1-PrOH and
subsequent annealing in air at 400 °C for 10 minutes.”’

Device fabrication and characterization

Zn0O/CdTe and ZnO/TiO, (0.5, 1, 2, 4 nm)/CdTe core-shell
NRASCs were fabricated by thermally evaporating 100 nm Au
on the top of these NRAs through a shadow mask to form 2x2
mm? top electrodes. The morphologies were observed by a FEI
Sirion 200 scanning electron microscope (SEM). The
microstructure and energy dispersive X-ray spectrum (EDS) of
single NRs were performed on a JEOL-2010 transmission
electron microscope (HRTEM/TEM) operated at 200 kV. The
crystal structure was analyzed by a PHILIPS X'PERT PRO X-ray
diffractometer (XRD) with Cu Ko line (A=1.54184 A). UV-Vis
absorption spectra were obtained on U-4100
spectrophotometer (HITACHI). Photoluminescence (PL) was
collected on Fluorolog3-TAU. Ultrafast transient absorption
(TA) spectroscopy was performed with a 25 fs Ti:sapphire laser
system.

For solar cell performance testing, all current density-
voltage (J-V) curves were measured under ambient condition
using a Keithley 2400 sourcemeter. The AM 1.5G simulated
sunlight illumination of 100 mW/cm2 was obtained by a
94023A Oriel Sol3A solar simulator (Newport) and calibrated
with a reference silicon solar cell. The electrochemical
impedance spectroscopy was carried out in the dark at room
temperature using a CHI 660E electrochemical workstation
(Shanghai Chenhua Instruments Co.). Open-circuit voltage
decay (OCVD) measurement was performed using a chopped
532 nm laser while monitoring the subsequent decay of the
open-circuit voltage by an oscilloscope (Tektronix TDS 2012).

Results and discussion

A series of ZnO NRAs with different thickness TiO, coating have
been fabricated by ALD deposition. The CdTe shell active layer
was subsequently deposited onto the ZnO/TiO, NRs using
SILAR method. It is found that CdTe can fully fill the interspace
of the ZnO/TiO, array after 60 cycle deposition. To improve the
interfacial contact of the core-shell structures and the
crystallinity of shell layers, the samples were further treated by
CdCl, and annealed in air at 400 °C for 10 minutes.”’

Fig. 2a reveals the X-ray diffraction (XRD) patterns taken
from the bare ZnO, ZnO/TiO, (2 nm) NRAs as well as the
annealed ZnO/CdTe and ZnO/TiO, (2 nm)/CdTe core-shell
NRAs, respectively. For the bare ZnO NRs, besides the peaks of
FTO, only ZnO (002) peak can be found, suggesting that the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 (a) XRD patterns of the bare ZnO, ZnO/TiO, (2 nm), annealed ZnO/CdTe and ZnO/TiO, (2 nm)/CdTe NRAs. (b) The typical cross-sectional SEM image of ZnO/TiO, (2 nm) NRAs.
(c) HRTEM image and EDS (inset) of a single ZnO/TiO, (2 nm) NR. (d) The typical cross-sectional SEM image of annealed ZnO/TiO, (2 nm)/CdTe core-shell NRAs.

ZnO NRs grew dominantly along the c-axis orientation. The
result for the ZnO/TiO, (2 nm) sample is very similar to that of
the bare ZnO. After the CdTe layer was deposited and
annealed, three new diffraction peaks are observed at 23.74,
39.40 and 46.42°, which can be indexed to the (111), (220) and
(311) planes of zinc-blende CdTe (JCPDS file No.65-1085),
respectively. No signal from the oxide phase, such as CdO or
TeO,, can be detected. Moreover, the average grain size of
CdTe for both ZnO/CdTe and ZnO/TiO,/CdTe samples are the
same as about 20 nm, indicating the thin TiO, layer has
negligible effect on the crystallinity of the CdTe shells.

Fig. 2b shows the cross-sectional SEM image of a ZnO/TiO,
(2 nm) NRA on FTO substrate. The NRs show uniform
morphology and the length is ~ 360 nm. The microstructure
and composition of the NRs were further investigated by TEM
and EDS. Fig. 2c shows a typical HRTEM image of a single
ZnO/TiO, (2 nm) NR, the ZnO NR shows perfect single-crystal
wurtzite structure with clear stacking along its c-axis,
consistent with the XRD result in Fig. 2a. In addition, a uniform
amorphous TiO, thin layer can be found covering on the
surface of the ZnO NR, whose thickness is estimated to be
about 2 nm. The Ti element can be confirmed from the EDS
result shown in the inset of Fig. 2c. Fig. 2d demonstrates the
cross-sectional SEM image of an annealed ZnO/TiO,
(2nm)/CdTe core-shell NRA, from which the very compacted
film-like filling with few voids can be observed.

ZnO/Ti0,/CdTe core/shell NRASCs with different TiO, (O,
0.5, 1, 2 and 4 nm) thicknesses have been fabricated to
investigate the effect of TiO, layer on the photovoltaic

This journal is © The Royal Society of Chemistry 20xx

performances. Fig. 3a, b show the typical steady-state J-V
curves of the solar cells in the dark and under AM 1.5G
illumination of 100 mW/cm?, respectively. As seen in Fig. 3a,
all curves show the good rectifying behaviour and the positive
dark current decreases with the increasing thickness of TiO,
layer. Fig. 3b demonstrates that the thin TiO, layer can
significantly improve the photovoltaic performance of the
NRASCs. The thickness dependence of the NRASC
performances, such as J,, V., FF and power conversion
efficiency n, are further summarized in Fig. 3c,d. (The detailed
device characteristics are listed in Table S1). Obviously, V.
increases by near 4-fold from 165 mV for ZnO/CdTe NRASC to
602 mV for ZnO/TiO, (2 nm)/CdTe NRASC and saturates for
ZnO/TiO, (4 nm)/CdTe NRASC. At the same time, both J,. and
FF of the NRASCs increase slightly with the TiO, layer
thickness. Consequently, the overall power conversion
efficiency of the ZnO/TiO, (4 nm)/CdTe NRASC dramatically
enhances and reaches up to 1.44%, about 6 times of the
NRASC without TiO,.

We now turn to study the underlying reason in the
following sections why the ZnO/TiO,/CdTe core-shell NRASC
possesses much higher photovoltaic performance as compared
to the ZnO/CdTe one. In principle, the photon to current
conversion efficiency of a solar cell is dominantly determined
by three processes including the photon absorption, the
charge separation, and the carrier transport and collection. To
investigate whether the interfacial thin TiO, layer can alter the
absorption of the solar cells, UV-Vis absorbance spectra were

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 J-V curves of ZnO/TiO,/CdTe core-shell NRASCs with 0, 0.5, 1, 2, and 4 nm thick TiO; layers (a) in the dark and (b) under AM 1.5G illumination of 100mW/cm?. (c) Jsc and Vo,
(d) FF and n versus the thickness of TiO, layer. Error bars are obtained from six devices for each kind of NRASC, and the dotted lines are guide for eyes.

measured on the bare ZnO, ZnO/TiO, (0.5, 1, 2, 4 nm),
annealed ZnO/CdTe and ZnO/TiO, (0.5, 1, 2, 4 nm)/CdTe NRAs
and the results are shown in Fig. S1. It is found that the ZnO
and ZnO/TiO, NRAs have the same absorption edge at ~ 380
nm and the absorption intensity increases slightly with the
thickness of TiO, layer. However, for the ZnO/CdTe and
Zn0O/Ti0,/CdTe core-shell NRAs, the absorption edge shifts
obviously to 850 nm, consistent with the band gap of bulk
cdTe.®® # It is notable that the ZnO/TiO,/CdTe NRs with
different TiO, thicknesses have almost the same absorption
behaviour, indicating that the CdTe shell is the dominant light-
absorption material
nanostructures. Therefore, we can conclude that the enhanced
photovoltaic performance of the NRASC after inserting TiO,
layer cannot be ascribed to the change of light absorption.

It is well known that a type Il energy band alignment is

in the above mentioned core-shell

beneficial for separating the photocarriers. For the case of
Zn0O/CdTe NRAs as shown in Fig. 1, this results in the
photoinduced electrons of CdTe shell injecting into the ZnO
core. In order to investigate whether the TiO, interfacial layer
will prompt the charge separation in the core-shell NRASCs, we
measured the transient absorption spectra on the
Zn0O/Ti0,/CdTe NRAs with different TiO, thicknesses, since the
method has in photovoltaic
3032 The measurements were performed on a 25 fs

been extensively practiced
devices.
Ti:sapphire laser system. Each sample was excited by a 400 nm
pump light and the excited state absorption signals were
probed at 630 nm, the results are shown in Fig. S2. As seen,
the decay of the excited state absorption are almost the same

4| J. Name., 2012, 00, 1-3

and do not show any dependence on the thickness of TiO,,
suggesting that the TiO, layer has negligible contribution to
the charge separation at the ZnO/CdTe interface.

It has been reported that the charge recombination has a
notable impact on the V.. and the power conversion efficiency
of solar cells."™ ** 3* This can be understood by the band
alignment as well as the electron transport and recombination
path in the core-shell NRASC shown in Fig. 1b, c. Under light
illumination, the photoinduced electron-hole pairs in the CdTe
shell are separated rapidly at the interface; The electrons are
injected into the ZnO and then transported to the FTO
electrode, while the holes remain in the CdTe shell are
collected by the Au electrode. However, the electrons would
meanwhile recombine with the holes at the interface. At the
open-circuit condition, the photocurrent exactly balances the
forward bias current which is dependent on the recombination
process. Therefore, low recombination decreases the forward
bias current for p-n junction, which in turn shifts the balance at
a higher V... In the case of ZnO/CdTe, as shown in Fig. 1b, the
electrons in ZnO are easily trapped by the ZnO surface defects
and recombine with the holes in CdTe, leading to the increase
of the shunt current and decrease of the V.. In sharp contrast,
for ZnO/TiO,/CdTe NRASCs as shown in Fig. 1c, a natural
speculation is that the TiO, layer could passivate the ZnO
surface defects and act as a blocking layer to suppress the
electron-hole recombination at the interface, thus increasing
the shunt resistance and the V.. The decrease of charge
recombination at the interface after coating TiO, can even
been observed from the dark J-V curves, as shown in Fig. 3a,

This journal is © The Royal Society of Chemistry 20xx
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the dark-recombination current decreases as the TiO, layer
thickness increases at positive bias.

To further verify the passivation effect of the TiO, layer on
reducing the ZnO surface defects and improving the
performance of the ZnO/TiO,/CdTe NRASC, three distinct
experimental measurements, including photoluminescence
(PL), impedance spectroscopy and open-circuit voltage decay
behaviour are carried out sequentially. Room temperature PL
was collected on bare ZnO NRA and ZnO/TiO, (0.5, 1, 2 nm)
NRAs, the results are shown in Fig. S3. We can find that all of
the PL spectra have the both emission bands of ZnO: a narrow
peak from near band edge (NBE) emission at 375 nm and
another broad band from deep level emission (DLE) around
565 nm. The origin of DLE is usually attributed to the surface
defects of ZnO NR.>*3® As seen, after coating TiO, layer on ZnO
NR, the intensity of NBE increases whereas that of DLE
decreases; Specifically, the trend that the Ip/lyge ratio
decreases with the increasing thickness of TiO, from 0 to 1 nm
and gets saturated at 2 nm can be clearly observed in the inset
of Fig. S3. This finding suggests that the thin TiO, layer can
effectively passivate the surface defects of the ZnO NRs. As a
result, the photovoltaic performance of the ZnO/TiO,/CdTe
NRASC can be improved by virtue of the reduced charge
recombination through the defects.

The impedance spectroscopy, which has been widely used
to analyze the charge recombination process and electron
lifetime in solar ceIIs,37' 3 \vas also measured here with a two-
electrode configuration9 (the FTO as the working electrode and
the Au electrode as both the counter- and the reference
electrodes). We performed the experiment in the dark by
applying a sinusoidal perturbation of 10 mV with the
frequency changing from 100 kHz to 0.1 Hz. Fig. 4a shows the
results of the ZnO/TiO,/CdTe NRASCs with the TiO, thickness
varying from 0 to 4 nm. The equivalent circuit of the solar cells
is shown in the inset, where R; is the series resistance, Ry, is
the shunt resistance (interfacial charge recombination
resistance) and C is the capacitance, respectively. Note that R
is totally contributed from the ZnO nanorod, TiO, passivation
layer, CdTe shell, as well as their contact resistance with the
electrodes, and consequently, it is dependent on the thickness
of TiO, layer. The electron lifetime t, can be determined from

the time constant of the impedance spectrum according to:>
40

- 1
n T 2nf,

(1)

where f. is the characteristic frequency of the impedance
spectrum. In this way, all parameters of R, Ry,, C and t,
corresponding to the NRASCs can be obtained by fitting the
experimental results of the impedance spectra (The detailed
results are listed in Table S2). Fig. 4b shows the Ry, and t,, as a
function of the TiO, thickness. It is found that, as the thickness
of the TiO, layer varies from 0 to 2 nm, the Ry, increases from
54 kQ for ZnO/CdTe NRASC to 390 kQ for ZnO/TiO, (2
nm)/CdTe one while the corresponding t, also increases by
two orders of magnitude (from 0.43 to 62.4 ms). The result
strongly indicates that the charge recombination is effectively

This journal is © The Royal Society of Chemistry 20xx

suppressed and the electron lifetime is drastically prolonged
through the simple interface passivation by the thin TiO, layer.
Also worth noting is that the charge recombination probably
also occurs in the amorphous TiO, layer (see TEM
characterization in supplementary information of Fig.54),
which makes the Ry, of the NRASC with 4 nm TiO, becomes
smaller than the maximum. Therefore, one can obtain an
optimal passivation thickness between 2~4 nm for the
ZnO/Ti0,/CdTe NRASCs.
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Fig. 4 (a) Impedance spectra of the ZnO/TiO,/CdTe NRASCs with the TiO, thickness
varying from 0 to 4 nm. The inset shows the equivalent circuit for the solar cells. R,
series resistance; Rq,, shunt resistance; C, capacitance. (b) Shunt resistance Ry, and
electron lifetime t, as a function of the TiO, layer thickness.

The open-circuit voltage decay method was also applied to
further investigate the charge recombination and electron
194192 |1n each measure, the NRASC
was first illuminated by a 532 nm laser to a steady V,, then
the incident light was turned off periodically using a chopper,
and the subsequent decay of the V,. was monitored by an
oscilloscope. When the light is turned off, the electrons in the
ZnO NR will recombine with the holes in the CdTe shell. This
shifts the electron quasi-Fermi level of the ZnO downwards

lifetime of the solar cells.

and the hole quasi-Fermi level of the CdTe upwards, thus
leading to the V.. getting smaller and smaller until the quasi-
Fermi level of electron equilibrates in ZnO with that of hole in
CdTe, i.e., the V,. becomes zero. Fig. 5a demonstrates the V.-
time decay traces of the ZnO/TiO,/CdTe NRASCs with different
TiO, thicknesses. As seen, the V.. of all devices decrease
rapidly after turning off the light. It is important to find that
the thicker the TiO, layer, the longer the V.. decay time,
demonstrating the unambiguous blocking effect of TiO, on the
carrier recombination. Quantitatively, the electron lifetime can

be derived from the decay curve with following equation:“’ s

J. Name., 2013, 00, 1-3 | 5
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KT dV,,

- -1
Tn a PT

(2)
where k is the Boltzmann constant, T is the absolute
temperature, and g is the positive elementary charge. The
electron lifetime as a function of V. is shown in Fig. 5b and
two features can be found. First, the electron lifetime
increases with decreasing V.. (corresponding to the decrease
of the decay rate dV,./dt as shown in Fig. 5a). This is because
that the driving force for the electron-hole recombination
comes from the V., which equals to the difference of the
quasi-Fermi levels between n-ZnO and p-CdTe. Second, the
electron lifetime for the ZnO/TiO,/CdTe NRASCs becomes
remarkably longer as the TiO, layer increasing from 0 to 2 nm.
In particular, when the V. is near 0.1 V , the electron lifetime
for the ZnO/TiO, (2 nm)/CdTe NRASC becomes three orders of
magnitude longer than that for the ZnO/CdTe NRASC. This
result, consistent with the J-V characteristics and the
impedance spectra, again indicates that the TiO, here acts
exactly as the passivation and blocking layer and can efficiently
suppress the charge recombination at the interface.
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Fig. 5 Open-circuit voltage decay measurement for the ZnO/TiO,/CdTe NRASCs at room
temperature. (a) Vo.—time decay curves. (b) Electron lifetime as a function of V..

Conclusions

In summary, all-inorganic solid-state ZnO/CdTe NRASCs have
been successfully fabricated by depositing p-type CdTe shell
onto the ZnO NRs with a simple low-temperature and low-cost
solution-based SILAR method. To improve the performance of
the ZnO/CdTe NRASC and reduce the charge recombination at
the interface, a thin uniform TiO, layer was introduced at the

6 | J. Name., 2012, 00, 1-3

ZnO/CdTe interface using ALD technique. The effect of TiO,
layer on the performances of the solar cells has been
systematically investigated. We find that the open-circuit
voltage dramatically increases from 165 mV for the ZnO/CdTe
NRASC to 627 mV for the ZnO/TiO, (4 nm)/CdTe NRASC while
the corresponding short-circuit current density and fill factor
also improve slightly. The overall power conversion efficiency
of the ZnO/TiO, (4 nm)/CdTe NRASC can be improved
dramatically and reach up to 1.44%, which is 6 times of the
ZnO/CdTe NRASC. The results of absorbance spectra and
transient absorption spectra demonstrate that the TiO,
interfacial layer has negligible effect on the light absorption
and the charge separation efficiency of the solar cells. Through
the systematic measurements including photoluminescence,
impedance spectroscopy and open-circuit voltage decay, we
find that the thin TiO, layer can effectively passivate the
surface defects of the ZnO NR and act as a blocking layer to
efficiently suppress the charge recombination at the interface,
resulting in the remarkable increases of the shunt resistance,
electron lifetime, V.., Ji, FF, and therefore the dramatic
improvement of the overall power conversion efficiency. Such
kind of rational interface engineering can be easily applied to
other photovoltaic devices.
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