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a b s t r a c t

Sn-doped and undoped ZnO nanoparticles were synthesized by hydrothermal method and their per-
formance as the photoanode of dye-sensitized solar cells (DSSCs) was investigated. Energy dispersive
X-ray spectroscopy and X-ray diffraction showed that the Sn had been doped into the ZnO lattice. A red
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nO

shift of photoluminescence spectra which was induced by Sn doping was observed. The photocurrent
density–voltage curves of DSSCs indicated that the efficiency was increased by as high as 140% on bare-
FTO substrate and 105% on ZnO compact layer/FTO substrate via Sn doping. Also the effect of the ZnO
compact layer was discussed by both of Sn-doped or undoped DSSCs.

© 2010 Elsevier B.V. All rights reserved.
n-doped
ompact layer

. Introduction

As a potential substitute for conventional solar energy conver-
ion devices, dye-sensitized solar cells (DSSCs) have attracted much
ttention for their low costs and convenient fabrication [1–3]. To
ate, nanocrystalline TiO2 film is the most successful photoanode
f DSSCs, but there are many defects in the TiO2-based DSSCs.
or example, there are high surface states [4] and high surface
harge recombination rate [5] in TiO2-based DSSCs, which account
or their low efficiency. Therefore, other wide band-gap semicon-
uctors, such as ZnO [6,7], SnO2 [8,9] and Nb2O5 [10] have been
esearched to substitute for TiO2 as the photoanode. Among these
emiconductors, ZnO is the most promising alternative to TiO2 as
he photoanode of DSSCs in the future. Boschloo and co-workers
esearch has showed that the lifetime of electrons in ZnO elec-
rode is much longer than that in TiO2 electrode, and use of ZnO
s the photoanode can effectively reduce the recombination rate
f the electrons [11]. Much research work focus on the quasi-
ne-dimensional nanostructure ZnO electrodes. DSSCs fabricated
ith ZnO nanowire arrays [12,13], nanotetrapods [14,15], nanorods
16], nanoflowers [17,18] and branched nanowire arrays [19] have
een reported. However, to the best of our knowledge, the high-
st conversion efficiency of ZnO-based DSSCs is achieved by ZnO
anoparticles [7]. Though much work has been done on modifying
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E-mail address: yuezhang@ustb.edu.cn (Y. Zhang).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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ZnO by doping of metal ions, such as Sn [20], In [21], Sb [22] and
so forth, DSSCs fabricated with nanostructured Sn-doped ZnO pho-
toanode has not been reported. On the other hand, since there are
much work concentrating on the compact layer of DSSCs, which can
certainly reduce the recombination of electrons [23–27], there is a
question on how a ZnO compact layer impacts on the performance
of Sn-doped ZnO-based DSSCs.

In the present work, we synthesized undoped and Sn-doped
ZnO nanoparticles by hydrothermal method, then coated them
onto bare-FTO substrate and ZnO compact layer/FTO substrate
respectively. The characterization of these DSSCs show that the per-
formance of ZnO-based DSSCs has been remarkably enhanced by Sn
doping.

2. Experimental details

2.1. Synthesis and characterization of Sn-doped ZnO
nanoparticles

Sn-doped ZnO nanomaterials were synthesized by hydrother-
mal method using zinc chloride, tin tetrachloride, polyethylene
glycol 400 and sodium hydroxide. ZnCl2 and SnCl4 with a cer-
tain mole ratio (Sn/Zn = 1/100, 1/50, 1/20) were dissolved in 100 ml

deionized water. Then 25 ml of polyethylene glycol 400 was added
into the solution. The pH value of the solution was adjusted to 12 by
adding 2 M NaOH into the solution while stirring (500 rpm) for 1 h.
Then, the resultant mixture was transferred into an autoclave and
heated at 160 ◦C for 5 h. The obtained precipitates were rinsed sev-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yuezhang@ustb.edu.cn
dx.doi.org/10.1016/j.jpowsour.2010.03.036
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source is a He–Cd ion laser (325 nm). The PL spectra from Sn-doped
ZnO powders reveal a red shift comparing with those from undoped
powders. Furthermore, the undoped ZnO powders exhibited the
ultraviolet (UV) emission band at 3.22 eV while the UV emission
band of Sn-doped ZnO is located at 3.18 eV. In the PL spectra from
ig. 1. (a) FE-SEM image of undoped ZnO nanoparticles. (b) TEM image of undoped
n-doped ZnO nanoparticles. (e) EDS of Sn-doped ZnO powders. (f) XRD of undoped

ral times by deionized water and ethanol, and then dried at 70 ◦C
or 24 h and calcined at 400 ◦C for 1 h. The undoped ZnO powders
ere synthesized in the same condition without adding the tin salt.

The structure of as-synthesized powders was examined using
eld emission scanning electron microscopy (FE-SEM, SUPRATM55)
nd transmitting electron microscopy (TEM, JEOL, JEM-1200EX).
-ray diffraction (XRD, Rigaku DMAX-RB) and energy dispersive
-ray spectroscopy (EDS) were used to analyze the phase and

he content of dopant. The photoluminescence (PL) measure-
ent was performed using a HR800 UV–vis Raman spectrometer

Horiba/Jobin–Yvon).

.2. Solar cells preparation and characterization

The electrodes were prepared on bare FTOs (14 �/�, Nippon
heet Glass, Japan) and ZnO compact layer/FTO respectively by doc-
or blade method [2]. To form the ZnO compact layer, the solution
f zinc acetate dissolved in ethylene glycol monomethyl ether was
pin-coated onto the FTO and then the substrate was calcined at
50 ◦C for 1 h. The paste was prepared by mixing the synthesized
owders, ethyl cellulose, terpineol, Triton-X and polyethylene gly-
ol 20000. Then the DSSCs electrodes were prepared by squeezing
he paste onto the substrates using plastic tapes with thickness
f 100 �m. The as-prepared electrode was annealed for 30 min
t 450 ◦C in air and then cooled. The as-annealed electrodes
ere immersed into a 0.2 mM N719 (ruthenium (2,2′-bipyridyl-

,4′-dicarboxilate)2(NCS)2, Dyesol, Australia) ethanol solution for
0 min. Finally, the dye-absorbed electrodes were assembled with
he prepared Pt counter electrodes to form a sandwich-type DSSCs
sing a sealing plastic (25 �m, SX-1170-25, Solaronix).

The current–voltage (I–V) characteristics of the DSSCs were
ecorded by an electrochemical interface instruments (Solartron
I 1287/SI 1260), with a solar simulator (Oriel, 91159A) served as
he light source.
. Experimental results and discussion

Fig. 1a–d shows the morphology of the synthesized powders. In
he images, it is seen that both the undoped ZnO and Sn-doped ZnO
owders have equal particles’ size(∼100 nm). Furthermore, the sur-
nanoparticles. (c) FE-SEM image of Sn-doped ZnO nanoparticles. (d) TEM image of
5.5 wt% Sn-doped ZnO.

face of Sn-doped ZnO particles become rough, compared with the
smooth surface of undoped ZnO nanoparticles, indicating that the
Sn-doped ZnO powders have higher specific surface area than the
undoped ones. Fig. 1e shows the typical EDS spectra from Sn-doped
ZnO powders. The Sn contents are identified to be about 1.9 wt%,
2.5 wt%, 5.5 wt% respectively, corresponding to three different mix-
ture ratio of 1/100, 1/50, 1/20. The XRD results also indicate that
no second phase is detected in both undoped ZnO and Sn-doped
ZnO powders in Fig. 1f. All the peaks of the XRD pattern are identi-
fied precisely to those of the ZnO wurtzite structure (a = 0.3249 nm
and c = 0.52 nm, Joint Committee on Powder Diffraction Standards
(JCPDS) card number 36-1451). The structure of the ZnO powders
did not change much due to the doping of Sn. Therefore, the Sn4+

ions must have been doped into the ZnO lattice successfully by
hydrothermal reaction.

The room-temperature PL spectra recorded from undoped ZnO
and 5.5 wt% Sn-doped ZnO powders was shown in Fig. 2. The light
Fig. 2. PL spectra from undoped ZnO and 5.5 wt% Sn-doped ZnO.
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ig. 3. the J–V curves of DSSCs with and without ZnO compact layer with undoped
nd 5.5 wt% Sn-doped ZnO porous film at AM 1.5 irradiation of 100 mW cm−2. (In
he graph, SZO represents Sn-doped ZnO.)

nO, the UV emission band is also known as the near band edge
eak, which is attributed to the recombination of free excitons of
nO [28,29]. The red shift of UV emission caused by Sn doping could
e explained by the narrowing of energy band-gap.

Fig. 3 presents the photocurrent density–voltage (J–V) curves of
SSCs with and without ZnO compact layer with ∼12 �m undoped
nd 5.5 wt% Sn-doped ZnO porous film at AM 1.5 irradiation of
00 mW cm−2. Table 1 summarizes their photovoltaic properties.
he effect of different Sn content on the performance of DSSCs
ere also investigated. The efficiencies of the DSSCs were improved
ith the increasing of Sn doping. The photo-to-current conversion

fficiency values are 1.62%, 2.08%, 2.43% and 3.79% respectively cor-
esponding to different photoanode of undoped, 1.9 wt%, 2.5 wt%
nd 5.5 wt% Sn-doped ZnO without compact layer. It is noticeable
hat Sn doping increases both Jsc and Voc of ZnO-based DSSCs sig-
ificantly regardless of type of the substrates used (bare-FTO or
n ZnO compact layer/FTO). For the ZnO-based DSSCs with bare-
TO substrate, the Jsc increases by 102% after 5.5 wt% Sn doping.
n the other hand, for the DSSCs with ZnO compact layer/FTO sub-

trate, the Jsc of 5.5 wt% Sn-doped ZnO-based DSSCs increases by
3% compared with that of undoped ones. This increase can be
ttributed to morphology change and increase of the charge car-
iers density which are caused by doping. As is known, Sn-doped
nO is a kind of N-type doping, which leads to the increase of the
harge carriers density and the rising of Fermi energy levels. The
lectrons transport capacity of ZnO is enhanced due to the increase
f charge carriers density by the doping. Charge carrier density
ncrease results in the increase of Jsc. As discussed above for Fig. 1,

he Sn-doped ZnO has the rougher surface than the undoped ZnO,
ndicating that the former one has higher specific surface area to
bsorb more dye molecules. It could also result in the enhancement
f Jsc. On the other hand, the enhancement of the Voc by doing can
e explained by the following two reasons. First, the electron con-

able 1
hotovoltaic properties of DSSCs with active area of 0.2 cm2 (AM 1.5G,
00 mW cm−2).

Sample Jsc (mA cm−2) Voc (V) ff � (%)

Undoped ZnO + bare
FTO

4.55 0.581 0.62 1.62

Undoped ZnO + FTO
with ZnO compact
layer

4.82 0.590 0.59 1.66

5.5 wt% Sn-doped
ZnO + bare FTO

9.18 0.641 0.65 3.79

5.5 wt% Sn-doped
ZnO + FTO with ZnO
compact layer

8.36 0.648 0.64 3.40
Fig. 4. Illustrations of the band diagrams (a) for the DSSCs with undoped ZnO on ZnO
compact layer/FTO substrate, (b) for the DSSCs with Sn-doped ZnO on ZnO compact
layer/FTO substrate.

centration at Voc increase with the improvement of the electrons
transport capacity by Sn doping. Secondly, Sn doping, the N-type
doping, makes the Fermi energy levels rise, which will result in
the increase of Voc since the Voc represents the difference between
EF and Eelectrolyte [30]. Ultimately, via the Sn doping, the photo-to-
current conversion efficiency of ZnO-based DSSCs on the bare-FTO
substrate is increased by as high as 140% while that of ZnO-based
DSSCs on the ZnO compact layer/FTO substrate is increased by 105%.

Furthermore, while the introduction of ZnO compact layer is
observed to be beneficial to the efficiency of undoped ZnO-based
DSSCs, it results in a decline in the efficiency of Sn-doped ZnO-
based DSSCs. In the undoped ZnO-based DSSCs, introduction of the
ZnO compact layer increases both the Jsc and the Voc slightly. As
illustrated in Fig. 4a, while the ZnO compact layer prevents the FTO
from contacting the electrolyte, it suppresses the transfer of back
electron from FTO to electrolyte (blocking layer effect) by cutting
off the process . This result is consistent with the previous reports
[23,27], in which the compact layer acts as a blocking layer. How-
ever, for the Sn-doped ZnO-based DSSCs, the introduction of ZnO
compact layer has little impacts on the Voc, but leads to a defi-
nite decrease in the Jsc and the efficiency. This reduction of the Jsc

which accounts for the decrease of the efficiency might be ascribed
to the reason elucidated as follows. As discussed above, induced
by doping, the energy band-gap of Sn-doped ZnO becomes a lit-
tle narrower than that of undoped ZnO. Therefore, the conduction
band of Sn-doped ZnO porous film will become a little lower than
that of ZnO compact layer which is shown in Fig. 4b. That indicates
the electrons in the conduction band of Sn-doped ZnO, which come

from the lowest unoccupied molecular orbital (LUMO) of the dye,
could not completely inject into the conduction band of ZnO com-
pact layer by the process even under the theoretical conditions. In
other words, when the electrons transfer from the conduction band
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f Sn-doped ZnO to that of ZnO compact layer, the electrons whose
nergy are between the conduction band of Sn-doped ZnO and the
onduction band of ZnO compact layer will be recombined by redox
nstead of forming the photocurrent. Consequently, in Sn-doped
nO-based DSSCs, though the ZnO compact layer still suppresses
he transfer of back electron from FTO to electrolyte, this reduction
f recombination cannot compensate for the electrons recombina-
ion when transferring from the Sn-doped ZnO porous film to the
nO compact layer. This is probable the reason why the Jsc of Sn-
oped ZnO-based DSSCs decreases after the introduction of the ZnO
ompact layer.

. Conclusions

In summary, the efficiency of DSSCs fabricated with Sn-doped
nO is observed to be remarkably higher than that of DSSCs
ith undoped ZnO. This enhancement is due to the co-action of
orphology change, increase of the charge carriers density and

eightening of Fermi energy levels, which is induced by Sn doping.
n addition, we observe that the introduction of ZnO compact layer
ncreases the efficiency of undoped ZnO-based DSSCs by blocking
ayer effect, but decreases the efficiency of Sn-doped ZnO-based
SSCs, which might be ascribed to the electron recombination
hen electrons transferred from porous film to compact film.
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