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Efficiency  of  dye-sensitized  solar  cells  (DSSC)  fabricated  with  pristine  SnO2 nanocrystals  was  reported
to  be  less  superior  compared  to  DSSC  based  on  mesoporous  TiO2 nanoparticles  though  both  oxides  have
comparable  electrical  and  surface  properties.  Owing  to inherent  high  charge  recombination  properties
of  SnO2 nanoparticles,  photoanode  fabricated  with  SnO2 nanoparticles  resulting  in  unexpected  low  open
circuit voltage  (Voc) and  fill  factor  (FF).  To  overcome  inherent  charge  recombination  in  SnO2,  we  inves-
tigated  pristine  SnO2 nanorods  and  showed  enhanced  Voc, FF  and  overall  conversion  efficiency  (�)  for
nO2 nanorods
ye-sensitized solar cell
harge transport
-D structures
harge recombination

SnO2 nanorods.  The  photoanode  made  of  SnO2 nanorods  yields  nearly  a 2-fold  improvement  in fill  factor,
5 fold  increases  in  � and  a  greater  than  2-fold  increase  in short-circuit  current  density  with  a  moderate
increase  in  open-circuit  photovoltage.  The  effects  appear  to arise  primarily  from  longer  electron  lifetimes
and reduced  charge  recombination  of  SnO2 nanorod  based  solar  cells  compared  to  that  of  SnO2 particles
owing  to  1-D  nature  of  SnO2 nanorod  which  were  evaluated  by  open-circuit  voltage  decay  (OCVD)  and
electrochemical  impedance  spectroscopy  (EIS)  methods.
. Introduction

DSSC draws a quiet attention to meet future energy demand
specially in the solar energy market demanding low cost pho-
ovoltaic devices. Low cost DSSCs, introduced by B. O’Regan et al.
n 1991 have reached high solar to electric power conversion effi-
iency currently exceeding 11% [1].  Efficiency of solar cells depends
n its light harvest efficiency, the quantum yield for charge injec-
ion, and the charge collection efficiency at the electrodes [2].  Since
ratzel reported the efficient TiO2-based DSSCs, many attempts
ave been made to enhance the photon–electron conversion effi-
iency of this low-cost solar cell [3–7]. The missionaries TiO2 layer
hickness of the working electrode of the optimized Gratzel cell is
bout 10 �m and consisting of a network of randomly dispersed
5–30 nm TiO2 nanocrystals. It has been demonstrated that to

mprove the conversion efficiency further, it is necessary to increase
he TiO2 layer thickness [8]. However, due to the lack of a deple-
ion layer on the TiO2 nanocrystallite surface, a further increase

n TiO2 layer thickness results in higher electron recombination
nd consequently a further increase in conversion efficiency has
een limited by electron recombination during the charge transport
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process [9,10].  In this respect, to enhance the electron transport
properties in the photoanode, a highly ordered, vertically oriented
TiO2 nanotube array of different aspect ratios and surface qual-
ities provides better replacement to substitute the sintered TiO2
nanoparticle films in DSSCs [11–15].  The vertical orientation of the
crystalline nanotube arrays makes them excellent electron perco-
lation pathways for efficient, vectorial charge transport along the
nanotube axis. It has been reported a 6.3% efficient DSSC by grow-
ing thicker TiO2 nanotube arrays on transparent substrates and the
performance can be further improved by increasing the thickness
of the TiO2 nanotube array [16].

Alternatively, attempts have been taken to use of oxide materi-
als with similar energy-band structure and physical properties to
that of TiO2 but with higher electronic mobility, such as ZnO [17,18]
and SnO2 [19,20] nanoparticles as an alternative to a TiO2 photoan-
ode in DSSCs. Despite their higher electron transport properties
than that of TiO2, the solar cell performances of the photoanode
fabricated with nanoparticles of ZnO and SnO2 were inferior to
that of TiO2 photoanode. In the case of ZnO, both nanoparticles
[21–23] and 1-D structures [24] have been tested in dye sensitized
solar cells. When solar cells fabricated with ZnO nanospheres and

sensitized with Ru dye, the solar cells exhibit power conversion
efficiency of 4.33% [21] while 1-D nanostructures of ZnO exhibits
power conversion efficiency of 6% [24] which are less than TiO2
photoanode but the results are promising. However, in the case of

dx.doi.org/10.1016/j.electacta.2012.04.016
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:jayasundera@yahoo.com
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nO2, only nanoparticles have been tested for DSSC and less work
as been done on pristine 1-D SnO2 structures in DSSC [25–27].  It

s known that when TiO2 is used in DSSC, the dye attached on TiO2
urface degrades very slowly owing to the generation of e-h pair by
V light absorption [28] affecting the long term stability of DSSC.
owever, as the band gap of SnO2 (3.4 eV) is larger than that of TiO2,
nO2 is less likely to generate holes in the VB through direct pho-
on absorption, and devices based on SnO2 material are more robust
nder UV illumination than those made from TiO2. Therefore, the
se of SnO2 materials in anode materials in DSSC has advantage
ver TiO2 [29]. However, DSSC fabricated with SnO2 nanoparticles
hows a comparatively small conversion efficiency because of the
nherent fast recombination process and poor fill factor of SnO2 par-
icles [30]. It is well demonstrated that in SnO2 nanoparticle based
SSC, recombination of electrons with acceptors during transit to

he back contact is higher than that of TiO2 nanoparticles [30,31].
resence of traps seems to mediate this sort of recombination and

 low effective mass (effective mass of SnO2 and TiO2 are ∼0.1 me

nd ∼10 me, respectively) favors both trapping and the entry of a
rapped electron into a surface state [30,32].  Several attempts have
een tested to enhance the conversion efficiency of SnO2 nanopar-
icle based solar cells. Out of them, coating of SnO2 nanoparticle
ith a very thin insulating oxide layer, such as MgO, Al2O3, SrTiO3,
as found to be a successful method to overcome the inherent high

harge recombination in SnO2 nanoparticles [33–35].  On the other
and, 1-D nanostructures of SnO2 can be used to overcome high
harge recombination and to achieve fast electron transport, nev-
rtheless no attempts have been attempted to use the 1-D SnO2
anorod structures in DSSC. Herein we report the synthesis of 1-

 SnO2 nanostructures by simple hydrothermal method and their
se in DSSC. We  compared the solar cell performance of both SnO2
anoparticles and nanorods and the observed higher solar cell effi-
iency with nanorod structures are correlated with their physical
nd electronic properties of nanorods and nanoparticles.

. Experimental

.1. Materials and chemicals

FTO (Solaronix, 2 mm  thick, Resistance 15 �/cm2), N719 dye
Dyesol), tin (IV) chloride, sodium hydroxide, ethanol, tetrapropy-
ammonium iodide, acetonitrile, iodine and ethylene carbonate are
rom Sigma–Aldrich and Fisher Scientific and used as received.

.2. SnO2 nanorod synthesis

SnO2 nanorods were prepared by modification of the hydrother-
al  method [36]. For the preparation of SnO2 nanorods, 11.2 ml  of
I water containing SnCl4·5H2O (0.988 g) and NaOH (0.56 g) was
repared in a beaker, and 48 ml  of water–ethanol (1:1, v/v) mix-
ure was added. Then the mixture being ultrasonically dispersed
or 5 min  and transferred into a 80 ml  Teflon-lined autoclave that
as heated to 200–210 ◦C and kept for 24 h. The white precipitate
as collected by centrifugation after being washed with distilled
ater and ethanol for several times.

.3. Preparation of electrode and fabrication of DSSC

The typical procedure of the paste making and DSSC assembling
s followed to make the SnO2 based DSSC. SnO2 powder (300 mg),
riton X (20 �l), acetic acid (160 �l) and ethanol (2 ml)  were mixed
nd ground well in order to obtain a paste. Doctor-bladed method

as used to prepare a thin film of SnO2 on FTO glass and it was

intered at 500 ◦C for 30 min. The photoelectrodes were soaked in a
ixture of solution containing 0.3 mM N719 dye in ethanol for 12 h

t room temperature and then washed with ethanol and dried in
Fig. 1. XRD patterns of (a) SnO2 nanorods and (b) SnO2 nanoparticles.

air. Iodide/triiodide redox couple was  used as an electrolyte which
consisted of tetrapropylammonium iodide (0.738 g), iodine (0.06 g),
ethylene carbonate (3.6 ml)  and acetonitrile (1 ml).

2.4. Characterization of SnO2 nanorods and nanoparticles

XRD measurements were carried out using powder X-ray
diffraction (Bruker D8 Focus X-ray Diffractometer, with Cu K�
radiation operating at 40 kV, scanning from 2� = 10 to 80◦). Scan-
ning electron microscopy (SEM, LEO 1530 Gemini field emission
scanning electron microscope FE-SEM and Hitachi SU6000 FE-
SEM) was  used to characterize the surface morphology of the thin
films and powders. UV–vis absorbance spectra are measured by
a Shimadzu 2450 UV-vis spectrophotometer. The current–voltage
measurements of test DSSCs were performed under one sun con-
dition using a solar light simulator (Arctron, XB 500, AM 1.5 global,
100 mW/cm2) with an active area of 0.25 cm2. The intensity of the
light was  calibrated with a standard Si-reference cell. All efficiency
values reported in this work were not corrected by the spectral mis-
match factor. EIS (Zahner Zennium Electrochemical Workstation)
measurements were performed under illumination (Arctron, XB
500, 100 mW/cm2) while the cell was  biased at −0.4 V. The AC signal
was  used with amplitude of 10 mV  and frequency of 0.1 Hz to 1 MHz
range. For OCVD measurements, the cell was  first illuminated to a
steady voltage and then the open-circuit voltage decay curve was
recorded once the illumination was  turned off by a shutter. The
above measurements were taken using Tektronix TDS 3032B Digital
phosphor oscilloscope. The film thickness was measured by home-
made thickness meter based on optical method and this instrument
has an error of ±2 �M.

3. Results and discussion

3.1. Characterization of SnO2 nanorods and nanoparticles

The crystal structure of the product was firstly characterized
by powder XRD method. Fig. 1 shows the powder XRD patterns
from the as-prepared SnO2 nanorod and commercially available
high purity SnO2 particles annealed in air at 500 ◦C. The diffrac-

tion peaks of both SnO2 nanorods and powders are quite similar
to those of bulk SnO2, which can be indexed as the tetragonal
rutile structure of SnO2 with lattice constants of a, b = 4.74 Å and
c = 3.18 Å which match well to the reported values for SnO2 crystal
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nanorods and nanoparticles electrodes under the AM 1.5 G illu-
ig. 2. SEM images of the thin film of (a) SnO2 nanorods and (b) SnO2 nanoparticles.

JCPDS card, No. 41-1445). There were 8 peaks with 2� values of
6.48, 33.87, 37.91, 38.98, 51.72, 54.85, and 57.97 and all of diffrac-
ion peaks corresponding to SnO2 crystal planes of (110), (101),
200), (111), (211), (220), and (002), respectively. No impurity
eaks were observed in both nanorods and nanoparticles, indicat-

ng the high purity of the final products. However, the diffraction
eaks of SnO2 nanorods were relatively broad compared with those
f the bulk SnO2 nanoparticles, corroborating the very small crys-
al size of SnO2 nanorods. The obviously broadening of XRD peaks
uggests that the as prepared SnO2 nanorod crystals are of very
mall sizes. Based on the Scherrer equation, D = 0.89�/  ̌ cos �, here

 is the wavelength for the Cu K� (1.54056 Å),  ̌ is the full width at
alf maximum of the XRD peaks expressed in radian and � is the
ragg’s angle, the calculated average crystallite sizes were found
o be 11.8 nm and 6.3 nm,  respectively, for SnO2 nanoparticles and
anorods based on the (211) peak. From XRD measurements, it is
lear that the crystallite size of SnO2 nanoparticles is bigger than
hat of SnO2 nanorods.

Fig. 2a and b showed the typical SEM images of the thin films
f SnO2 nanorods and nanoparticles, respectively, after anneal-
ng at 500 ◦C for 1 h. The results showed that the diameters of
he SnO2 nanorods are around 75–100 nm with lengths of 1–2 �m
hile diameter of SnO2 nanoparticles are 50–100 nm in size.

rom SEM image of SnO2 nanorods, formation of randomly ori-

nted SnO2 nanorods on FTO glass is clearly evident and most
f the nanorods are appeared as bundles of nanorods. Fig. 3
hows the diffuse reflectance spectra of the SnO2 nanocrystalline
Fig. 3. Diffuse reflectance spectra of the (a) SnO2 nanorods and (b) SnO2 nanocrys-
talline powder.

powder and nanorods in the wavelength range of 800–300 nm.
Both SnO2 particles and nanorods show absorption edge around
350 nm with slightly red shifted absorption edge for SnO2 nanorods
[37]. The common feature of the both optical absorption spec-
tra is the broadening at the absorption edge which confirms the
presence of structural disorders in both nanorods and nanopar-
ticles of SnO2. However, higher absorption edge broadening was
observed with SnO2 nanoparticles compared to SnO2 nanorods,
which confirms the presence of greater number of structural dis-
orders in SnO2 nanoparticles than that of SnO2 nanorods. The band
gaps of nanorods and nanoparticles of SnO2 were determined from
the optical absorption spectra using the Tauc’s procedure plotting
(˛h�)2 vs. h� and extrapolating the liner portion of absorption edge
to the energy axis (inset in Fig. 3). The estimated Eg of the SnO2
nanorods and nanoparticles is 3.70 eV and 3.77 eV, respectively.
The energy positions of the SnO2 nanorods and SnO2 nanopar-
ticles were measured by Mott–Schottky plot and the measured
Fermi levels of the nanorods and nanoparticles are −0.2 eV and
−0.32 at pH 5.5 (vs. SCE), respectively, while the estimated charge
carrier densities from Mott–Schottky plots were 7.08 × 1019 cm−3

and 3.37 × 1020 cm−3 for SnO2 nanorods and nanoparticles, respec-
tively.

The mechanism of SnO2 nanorod formation is probably fol-
lows the reaction paths (1) and (2) [38,39].  As a first step, Sn(OH)4
are formed with the reaction of SnCl4·5H2O and NaOH solution.
Sn(OH)4 is an amphoteric hydroxide that can be dissolved in NaOH
solution to form Sn(OH)6

2− anion which under hydrothermal con-
ditions hydrolysis to form SnO2 nanorods (reaction (3).

Sn4+ + 4H2O → Sn(OH)4 + 4H+ (1)

Sn(OH)4 + 2OH− → Sn(OH)6
2− (2)

Sn(OH)6
2− → SnO2(S) + 2H2O (3)

3.2. Solar cell performance of SnO2 nanorods and nanoparticles

In this section, we  compared the performance of solar cell fab-
ricated with SnO2 nanorods and nanoparticles and the observed
results are correlated to the electrical properties of both SnO2
nanorods and nanoparticles. The calculated film thickness of both
films of SnO2 nanorods and nanoparticles anode is ∼10 �M.
The current–voltage characteristics of the DSSCs based on SnO2
mination at 100 mW/cm2and dark conditions are shown in Fig. 4a
andb, respectively. Device fabricated with SnO2 nanoparticles had
an Voc of 0.365 V, a short circuit current density (Jsc) of 3.2 mA/cm2
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Fig. 4. (a) I–V characteristics of (x) SnO2 nanorods and (y) nanoparticle under the
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region to low frequency region correspond to the charge transfer
M  1.5 illumination at 100 mW/cm2 condition. (b) I–V characteristics of (x) SnO2

anorods and (y) nanoparticle under dark condition.

nd a FF of 32.2%, resulting in a power conversion efficiency (PCE) of
.37% while DSSC fabricated with SnO2 nanorods had Voc, Jsc, FF and

 of 0.435 V, 5.5 mA/cm2, 58.5% and 1.40%, respectively. It is clearly
oticeable the increase in Voc, Jsc and FF of the solar cell fabricated
ith SnO2 nanorods compared with the solar cell performance of
evice fabricated with SnO2 nanoparticles. To investigate the rea-
on for observed higher Jsc for SnO2 nanorods, we compared the dye
dsorption amounts of both SnO2 nanorods and nanoparticles and
hey were found to be 1.26 × 1019 and 1.92 × 1019 molecules for
nO2 nanorods and nanoparticles, respectively. If Jsc is correlated
o the adsorbed dye amount, higher Jsc is expected for the pho-
oanode fabricated with SnO2 nanoparticles but the Jsc results of
nO2 nanoparticles and nanorods indicate different results. It can
e assumed that the 1-D nature of the SnO2 nanorods facilitates
he charge transport and hence observed higher Jsc for photoanode
abricated with SnO2 nanorods could be justified. The most signif-
cant difference between SnO2 nanorods and nanoparticles is the
ramatic increase in FF when SnO2 nanorods were used as electron
ransport medium in the photoanode. The DSSC fabricated with

nO2 nanoparticles in this investigation showed very poor FF and
ow Voc and it is well documented in the literature that the pho-
oanode fabricated with pristine SnO2 nanoparticles exhibits very
a Acta 72 (2012) 192– 198 195

poor FF and Voc which make them not suitable as anode materials
in most of the device fabrication.

It has been explained that the pristine SnO2 has its inherent
fast recombination process owing to presence of trap states which
mediate the charge recombination process [30,31].  As the effec-
tive mass of SnO2 is low compared with TiO2, enhanced charge
recombination between photoexcited carriers in the photoanodes
and tri-iodide ions in the electrolyte is common in SnO2 particles
[30,31] resulting in low FF as well as low Voc and Jsc. Hence, use
of pristine SnO2 nanoparticles in device fabrication especially in
DSSC is found to be unsuccessful. However, the DSSC fabricated
with SnO2 nanorods showed enhanced solar cell performance. As
explained earlier, the most striking feature in the nanorod based
device is the dramatic increase in FF to ∼60% compared to 32% for
SnO2 nanoparticles and the reported FF and Voc in this investiga-
tion are the highest FF and Voc ever reported for purely SnO2 based
devices. In some cases, we  have noticed that even higher FF (70%)
and Voc (0.55 V) could be obtained under different conditions. These
results indicate that SnO2 nanorods are better alternative for device
fabrication and this could be due to its 1-D nature that enhances
the electron transport while diminishing the charge recombination.
In order to investigate the properties of the DSSC made of SnO2
nanoparticles and nanorods, the series (Rs) and shunt (Rsh) resis-
tances which can be obtained from the slopes of the I–V curves,
were calculated from the I–V curves shown in Fig. 4 [40,41]. The
calculated Rs, (dV/dI)I=0 and Rsh, (dV/dI)V=0 for SnO2 nanoparticles
based working electrode are 63.35 � and 0.422 k�, respectively,
while calculated Rs and Rsh for nanorod based SnO2 working elec-
trodes are 24.33 � and 1.4 k�,  respectively. It is apparent from
these results that the Rsh of SnO2 nanorod based films is higher
than that of SnO2 nanoparticle while Rs is smaller than that of SnO2
nanoparticle based electrode. Higher Rsh resulting in lesser charge
recombination and reduced Rs yielding faster charge transport are
the favored conditions for an optimum device operation and hence
enhanced device performance for SnO2 nanorod based devices can
be justified based on Rs and Rsh values. Moreover, as shown in I–V
characteristic under dark conditions in Fig. 4b, the device fabri-
cated with SnO2 nanorod shown to exhibit lower leakage current
and higher forward bias current compared to SnO2 nanoparticles.
The rectification ratios which were calculated from the current
ratio at 1 V indicate that the device fabricated with SnO2 nanorod
has higher rectification ratio of 2.55 compared to SnO2 nanopar-
ticle based electrode which has rectification ratio of 1.32 at the
same voltage. As shown above, high Rsh and better rectification
ratio of SnO2 nanorod, resulting in reduced leakage current and in
succession DSSC fabricated with SnO2 nanorod showed improved
photovoltaic performance.

3.3. Electrochemical impedance spectroscopy analyses of the
SnO2 nanorods and nanoparticles electrodes

Electrochemical impedance measurement is a powerful tool to
investigate the insight of the DSSC. We  used EIS measurements to
differentiate the electronic and ionic processes involved in DSSCs
fabricated with SnO2 nanorods and nanoparticles. The Nyquist plots
of SnO2 nanorod and SnO2 nanoparticles are shown in Fig. 5 and the
impedance measurements for SnO2 nanorod and SnO2 nanopar-
ticles were performed by applying a 10 mV AC signal over the
frequency range of 0.1 Hz to 1 MHz  under one sun illumination at
the bias voltage of −0.4 V. In general, impedance spectra of a DSSC
show three semicircles in the frequency range 10 �Hz to 65 kHz
[42]. The first, second and third semicircles from high frequency
resistance at the counter electrode, electron transport resistance
and charge transfer resistance at the working electrode (electron
accumulation and recombination processes in the nanocrystalline
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Table 1
Electron transport properties of SnO2 nanorods and nanoparticles determined by electrochemical impedance spectroscopy.

Rw (�)  Rk (�) keff (S−1) �n (mS) Deff (cm2/S)
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SnO2 nanorod 0.68 119.0 

SnO2 particles 1.77 46.76 

lm) and the electrolyte diffusion process (I−/I3− in the electrolyte),
espectively. In this investigation, the third semicircle is not seen
nd it could be obviously due to electrolyte diffusion is not sig-
ificant due to the low viscous electrolyte used in this study.
ence, the semicircles seen in high frequency range in Fig. 5a
ould be attributed to the redox reaction at the electrolyte/Pt
ounter electrode interface while the mid-frequency semicircle
escribes the recombination process between electron in SnO2 and
he electrolyte and the short linear section at middle frequency
eflects the macroscopic electron transport resistance in SnO2.
he electronic parameters of the SnO2 electrodes were derived by
tting the impedance data of Nyquist plots shown in Fig. 5 by using
he equivalent circuit according to the diffusion-recombination

odel shown in inset in Fig. 5 and the results are shown in solid line
n Fig. 5 [43,44].  Electron transport parameters, such as electron
ransport resistance (Rw), charge recombination resistance (Rk),
ffective rate constant for recombination (keff = ωk), effective elec-
ron diffusion coefficient (Deff) and life time (�n), were derived from
he Nyquist plots of SnO2 nanorods and nanoparticles according to
he procedure demonstrated by Adachi et al. are given in Table 1.

The estimated electrons transport resistances of SnO2 nanopar-
icle and nanorods are 1.77 and 0.68 �,  respectively, indicating
hat SnO2 nanorod exhibits lower electron transport resistance and
he same property leading to higher solar cell efficiency in SnO2
anorod based DSSC. The observed lower Rw of SnO2 nanorod can
e attributed to the 1-D nature of the SnO2 nanorod, as it provides

 direct conduction path for electrons injected from the sensitiz-
ng dye. Hence, it is expected to reduce the electron diffusion time
rom the point of injection to the back contact in SnO2 nanorods.
owever, electron transport in SnO2 nanoparticles proceeds in a
andom pathway by a trap-limited diffusion process. Due to trap
imited diffusion process in SnO2 nanoparticles, the electrons must
ass through a series of inter-particle hopping steps (estimated in
03–106 particles), in order to reach the collection electrode. Hence,

ig. 5. Nyquist plot of impedance data for (a) SnO2 nanorods and (b) SnO2 nanopar-
icle  under illumination at 1 sun and −0.4 V bias conditions.
35.3 28.3 6.17 × 10−5

725.7 1.3 19.17 × 10−5

observed higher Rw for SnO2 nanoparticle justified why  DSSC fab-
ricated with SnO2 particles shows inferior solar cell performance.
Furthermore, lower FF reported for the DSSC fabricated with SnO2
nanoparticles electrode also could be attributed to the high Rw

associated with the SnO2 nanoparticles. The most striking feature
observed from EIS measurement was the charge recombination
resistance difference between SnO2 nanoparticle and nanorods as
shown in mid-frequency semicircle. The mid-frequency semicircle
in Fig. 5 for SnO2 nanorods is larger than that of SnO2 nanopar-
ticles and the enlarged mid-frequency arc represents a reduced
recombination process in SnO2 nanorods. As given in Table 1, Rk of
SnO2 nanorods and nanoparticles is 119.0 � and 46.76 �, respec-
tively, which clearly indicates higher charge recombination with
the electrode fabricated with SnO2 nanoparticles compared to SnO2
nanorods. The smaller Rk in the SnO2 nanoparticle which indicates
the more abundant electron interfacial recombination occurring is
consistent with the observation of the lower FF in the cell in com-
parison with the SnO2 nanorods. It has been demonstrated that
even though, electron transport property of SnO2 nanoparticles is
superior to that of TiO2 nanoparticles, DSSC fabricated with pris-
tine SnO2 nanoparticles exhibits very poor solar cell performance
mainly owing to its known higher charge recombination process
arising from its lower effective electron mass [30,31]. However,
DSSC fabricated with SnO2 nanorods exhibits higher solar cell per-
formance as the charge recombination is greatly reduced when
SnO2 nanorods are used as electron transport medium in DSSC.

Furthermore, �n which was  extracted from the frequency at the
middle frequency peak in the Bode-phase plots using � = 1/2	fmax

also clearly indicates the higher electron life-time for injected elec-
trons in SnO2 nanorod than that of SnO2 nanoparticles. Maximum
frequency of SnO2 nanorod (fmax, 5.62 Hz, �n = 0.028 s) shifts to a
lower frequency compared with SnO2 nanoparticle (fmax = 115.5 Hz,
�n = 0.0013 s), corresponding to an increase in the electron lifetime
for SnO2 nanorod based DSSC and increased � could be attributed
to the 1-D nature of SnO2 leading to higher solar cell performance
with the SnO2 nanorods. Hence with EIS investigation, we showed
the enhanced electron transport properties, reduced charge recom-
bination and increased electron life-time which are imperative for
higher solar cell performance could be achieved using pristine SnO2
nanorod.

3.4. Open circuit voltage decay (OCVD) measurement study of
SnO2 nanorods and nanoparticles electrode

To investigate the electronic process of the recombination in
SnO2 nanorods and nanoparticles further, we used OCVD mea-
surements [45]. Employing OCVD method, minority carrier lifetime
could be determined by measuring the decay of the Voc after ceas-
ing off the illumination and the voltage decay can be transformed
into electron lifetime, �n according to the following equation:

�n = −kBT

q

(
dVoc

dt

)−1

where kB is the Boltzmann constant, T is the temperature, and q

is the elementary charge. In OCVD measurements, the transport
resistance in the film does not affect the measurements given that
there is no current flowing through the cell due to its open-circuit
condition.
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Voltage decay measurements of SnO2 nanorods and nanopar-
icles are shown in Fig. 6a and the calculated electron lifetime as

 function of voltage is shown in Fig. 6b. As shown in Fig. 6b, for
oth SnO2 nanorods and nanoparticles, the observation that the
lmost exponential increases in �n with decreasing voltage is in
xcellent agreement to the previous results. The measured �n by
CVD method consists of an average time for survival of free and

rapped electrons than the free carrier lifetime. The electron life-
ime under open-circuit conditions is longer in the DSSC fabricated
ith SnO2 nanorod compared to SnO2 nanoparticles indicating that

-D nature is effective in decreasing the charge recombination rate
t the interface.

Interestingly, the life times in the SnO2 nanorods are much
igher than those in the SnO2 nanoparticles in the low Voc region
hile the difference in lifetime is not dramatic in high Voc region.

t is known that the lifetime of the electron in the low voltage
egion depends on the surface trap density in the photoanode and
igher lifetime in low Voc region with SnO2 nanorod indicates that
nO2 nanorod possesses a lower surface trap density and hence
educed charge recombination rates compared with SnO2 nanopar-
icles. Similarly, the lower surface trap density of SnO2 nanorod is
onsistent with the higher FF observed in the SnO2 nanorod DSSC.

ence, the observation extracted from OCVD measurements indi-
ates that lower surface trap density and enhanced electron lifetime
or the device fabricated with SnO2 nanorod substantiate the higher
a Acta 72 (2012) 192– 198 197

solar cell performance with SnO2 nanorod than SnO2 nanoparticles.
Furthermore, earlier by Mott–Schottky plots we  noted the higher
charge carrier density for SnO2 nanoparticle than SnO2 nanorod.
As higher charge carrier density enhances the charge recombina-
tion, observed lower FF and higher charge recombination for SnO2
nanoparticles was further justified.

The results presented in this investigation clearly suggested that
1-D nature of SnO2 is beneficial for efficient electrons transport and
suppression of charge recombination in solar cell fabricated with
SnO2 nanorods compared to SnO2 nanoparticles. However, the lit-
erature revealed that both liquid and solid type DSSCs fabricated
with 1-D TiO2 structures, such as TiO2 nanotube and nanorods,
could not exceed the highest efficiency reported for solar cells fabri-
cated with mesoporous TiO2 nanoparticles [16,45,46].  As explained
earlier, the effective electron mass of SnO2 nanoparticles is lower
than that of TiO2 nanoparticles, the conduction band electrons
in SnO2 get trapped and transferred easily to an acceptor state
at the surface resulting in high charge recombination as well as
low efficiency [30,31]. Therefore, DSSCs fabricated with 1-D struc-
tures such as SnO2 nanorods which provide direct and enhanced
charge transport while minimizing charge recombination results
in enhanced efficiency in SnO2 nanorod based DSSCs compared
to SnO2 nanoparticles. Transport and recombination studies of
TiO2 nanoparticles, oriented and randomly packed TiO2 nano-
tubes showed similar electron transport times for all nanoparticles
and rods whereas charge recombination was  suppressed in nano-
tubes/rods indicating enhanced charge collection efficiency of the
TiO2 nanotube electrode [47,48]. Despite, TiO2 nanoparticles com-
paratively having higher charge recombination rates than that of
TiO2 nanotubes, charge recombination is better suppressed in TiO2
nanoparticles based DSSCs than that of SnO2 nanoparticles based
DSSCs as the effective electron mass of TiO2 nanoparticles is high
(the electrons in the conduction band are less likely to get trapped
in TiO2) [30,31]. Hence, probably due to lower charge recombi-
nation in TiO2 nanoparticles than that of SnO2 nanoparticles, the
efficiency of DSSC fabricated with TiO2 nanoparticles is high enough
for practical application.

4. Conclusion

It was demonstrated for the first time that the pristine SnO2
nanorods with fast electron transport properties and reduced
charge recombination rates can be employed as anode materials in
DSSC successfully. The overall power conversion efficiency of the
SnO2 nanorods DSSC reaches to ∼1.5% with the highest reported
FF for unaltered SnO2 materials. Enhanced solar cell performance
of device fabricated with the SnO2 nanorods could be attributed to
1-D nature of the SnO2 nanorods that enhances electron transport
as well as electron lifetime. The longer electron lifetimes observed
for SnO2 nanorods means lower charge recombination which is
beneficial for solar cell performance. Furthermore, the electrode
fabricated with pristine SnO2 nanoparticles is not suitable as anode
material in DSSC due to presence of higher number of surface states
hence charge carrier density leading to enhanced charge recombi-
nation.
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