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Our recent studies showed that nanowire based DSSCs exhibited over 250 mV higher open circuit

potentials (VOC) compared to those using nanoparticles. In this study, the electron transport and

surface properties of nanowires and nanoparticles are investigated to understand the reasons for the

observed higher photovoltages with NW based solar cells. It was seen that, in addition to slow

recombination kinetics, the lower work function of SnO2 nanowires compared to the nanoparticle

counterparts also significantly contributes to the high VOC observed for the nanowire based DSSCs.

Introduction

Tin oxide is a widely available, large bandgap material, with

appropriate band edges for use as the anode material in dye

sensitized solar cells (DSSCs). In addition, due to its large

bandgap, it is more stable against UV degradation.1 So, there has

been large interest in studying the properties of SnO2 based

materials in DSSCs.2,3 However, the open circuit potentials for

SnO2 nanoparticle-based DSSCs have been observed to be much

less than 400 mV, making them less attractive as anode materials

for DSSCs. Typically, the VOC values for SnO2 nanoparticle

based DSSCs are on the order of only 300 mV but vary over

a wide range (>250 and <400 mV).4–8 The observed low open

circuit potentials have been attributed to high recombination

kinetics with the electrolyte.9

Recently, our work showed that DSSCs based on tin oxide

nanowires exhibited high open circuit voltages (520–560 mV),

faster electron transport and slower electron recombination

characteristics compared to tin oxide nanoparticle counter-

parts.10 However, in the above stated study, many questions

remained unanswered regarding the origin of the differences

between nanowire and nanoparticle based systems. One main

question was, whether the higher VOC of nanowire based DSSCs

was due to a difference in their work functions or due to slower

electron recombination characteristics in nanowires compared to

nanoparticles. In addition, it was not clear why slow recombi-

nation kinetics were observed with nanowires compared to

nanoparticles when both materials were stoichiometric tin oxide.

It has been observed in many nanoparticle systems that recom-

bination kinetics increase with faster electron transport.11 This,

however has been found to be different in the case of one

dimensional materials like zinc oxide nanowires, in which faster

transport did not have any effect on the recombination kinetics.12

In this study, the surface composition and electronic properties

of both nanowires and nanoparticles are investigated and are

discussed within the context of their photoelectrochemical

properties. Several techniques such as UV-Vis absorption
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Broader context

Dye sensitized solar cell technology has the potential to bring down cost per watt to meet the terawatt challenge using solar energy

conversion. Titania nanoparticle films have been a widely used anode material for these types of cells, but suffer from high

recombination losses and low electron transport properties. So, new materials and architectures are sought to further improve the

performance of DSSCs. Many studies have been done, which have primarily focused on one-dimensional TiO2 and ZnO2 materials

as the alternate materials, but have seen no improvement in the DSSC performance over their nanoparticle counterparts. In the past,

we had suggested and explored the possibility of using SnO2 nanowires for DSSCs. Our previous study suggested that the nanowires

exhibit superior characteristics over nanoparticles in DSSCs in terms of transport and recombination properties and surprisingly

with higher photovoltages. So, in this study, we used a number of tools and techniques to understand the surface and electronic

properties of both tin oxide nanowires and nanoparticles. The results showed that lower work function, two orders of magnitude

higher recombination time scales and an order of magnitude improvement in transport time scales have all contributed to the 200–

250 mV higher photovoltages observed with nanowires over nanoparticles in DSSCs.
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spectroscopy, UV photoelectron spectroscopy (UPS), photo-

luminescence and Kelvin probe were used to understand the

observed differences in transport, recombination and VOC

characteristics between nanowires and nanoparticles.

Experimental

The synthesis procedure for nanowires and the corresponding

procedure for their fabrication into a DSSC electrode are

described elsewhere.10 Briefly, SnO2 nanowires were synthesized

by reactive vapor transport, using tin metal as the source for tin

with a supply of O2 and H2 on quartz substrates and were

subsequently transferred to FTO substrates. The sensitizer used

in the study was Ru-535-bisTBA (also known as the N719 dye,

purchased from Solaronix, Switzerland). The thickness of the

electrodes used for measuring the transport time constants was

about 8 microns. Photoelectrochemical characterization of these

electrodes were performed using an EG&G Par 270A potentio-

stat/galvanostat and a xenon lamp fixed with an AM 1.5 filter.

The transport properties in the DSSCs were measured by

photocurrent decay measurements. In these measurements,

photocurrent decay was measured after a weak diode laser

(650 nm) of !10% intensity of the baseline light intensity was

switched off. The intensity of the base light (630 nm) from

a He–Ne laser was varied in the range of 0.5 to 10 mW/cm2 using

neutral density filters. The electron transport time constants were

determined by fitting these decay curves with Ae

!
"
t

sc

"

, where A

is a numerical constant, t is time and sc is the electron transport

time constant. The electron lifetimes in the electrodes were

measured by photovoltage decay measurements, as described by

Zaban et al.13 In this technique, photovoltage decay is observed

with time and the electron lifetime is determined using the rela-

tion sc # " kT

q

!
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, where k is the Boltzmann constant,

T is the absolute temperature, q is the charge and "
!
dVOC

dt

"
is

the rate of decay of VOC.

Ultraviolet photoelectron spectroscopy (UPS) measurements

were performed to determine the differences in the Fermi level

(EF) positions with respect to the valence band maximum

(VBM), as well as, to determine the work function values for

these materials. The samples for these measurements had the

active material in direct contact with gold film to equilibrate the

Fermi levels. In this study, a multi chamber ultra high vacuum

(UHV) surface science facility (VG Scientific/RHK Technology)

comprising of a 150 mm radius CLAM 4 hemispherical analyzer

was used. The base chamber pressure was in the 10"9 Torr range.

A differentially pumped He-discharge lamp was used for the UV

radiation. For this, a thick SnO2 NW/NP paste was prepared

with water and uniformly spread on a gold sputtered highly

doped silicon substrate. This substrate was then sintered at

250 $C in an oven for 1 hour. After sintering, approximately half

of the area of the substrate was masked with a quartz slide and

the other half was again sputtered with gold to ensure a proper

contact between SnO2 and gold and also to acquire a reference

gold spectra. The measurements were done using He-I (21.22 eV)

and He-II (40.81 eV) UV excitations. To avoid an instrumental

cutoff in the lens system of the analyzer at low kinetic energy

(KE), all UPS spectra were collected under a stable bias provided

from a battery. Each time, the bias was measured using a volt-

meter and the spectra were shifted back to their zero-bias posi-

tion through post-acquisition data processing. In order to test the

UPS spectrometer calibration, the absolute position of the Fermi

level was measured using He-I and He-II gold sample spectra. A

set of spectra, measured with a negative bias of 5.29 V are shown

in Fig. 1. He-I spectrum was measured using three different pass

energies (1 eV, 0.5 eV and 0.25 eV) and they all yielded the same

EF value of 21.23 eV, which is in excellent agreement with the

expected value. The same precision level was obtained for the

He-II spectrum, as the experimental EF value of 41.83 eV agrees

perfectly with the expected one. Since the sample and the refer-

ence are in contact, the sample has the same Fermi level as gold

film. Thus, the separation between the gold Fermi edge and the

onset of high-KE tail of the sample’s UPS spectrum determines

the location of the VBM. The intersection of the low-KE cutoff

tail with the background level, determines the work function of

the material. X-ray photoemission spectroscopy (XPS)

measurements were performed on the same set of samples. The

Fig. 1 (a) He-I UPS spectra measured for three different pass energies

and (b) He-II UPS spectrum of a Au film. Notice that the location of the

Fermi edge is in excellent agreement with the expected values.
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measurements were done at room temperature in mid 10"9 Torr

vacuum using a Mg Ka source of 1253.6 eV excitation energy.

The Au 4f7/2 line at 83.87 eV was used as an internal energy

reference to correct possible charging effects.

Kelvin probe measurements (KP probe from McCallister

Technical Services, WA) were made to determine the work

functions of these materials, however, these measurements were

performed in ambient conditions. The work function of the tip

(stainless steel) used for the contact potential difference

measurements was 4.4 eV. Photoluminescence measurements

were performed using Renishaw inVia Raman microscope with

a CCD detector. The Photoluminescence spectra were taken in

the energy range of 1.5 eV to 3 eV at "185 $C.

Results and discussion

Fig. 2 shows the current voltage characteristics of SnO2 nanowire

and nanoparticle based DSSCs. The current density (JSC) of

nanowire based cells is 5.0 mA/cm2 and the open circuit potential

(VOC) is 518 mV. The JSC and VOC of the nanoparticle electrodes

are 10.3 mA/cm2 and 332 mV, respectively. These values are

similar to that presented in our previous study10 and are within

the range of values obtained using about 30 samples or more.

The higher JSC in the nanoparticle based cells can be explained

from the high surface area of the nanoparticle electrode

compared to the nanowire electrode. Although higher currents

are seen in nanoparticle electrodes, it is observed that the

currents are only !2 times higher than with nanowire electrodes.

This is in contrast to about 5 times higher surface area of

nanoparticle electrodes than the nanowire electrodes, as was seen

in our previous study.10 The VOC measured with various nano-

wire based DSSCs were in the range of 520–560 mV compared to

about 320–370 mV for nanoparticle based cells. The observed

difference of about 200–250 mV in open circuit voltage is

considerable and also reproducible with thinner (<100 nm

diameter) nanowire based electrodes.

Transport and recombination characteristics

In order to understand the dynamics of electron transport in

nanowires and nanoparticles, photocurrent decay measurements

were performed using a range of photon fluxes. These

measurements were performed on 8 mm thick films. The

measurements showed that the electron transport time constant

in nanowires was an order of magnitude faster than that of

nanoparticle electrodes. The transport time constant showed

a power law dependence with light intensity given by sc #
A(Io)

a"1, where A is a constant, Io is the incident light intensity

and a is the disorder in the semiconducting film.14 The power law

relation between the transport and light intensity is explained by

random walk of electrons between the trap sites in the material,

where the waiting time at each trap is in the form t"(1+a). The

waiting times are modified when the states with the longest

waiting times are filled, which leads to electron transport only

through the unfilled states which are closer to the conduction

band. A lower value of a implies a long tail of intraband gap

distribution of states, and therefore higher disorder in the film

either in terms of the density or distribution of electron traps in

the film.15,16 The transport time constants obtained from these

measurements are shown in Fig. 3. By fitting the transport time

constants vs. light intensity, we obtain the value of a to be 0.35

and 0.8 for the nanoparticle and nanowire films, respectively.

These values are different from what were observed in titania

nanoparticles and nanotubes, where the a values were reported

to be 0.4 and 0.14, respectively.14 The difference in these values

suggests significant differences in the density and distribution of

the transport limiting traps states in the two films. Further, the

parameter a is related to the average trap depth of electrons in

the material by the relation a # kT

mc
, where mc is the average trap

depth below the conduction band in the semiconductor. From

this relationship, it is estimated that mc for tin oxide nanowires

and nanoparticles is 0.031 and 0.071 eV below the conduction

band edge in nanowires and nanoparticles, respectively, implying

the presence of higher density of trap states closer to the

conduction band edge in the case of tin oxide nanowires.

In order to determine the electron lifetimes in the nanoparticle

and nanowire devices, open circuit photo voltage decay

measurements were performed. The lifetimes obtained from

these measurements are shown in the supplementary information

taken from our previous study.10 This data is representative for

all the electrodes used in this study. From these measurements, it

is seen that the electron lifetimes are two orders of magnitude

longer in nanowire electrodes than in nanoparticle electrodes.

Fig. 2 I-V characteristics of typical DSSCs made with SnO2 in our lab:

(a) nanoparticles and (b) high aspect ratio branched nanowires.

Fig. 3 Transport time constants of nanowire- and nanoparticle-based

DSSCs with light intensity.
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This difference definitely cannot be explained with the differences

observed in the trap energy depths.

Although faster transport partly explains the decrease in the

recombination in the nanowire based DSSCs, there may also be

other reasons such as differences in the surfaces of the two

materials, and their electronic properties which may result in

different recombination times and VOC. Slower recombination

may increase the electron density (nc) in the semiconductor films.

The increase in the electron density in the illuminated state is

related to the open circuit voltage by the expression17

VOC # kBT

e
ln

!
nc
noc

"
# kBT

e
ln

!
Ios%1" e"ad&

dnoc

"
(1)

In this expression, kB is the Boltzmanns constant, T is the

absolute temperature, nc and nc
o are the electron densities in

the film in illuminated and dark states, Io is the light intensity, s is
the electron transport time constant, a is the disorder in the film14

and d is the thickness of the film. From equation (1), it is seen that

higher electron density in the films results in higher open circuit

potentials, which can explain the higher photovoltages seen in the

nanowire electrodes. The electron lifetime in nanowires is two

orders of magnitude longer than that in the nanoparticles, which

can explain a difference of only 120 mV in the VOC values. This

does not fully explain the !250 mV difference observed between

nanowire and nanoparticle DSSCs. This implies that in addition

to the differences in the electron transport and recombination

characteristics within the SnO2 nanowires and nanoparticles, the

differences in their open circuit potentials could also be a result of

the differences in their work functions. In order to understand

these properties, UPS, Kelvin probe and photoluminescence

spectroscopy techniques were used.

(a) UV-Vis spectra. The UV-Vis measurements were done to

estimate the bandgap of SnO2 nanowires and nanoparticles. The

transmission spectrum of these films is shown in Fig. 4. From the

spectra, the bandgap of both SnO2 nanoparticles and nanowires

were estimated to be !4 eV, corresponding to the point of

inflection in the absorption curves.

(b) Ultraviolet Photoelectron Spectroscopy (UPS). Fig. 5a

and 5b show high-and low KE slopes of the He-I spectra of Au

film, SnO2 nanoparticles, and SnO2 nanowires, obtained under

a negative bias of 8.55 V (the bias was already accounted for in

these spectra). As can be seen from Fig. 5a, the Fermi level edge

appears at 21.22 eV in excellent agreement with the excitation

energy of He-I line. In addition, for both, SnO2 nanoparticle and

nanowire samples, the intersection of the high KE slope with the

extrapolated background provides the same VBM position of

3.95 ' 0.05 eV which is in good agreement with the expected

value. The work function of each material was derived from the

intersection of the shoulder extrapolation and the extrapolated

background, as shown in Fig. 5b. A work function value of !5.0

eV is obtained for the Au film which matches the value range

reported in the literature. However, there is a significant differ-

ence between the work function obtained for SnO2 nanoparticles

and nanowires samples, i.e., 4.4 eV vs. 4.0 eV. This difference was

confirmed using two sets of both nanowire and nanoparticle

samples. In theHe-IIUPS spectrum, a striking difference between

the nanoparticles and nanowires is observed as shown in Fig. 6.

The spectrum measured for the nanoparticles contains a main

peak at !5.5 eV and two weaker peaks at !8 eV and !11 eV,

while the spectrum obtained for nanowires exhibits two strong

peaks, one at!7 eV and second at!9.5 eV below the Fermi level.

The low resolution XPS spectra for both nanoparticle and

nanowire samples were measured across the whole BE range,

which show only peaks originating from Sn, O and Au, plusFig. 4 UV-Vis spectra of tin oxide nanowires and nanoparticles.

Fig. 5 (a) High- and (b) low-KE slopes of the He-I UPS spectra

obtained for Au film and SnO2 nanoparticle and nanowire samples.
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a weak C1s peak due to carbonaceous contamination. High

resolution XPS spectra of Sn3d and O1s lines are compared in

Fig. 7a and 7b, respectively. There is no substantial difference in

the Sn3d spectra between the SnO2 nanoparticle and nanowire

samples. The BE of the Sn3d5/2 level measured for the nanowire

sample (487.0 eV), as well as, the one measured for the nano-

particle sample (487.1 eV), agree very well with the value

reported for SnO2.
18 However, a clear difference is apparent for

the O1s peak, where for the nanowire sample, there is an addi-

tional component at the high BE slope of the primary peak

(Fig. 7b). In order to analyze this difference, the O1s peak was

deconvoluted using the Gaussian function and the results are

shown in Fig. 8. For the nanoparticle sample, a main peak at the

BE of 531.1 eV and a second, minor peak at 532.5 eV were found

(Fig. 8a). For the nanowire sample, the main peak is located at

530.9 eV and the 532.5 eV peak has much higher intensity than

the one observed for the nanoparticles. In the nanowire sample,

there is also a third, weak peak, at the BE of 533.9 eV.

The asymmetry of the O1s peak, similar to that observed in

our samples, has been reported recently for the SnO2 nanowires

and the peak at around 532.3 eV has been assigned to hydroxide

and/or oxy-hydroxide.18 Also, the peak at 533.9 eV has been

assigned to O1s line of molecular water.19 The XPS results

suggest that the nanowire sample seems to have much higher

Fig. 6 He-II UPS spectrum of SnO2 nanoparticle and nanowire samples.

Fig. 7 (a) Sn3d and (b) O1s XPS spectra measured for SnO2 nano-

particle and nanowire samples.

Fig. 8 Deconvolution of the O1s XPS peak measured for the (a)

nanoparticle and (b) nanowire sample.
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concentration of hydroxide and/or oxy-hydroxide on the surface

than the nanoparticle sample. This seems to explain the observed

difference in the He-II UPS spectra. The spectrum measured for

the nanoparticle sample is very similar to the spectrum of the

typical SnO2 sample, with the peaks at 5.5, 8 and 11 eV origi-

nating from the O2p, Sn5p–O2p, and Sn5s–O2p states, respec-

tively.20,21 On the other hand, the spectrum measured for the

nanowire sample, contains strong peaks at !7 and !9.5 eV,

which correlates with the locations of 1p and 3s states of OH

group.19,22

(c) Kelvin probe measurements. The work function of the

nanowire and nanoparticle samples was determined from the

contact potential difference (CPD) measurements using Kelvin

probe in ambient air. One set of samples used for UPS

measurements were also used for Kelvin probe measurements.

Fig. 9 shows the CPD with time for the nanoparticle and

nanowire samples. The results suggest that the CPD of nano-

particles wrt the tip potential is "0.45 eV and the CPD of

nanowires is "0.35 eV. With respect to the vacuum level, the

work functions of these materials are estimated as 4.85eV for the

nanoparticles and 4.75 eV for the nanowires. These measure-

ments correspond to isoelectric point in acidic aqueous envi-

ronment. However, in organic electrolytes the reported value is

close to 4.4 eV. The smaller difference in the work function

values between the nanowire and nanoparticle samples measured

by Kelvin probe compared to the UPS measurement is not very

clear at this point in time, however a high possibility of the thin

layer of water adsorbed on nanoparticles in air could be seen as

a reason for this.

(d) Photoluminescence spectroscopy. Photoluminescence

spectra acquired in the energy range from 1.5 eV to 3 eV at low

temperatures ("185 $C) showed differences in the electron

transition energies in these materials. Fig. 10 shows the PL

spectra of nanowires and nanoparticles. It can be seen from the

spectra that both materials show a peak at 2 eV, however an

additional peak is also seen in the nanowire sample at 1.75 eV.

Assuming the photoluminescence peaks arise from transitions

from the conduction band to the mid bandgap states, the

additional peak in the nanowires implies the presence of an extra

density of states closer to the conduction band edge.

(e) Proposed model for electronic structures for tin oxide NWs

and NPs. The data from various characterization techniques can

be summarized as below:

(i) From the UV-Vis measurements, the bandgap of both

nanowire and nanoparticle based materials is estimated to be

approximately 4 eV.

(ii) From the contact potential difference measurements using

the Kelvin probe, the work function of the nanowires and

nanoparticles was estimated to be 4.75 and 4.85 eV, respectively.

These values are consistent with the values reported in the

literature for the work functions in aqueous media at pH # 1.

However, in case of DSSC the electrolyte is in an organic form

which has different pH value and thus a different work function.

Typically, in TiO2 based DSSC, the work function of TiO2 is 3.95

eV ("0.45 V vs.NHE) with Fermi level around"0.45V vs.NHE.

The redox couple lies at"4.9 eV ("0.5 V vs.NHE). This gives the

maximum voltage of 900–950 mV. Taking the value of the TiO2

conduction band as the reference, the conduction band of SnO2

nanoparticles in organic electrolyte lies at about "4.4 eV from

the fact that the conduction band edge of SnO2 lies!0.5 eV more

positive than that of TiO2.
2 The value for the SnO2 nanowires is

4.3 eV corresponding to the differences seen from Kelvin probe

measurements. From these measurements, the maximum

attainable VOC in the SnO2 nanoparticles is 500 mV and in

nanowires is 600 mV.

(iii) From the UPS measurements, the work function of SnO2

nanoparticles and nanowires was determined to be 4.4 and 4.0

eV, respectively. This difference is more than what was measured

using the Kelvin probe technique. The higher difference in the

work functions is most likely due to the desorption of the

adsorbed species from the surfaces in the UHV conditions,

exposing the pure nanowire and nanoparticle surfaces during the

UPS measurements. Additionally, the XPS analysis indicated

a strong presence of hydroxide and/or oxy-hydroxide on the

nanowire samples, where as in the case of SnO2 nanoparticles,

such species were absent. During the Kelvin probe measurements

however, these differences are suppressed due the presence of

adsorbed water on the surfaces of both, the nanoparticles and

nanowires.
Fig. 9 Contact potential differences with time for SnO2 nanoparticle

and nanowire sample.

Fig. 10 Photoluminescence spectra of SnO2 nanowires and nano-

particles.
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(iv) From photoluminescence measurements, assuming the

transitions occur from the conduction band edge to the mid

bandgap states, additional luminescence peak was observed at

1.75 eV for nanowires, implying the presence of external states.

Both, the nanowires and the nanoparticles, however had peaks at

2 eV.

(v) The average trap depth, mc, was 0.03 eV below the

conduction band edge for nanowires while the mc for the nano-

particles was estimated to be about 0.07 eV below the conduction

band edge. This implies that for same photoelectron density,

nanowires will show a higher VOC than the nanoparticles.14

From the above measurements it can be seen that the nano-

wires have additional states above the states available in nano-

particles and also have a shallow trap state distribution than in

the nanoparticle electrodes. Electron trapping and detrapping is

faster in shallow trap states, which can explain the fast electron

transport observed in nanowire electrodes. The high VOC of the

nanowire electrodes is, however related to both, the shallow trap

states and surface of the nanowires. UPS and Kelvin probe

measurements indicate that the work functions of nanowires are

smaller than that of nanoparticles. Using this information,

a model can be put together which shows roughly the electronic

structure within the nanowire and nanoparticles. Fig. 11a shows

the schematic representation of the energy levels determined

from UPS and Kelvin probe measurements. The energy levels in

the DSSCs made with nanoparticle and nanowire electrodes are

shown in Fig. 11b. It is possible that dye–tin oxide interactions

are different for nanoparticles and nanowires. But, the nano-

particle electrodes in this study have consistently shown high

current densities (!10 mA/cm2), indicating that the observed

Fig. 11 (a) The electronic structure of the SnO2 nanoparticles and nanowires expected in acidic aqueous medium based on Kelvin probe measurements.

(b) Energy level diagram in SnO2 expected with nanowires and nanoparticles in organic electrolyte medium. The apparent shifts in the band edges are

adjusted based on known band edge position of SnO2 in organic electrolyte.
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lower open circuit voltage cannot be attributed to poor dye

interaction with the surface. Further studies to understand dye

uptake, interfacial chemistry and electron injection processes will

be crucial to improve the stability and current density of tin oxide

nanowire based DSSCs. In addition to DSSCs, because of

potentially better transport properties, SnO2 nanowires are

finding increased applications in photoelectrochemical cells,23

and Li-ion batteries.24

Summary

In the above study the origin of higher VOC in SnO2 nanowires

based DSSCs compared to nanoparticle based DSSCs was

investigated. Studies showed that the higher VOC in nanowire

based DSSCs is a result of both, a difference in the density and

distribution of trap states in these two materials and also due to

a difference in the work functions of SnO2 nanowires and

nanoparticles.
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