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ABSTRACT: This work reported on a bilayer photoelectrode constructed by
ZnO nanoparticle (NP) film and ZnO microsphere (MS) scattering layer for
CdS/CdSe quantum dot cosensitized solar cells (QDSCs) with a power
conversion efficiency (PCE) of greater than $%. We controlled the growth
orientations of ZnO crystals to form nanosheets, which attached together and
assembled into MS due to the high surface energy of the nanosheets. MSs were
used as a top layer to effectively increase the light diffuse reflection and
harvesting to enhance photogenerated current. In comparison with ZnO NPs
photoelectrode, the short circuit current density (J,.) of ZnO NPs/MSs
photoelectrode increased from 10.3 mA/cm? to 16.0 mA/cm? which was an
enhancement of 55%. To further increase the fill factor and PCE of QDSCs,
ZnO NPs/MSs was treated in the solution of H;BO; and (NH,),TiF, to form
a barrier surface layer, which suppressed the charge recombination and
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prolonged electron lifetime. As a result, the solar cell displayed J. of 17.13 mA/cm?, V. of 0.56 V, FF of 0.53, and PCE of 5.08%,

one of the highest values for ZnO-based QDSCs at this time.

1. INTRODUCTION

The establishment of low cost and high performance solar cells
for sustainable energy sources to replace fossil fuels has become
an urgent subject imposed on scientists around the world."> As
a cost-effective alternative to silicon-based photovoltaics,
quantum dot sensitized solar cells (QDSCs) have attracted
considerable attention recently and showed promising develop-
ment for next generation solar cells.>™® QDSCs can be regarded
as a derivative of dye-sensitized solar cells (DSCs), which were
first reported by O’'Regan and Gritzel in 1991.” However,
QDSCs use semiconductor quantum dots (QDs)®*™'" as the
photosensitizer instead of organic dyes because of their versatile
optical and electrical properties, such as (1) tunable band gap
depending on QD size, (2) larger extinction coefficient, (3)
high stability toward water and oxygen, and (4) generation of
multiple excitons with single-photon absorption.">™"* The
theoretical photovoltaic conversion efficiency of a QDSC can
reach up to 44% in view of the multiple exciton generation
(MEG) of QDs."*"* Among the various QDs that are used for
QDSCs, CdS, and CdSe are attractive owing to their high
potential for light harvesting in the visible light region.'>'¢
CdSe has a band gap of 1.7 eV and may therefore absorb
photons with wavelengths shorter than 700 nm, and shows
better performance when compared to CdS. CdS has usually
been used to induce CdS/CdSe cosensitization, which

broadens the optical absorption of QDs. So far, CdS/CdSe
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cosensitized QDSCs with TiO, electrodes have reached power
conversion efficiencies (PCE) higher than 5%.>'7'®

Porous nanoparticle films, such as TiO, and ZnO, are
commonly used for the photoelectrode of QDSCs. However,
the small size of the nanoparticles makes the porous films
transparent to visible light, which weakens the light harvesting.
Recently, the light scattering layer on the surface of the film has
been adopted as an effective means to improve the light
harvesting of photoelectrodes.” In fact, the light scattering
layer can cause optical reflection or diffusion to extend the
traveling distance of incident light within a photoelectrode film.
The enhancement of light scattering on QDSCs can be realized
through the use of either a bilayer structure consisting of a light
scattering layer over a nanocrystalline film, or a binary
combination composed of a nanocrystalline film mixed with
submicrometer-sized particles. Various types of light scattering
layer, such as photonic crystals and different large-sized metal
oxide spheres, have been introduced to increase the absorption
path-length of photons, create confinement properties to
enhance light harvesting and decrease the probability of charge
recombination.*’
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Figure 1. SEM images of (a) the bilayer structure composed of ZnO NPs film and MSs layer, (b) ZnO NPs with size of 20—30 nm, (c, d) low and

high magnification of ZnO MSs.

In comparison with TiO,, ZnO has higher electron mobilitz,
making it an ideal photoelectrode material for QDSCs. 2™
However, the PCE of ZnO-based QDSCs is still lower than that
of TiO,-based devices due to the high surface charge
recombination in ZnO.** The high surface charge recombina-
tion can be attributed to many defects on ZnO surface, which
ultimately boosts the surface charge recombination. In addition,
the chemical stability of ZnO is less than that of TiO,, which
makes it easy for ZnO to react with the electrolyte. The
instability also decreases the performance of QDSC.>® Tian and
Cao et al.*® developed a facile modification method for ZnO
mesoporous photoelectrode. This method not only opened the
apertures to improve the distribution of QDs in the
photoeletrode, increased the specific surface area and reduced
the surface defects of ZnO photoelectrodes to accommodate
more QDs, but also suppressed the charge recombination and
prolonged electron lifetime by introducing a barrier layer.

In this work, we designed a light-scattering layer of ZnO
microsphere (MS) with assembled nanosheets for the first time.
MSs have larger surface area and high diffuse reflection effect to
enhance the light capture of the photoelectrode based on ZnO
nanoparticles. After that, the ZnO photoelectrodes were
immersed in an aqueous solution containing 0.1 M H;BO;
and 0.04 M (NH,),TiF¢ for the surface modification to
suppress the surface charge recombination. As a result, the
CdS/CdSe quantum dot sensitized solar cells based on such
photoelectrodes displayed a high PCE of 5.08%.

2. EXPERIMENTAL PROCEDURES

2.1. Preparation of ZnO Nanoparticles Film and
Microspheres Layer. ZnO nanoparticles with the size of
20—30 nm were prepared by a facile precipitation method. A
0.06 M KOH aqueous solution was gradually added into 0.03
M zinc acetate methanol solution at 60 °C for 60 min, and then
were centrifuged and dried at 70 °C. ZnO nanoparticles, ethyl
cellulose, and a-terpineol were mixed to paste with weight

proportion of 20, 10, and 70%, respectively. The paste was then
coated on a fluorine-doped tin oxide (FTO) glass substrate via
doctor blading method to get mesoporous films. The as-
received ZnO films underwent a sintering process at 480 °C for
30 min. The ZnO nanoparticle films were immersed in an
aqueous solution of 0.01 M zinc nitrate, 0.01 M hexamethy-
lenetetramine (HMT) and 0.001 M trisodium citrate at 70 °C
for 10 h. The films were drained from the reaction solution and
then calcined at 350 °C for 30 min. As for the surface
modification process, the films were treated in the aqueous
solution of 0.1 M H;BO; and 0.04 M (NH,),TiF, at room
temperature for 30 min. After that, the films were drained from
the reaction solution and washed several times by deionized
water. Then the modified films were calcined at 400 °C for 30
min.

2.2. Fabrication of CdS/CdSe Sensitized Solar Cells.
For the growth of CdS quantum dots, the films were first
immersed in a 0.1 M cadmium nitrate (Cd(NOs;),) methanol
solution for 1 min. Successively, the films were dipped into a
0.1 M sodium sulfide (Na,S) methanol solution for another 1
min to allow S>” to react with the preadsorbed Cd**, leading to
the formation of CdS. This procedure was denoted as one
SILAR cycle. In total, five SILAR cycles were employed to
obtain a suitable amount of CdS on the TiO, film. In a
subsequent step, CdSe was deposited on the CdS-coated
substrates through a chemical bath deposition (CBD) method.
In brief, 0.1 M sodium selenosulfate (Na,SeSO;), 0.1 M
cadmium acetate Cd(CH,COO),, and 0.2 M trisodium salt of
nitrilotriacetic acid (N(CH,COONa);) were mixed together
with a 1:1:1 volume ratio. The CdS-coated substrates were then
vertically immersed into the solution for the deposition of the
CdSe layer under dark condition at 24 °C for 3 h. After CdSe
deposition, a ZnS passivation layer was deposited with two
SILAR cycles by soaking the substrate in an aqueous solution
containing 0.1 M zinc nitrate and 0.1 M sodium sulfide, which
acted as Zn>* and S*~ sources, respectively. The electrolyte
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employed in this study was composed of 1 M S and 1 M Na,S
in deionized water. The counterelectrode was a Cu,S film
fabricated on brass foil. The preparation of the Cu,S electrode
can be described as follows: brass foil was immersed in 37%
HCI at 70 °C for S min, then rinsed with water and dried in air.
Following this step, the etched brass foil was dipped into 1 M S
and 1 M Na,S aqueous solution, resulting in a black Cu,S layer
forming on the foil.

2.3. Characterization. The morphology of the samples was
characterized by scanning electron (SEM, JSM-7000) and
transmission electron (TEM, Tecnai G2 F20) microscopy. The
photovoltaic properties were measured using a CHI electro-
chemical workstation under AM 1.5 simulated sunlight with a
power density of 100 mW/cm? Optical absorption (Shimadzu
3600 UV/vis/IR spectrometer) was used to study the light
absorption properties of the samples. Electrochemical impe-
dance spectroscopy (EIS) was carried out using a CHI
electrochemical workstation to investigate the electronic and
ionic processes in the QDSCs.

3. RESULTS AND DISCUSSION

Figure la shows the SEM image of the bilayer structured
photoelectrode constructed by a bottom film with the thickness
of ~12 pym and the top layer with the thickness of ~10 ym. The
bottom film is a layer of ZnO nanoparticles (NPs) with the
diameter size of 20—30 nm as shown in Figure 1b. The
mesoporous ZnO NPs film serves as QDs scaffold to collect
and transfer the excited electrons from QDs. ZnO NPs are
synthesized through hydrolyzing the ZnO colloid in methanol
solution. The methanol not only provided the medium for the
reactions, but also acted as ligands to hel_}) to grow equiaxial
crystals and control the particle size.’”” The top of the
photoelectrode is a ZnO microspheres (MSs)-based scattering
layer, which enhances the light reflectance to harvest more light
absorption. Figure Ic,d display that the ZnO MSs are
assembled by nanosheets with the size of ~10 nm in thickness
and ~200 nm in length. This hierarchical structure has large
surface area, which is helpful for getting more QDs.

Figure 2 shows the XRD spectra of the ZnO NPs film and
ZnO NPs film coated with MSs layer on top. The XRD peaks
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Figure 2. XRD patterns of ZnO NPs and ZnO NPs coated with MSs
scattering layer.

can be well indexed to those of standard ZnO (JCPDS 36—
1451). As for ZnO NPs, the peak intensity of (100) is
approximately equal to that of (002). After the ZnO MSs light
scattering layer is applied, the peak intensity of (100) is
obviously more than that of (002), which indicates the

exposure of (100) crystal facet in MSs is more than that of
(002) facet. The possible reason is that ZnO crystals are prone
to grow along the (100) orientations during the synthesis of
ZnO MSs. To prove the deduction, the formation process of
ZnO MSs should are under further study.

Figure 3a,b show the TEM and HRTEM images of the ZnO
MSs, respectively, revealing that the ZnO MSs are assembled by

Figure 3. Low resolution (a) and high resolution (b) TEM images of
ZnO microspheres of assembled nanosheets, inset showing HRTEM
image and fast Fourier transform (FFT) diffraction pattern of ZnO
nanosheet.

nanosheets with the size of ~5 nm in thickness and ~50 nm in
length. As displayed in Figure 3b and the corresponding inset,
the lattice constant and FFT diffraction pattern demonstrate
that the nanosheet exhibits a single crystalline structure with
(100) facet predominant, indicating that the fastest growth
direction for ZnO nanosheet crystal is (100) orientations
during the synthesis process. Although the synthesis mecha-
nism of the MSs is not entirely clear, a schematic of the
proposed formation mechanism of MSs and nanosheet is
illustrated in Figure 4. It has been proposed that HMT reacts
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Figure 4. Schematic illustration of ZnO microspheres formation
process.

with water to produce ammonia, which in turn reacts with
water to generate OH™.”** HMT can keep a low super-
saturation reaction environment of reacting Zn** with OH™ for
ZnO crystals. The chemistry of the process is summarized as
follows:>°

C¢H,,N, + 6H,0 — 6CH,0 + 4NH, (1)
NH, + H,0 —» NH," + OH" (2)
Zn** + 4OH™ — Zn(OH),>” (3)
Zn(OH),*” — Zn(OH), + 20H" )
Zn(OH), — ZnO + 2H,0 (s)
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Previous research®”*! showed that ZnO crystals grew fast along

the c-axis (001) orientation in the low concentration of OH~
ions solution. The growth along c-axis was suppressed with the
increase of the concentration of OH™ ions. In the reaction
solution of Zn(NO;), and HMT, HMT slowly generates OH~
ions. The concentration of OH™ ions always stays at low level.
Thus, ZnO crystals grow along (001) orientation to form
nanorod. Tian et al.>* had studied that citrate ions slowed down
crystal growth along the (001) orientation, indicating that more
citrate ions absorbed on the (001) facet. As displayed in Figure
4, we deduce that citrate ions (C¢H;O,°") preferably
concentrate on the (001) facet due to its high surface energy,
which inhabits the growth of ZnO crystal along (001)
orientateon. The crystals are still able to grow sideways (such
as (100) orentations) in the form of thin sheets, which is
consistent with the results of XRD and TEM. A large numbers
of nanosheets would form quickly in the solution and then
attach together to form hierarchical structured microspheres
due to the high surface energy of the nanosheets.

Figure S shows the J—V curves for the solar cells measured
under the illumination of one sun (AM 1.5, 100 mW/cm™>).
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Figure 5. J-V curves of QDSCs assembled with different photo-
electrodes.

The performance parameters, open voltage (V,.), short current
density (J.), fill factor (FF), and PCE of the solar cells are
listed in Table 1. In comparison with ZnO NPs photoelectrode,

Table 1. Photovoltaic Properties of QDSCs Assembled with
Different Photoelectrodes

photoelectrodes V. (V) Joc (mA/cm?) FF PCE (%)
ZnO NPs 0.46 10.3 0.35 1.66
ZnO NPs/MSs 0.50 16.0 0.36 2.89

Ji. of the ZnO NPs/MSs increases from 10.3 to 16.0 mA/cm?,
which is an enhancement of 55%. So the light scattering is an
important cause for the increase of the absorbance of incident
photons for the enhancement of photogenerated current.
Diffuse reflectance and transmittance data can reveal the extent
to which incident light is scattered by particles in the
photoelectrodes and how much the incident light passes
through the photoelectrodes without being scattered.> The
ideal light scattering properties of a photoanode should be a
high diffuse reflectance and low diffuse transmission. Figure
6a,b shows the diffuse reflection and transmittance spectra
curves of ZnO photoelectrodes films. It can be seen that the
diffuse reflectance of ZnO NPs/MSs is much stronger than that
of ZnO NPs in the 400—800 nm range, which is the main

wavelength range for QDs to capture photons. In addition, the
diffuse transmittance of the ZnO NPs/MSs is much weaker
than that of NPs film, which indicates there are more photons
trapped in the NPs/MSs film. Figure 6¢ shows the effect of
light scattering layer on the ZnO photoelecrodes. The results
can be attributed to the strong scattering of the MSs, which
makes the incident light directly reflect back toward the
nanoparticles. As a result, the photocurrent and PCE of the
QDSC assembled with ZnO NPs/MSs are increased due to the
enhanced light scattering.

Although the ] of QDSCs can be increased by scattering
layer, the FF and PCE are still low. The main cause is attribute
to the high surface charge recombination due to many defects
on the surface of ZnO.”* In order to decrease the defects and
enhance efficiency of QDSCs, the ZnO photoelectrodes were
treated by a facile passivation process. The ZnO NPs/MSs films
were immersed in an aqueous solution containing 0.1 M
H;BO; and 0.04 M (NH,),TiF, at room temperature for 30
min. The films were then washed several times with deionized
water and annealed at 400 °C (detailed information shown in
our previous research®®). Such treatment leads to the formation
of a thin passivation layer on the surface of the ZnO NPs/MSs.
The modification process can be expressed via the following
equations:2 ’

TiE’™ + 2H,0 < TiO, + 6F + 4H" (6)
H,BO, + 4H" + 4F~ < BE~ + H,0" + 2H,0 )
ZnO + 2H,0 —* Zn*" + 3H,0 (8)

The reactions 6 and 7 can be shifted to the right by reaction 8,
which indicates the dissolution of ZnO can boost the
hydrolization of TiFs*~. With the dissolution of ZnO, TiO,
nanoparticles are directly deposited on the fresh surface of
ZnO. Figure 7a,b show SEM images of the modified ZnO MSs.
It can be seen that MSs appear tarnished, and the edge of
nanosheets loses keenness and become mellow. As shown in
Figure 7c,d, energy-dispersive X-ray spectroscopy (EDS)
mapping images of Zn and Ti elements show the presence of
Ti elements on the surface of modified ZnO MSs, which
indicates ZnO MSs are coated with TiO,.

To evaluate the effect of surface modification on the
resistance distribution and charge recombination, -electro-
chemical impedance spectroscopy (EIS) measurements were
carried out. Figure 8a,b shows the impedance spectra of the
QDSCs measured under the dark condition with forward bias
of —0.6 V. In Figure 8a, the semicircle represents the electron
transfer at the photoelectrode/QDs/electrolyte interface and
the transport in the photoelectrode (R.).*> The R, of the
modified ZnO NPs/MSs based QDSC is 57.2 €, which is more
than twice of the ZnO NPs/MSs device (22.7 Q). The charge
transfer resistance at the photoelectrode/electrolyte interface
(R.) is determined by both the ZnO and TiO, passivation
layer, and the total charge transfer resistance can be written by
the following eq 9:*

Rigtal = Rzno + Rrio, 9)

where Ry,o and Rrio, are the electron transfer resistances
induced by the ZnO and TiO, passivation layer, respectively.
EIS results indicate that electrons in the ZnO photoelectrode
with passivation layer are more difficult to recombine with
holes in the electrolyte in view of its high R, R, can be
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Figure 6. Diffuse reflection (a), transmittance spectra curves (b) of ZnO films and (c) schematic illustration of the effect of light scattering layer on

the ZnO films.

Figure 7. Low resolution (a) and high resolution (b) SEM images of
modified ZnO microspheres, and elements distribution mapping
images of (c) Zn and (d) Ti.

considered as part of a shunt resistance (Ry,) because it behaves
like a diode on the applied bias voltage.36 The Ry, relates to the
FF according to the following eq 10:*°

FF = FE(1 — 1/Ry) (10)

where FF, is the theoretical maximum FF. It can be inferred
that the increase in FF of the QDSC assembled with the
modified photoelectrode is a result of an increase in R, Figure
8b shows the bode plots of the QDSCs with the different
photoelectrodes. The curve peak of the spectrum can be used
to determine the electron lifetime in the ZnO (according to the
equation 7, = 1/(27f m)).>” It is clear that the electron lifetime
for the device with the modified ZnO NPs/MSs photoelectrode

16615

is 11.6 ms, which is much longer than the 4.2 ms of electron
lifetime for the ZnO NPs/MSs. The electron lifetime (z,) is
directly proportional to R, and is calculated by eq 11:**

7, = Ry'C, (11)
where C, is the corresponding chemical capacitance. Con-

sequently, the employment of modified TiO, layer can enhance
the charge recombination resistance and thus prolong the
electron lifetime.*** Figure 8¢ shows the schematic illustration
surface charge recombination pathways of QDSC: (A)
recombination of electrons in the QD conduction band and
holes in the QD valence band; (B) recombination of electrons
with the electron acceptors in the electrolyte; (C) back electron
injection from ZnO to electrolyte; (D) back electron injection
from ZnO to QDs. Among these pathways, processes (A) and
(B) can be ignored due to the highly efficient charge
separation.”* Recombination pathways (C) and (D) can be
considered as the main factors that affect the performance of a
QDSC. The recombination depends on photelectrode/QDs/
electrolyte interfacial resistance. As a barrier layer, the TiO,
modification layer can increase the interfacial resistance to
reduce recombination.”® So, the FF and PCE of QDSCs will be
increased evidently by the modification treatment.

Figure 9 shows the J—V curves for the solar cells measured
under the illumination of one sun (AM 1.5, 100 mW cm™).
Detailed results of the samples are shown in Table 2.
Compared with ZnO NPs based QDSC, the FF and PCE of
the modified ZnO NPs/MSs based QDSCs increased from 0.36
to 0.53 and 2.89 to 5.08%, respectively. To our knowledge, the
PCE of 5.08% is one of the highest respective values for ZnO-
based QDSCs at this time.

4. CONCLUSIONS

A bilayer structured photoelectrode of ZnO nanoparticle (NP)
film and ZnO microsphere (MS) scattering layer for CdS/CdSe

dx.doi.org/10.1021/jp412525k | J. Phys. Chem. C 2014, 118, 16611-16617
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Table 2. Photovoltaic Properties of QDSCs with Different
Photoelectrodes

photoelectrodes Voe (V) Jic (mA/cm?) FF PCE (%)
ZnO NPs/MSs 0.50 16.01 0.36 2.89
modified ZnO NPs/MSs 0.56 17.13 0.53 5.08

quantum dot cosensitized solar cells (QDSCs) was examined in
this investigation. The MS layer could effectively increase the
light diffuse reflection and harvesting to enhance photo-
generated current. However, the FF and PCE of QDSC were
still low due to the high surface charge recombination. ZnO
NPs/MSs was treated in the solution of H;BO; and
(NH,),TiF, to form a thin barrier layer on its surface, which
suppressed the charge recombination and prolonged electron
lifetime. As a result, the solar cell displayed a high performance,
Jo. of 17.13 mA/cm?, V,_ of 0.56 V, FF of 0.53, and PCE of
5.08%, which was one of the highest respective values for ZnO-
based QDSCs at this time.
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