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a b s t r a c t

We report on the effects of post-growth hydrothermal treatment and thermal annealing on properties of
vertically aligned ZnO nanowires arrays (NWs). The samples were electrochemically deposited (ECD) on
indium–tin oxide (ITO)-coated glass substrates and subjected to post-growth hydrothermal treatment
(HT) at 150 ◦C and, for the purpose of comparison, to conventional thermal annealing (CTA) in a furnace
at 150, 400, and 600 ◦C in air. Sample characterization was realized using X-ray diffraction (XRD), SEM,
TEM, selected-area electron diffraction (SAED) and photoluminescence (PL). Thermal annealing does not
induce significant changes of morphology, but influences the structural and optical properties. At the
same time we found that the HT induces more significant improvement of properties of ZnO nanowires
arrays (ZnO NWs) on ITO. The results show that the ECD ZnO NWs are single-crystalline with hexagonal
structure and c-axis perpendicular to ITO substrate. Only one peak at about 379 nm was observed in the
photoluminescence spectra at room temperature which showed an intensity increase after hydrothermal
treatment. This corresponds to the increase of the optical quality of ZnO NWs. The best optical quality
for ZnO NWs was found after the hydrothermal treatments at 150 ◦C in our experiment. The high-quality
electrodeposited NW layers have been used, after sensitization with the highly absorbing D149 dye, as a
ye-sensitized solar cells photoanode in dye sensitized solar cells (DSCs) and the impact of post-growth treatment of the nanowires
on DSCs performances has been evaluated. The photocurrent of the solar cells increased significantly
after HT or CTA at 150 ◦C leading to a maximum overall photovoltaic conversion efficiency (PCE) of
0.66% at 100 mW/cm2, based on short-circuit photocurrent density, open-circuit voltage and fill factor
of 3.283 mA/cm2, 0.606 V and 33.3%, respectively. The obtained results are interesting in view of the low
layer roughness and pave the way for implementation of high-quality electrodeposited ZnO NW arrays
in DSCs fabrication.
. Introduction
Zinc oxide (ZnO) is a wide and direct band gap (3.37 eV
t room temperature) oxide semiconductor [1]. It has multiple
otential applications in short-wavelength optoelectronic devices,
olid-state display devices, solar cells, sensors, electrochromic
indows, and exciting acoustic waves at microwave frequen-
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cies [2–7]. ZnO nanostructures such as nanowires (NWs) and
nanorods (NRs) showed attractive characteristics for certain appli-
cations [6–12]. This is because NWs/NRs show high aspect ratio,
quantum confinement, and direct path for electrons promoting
higher electron diffusion coefficient of ZnO nanowires arrays (ZnO
NWs) with respect to nanoparticles films with multiple trap-
ping/detrapping events occurring within grain boundaries [13–16].
The reported experimental results of transport properties on ZnO
nanowires and nanorods are encouraging for device applications
[17–19].
This is especially relevant because ZnO is considered as a strong
competitor to GaN, which possesses the same wurtzite structure.
Zinc oxide has a larger exciton binding energy (60 meV) than GaN
(25 meV). In this way ZnO NWs are superior material for fabricat-
ing low-threshold excitonic lasers and light-emitting diodes (LEDs)
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reached 14.0 C/cm2.
Fig. 1a is a typical current–voltage (I–V) curve of the real

ITO–electrolyte interface recorded upon a first voltammetry scan
started at the rest potential on the bare ITO electrode. The observed
6 O. Lupan et al. / Journal of Photochemistry a

20,21]. Optical UV lasing and LED have been demonstrated either
t low or high temperatures [20,21].

Aligned ZnO NWs arrays are considered as a competitor to
iO2-based dye-sensitized (photoelectrochemical, quasisolid, and
olid-state) solar cells (DSCs) owing to the unsuccessful develop-
ent of vertical single-crystalline TiO2 NWs on the transparent

onducting oxide substrate [22]. Zinc oxide has approximately the
ame energy band gap and electron affinity as titanium dioxide,
nd ZnO DSCs built using ZnO nanoparticles (NP) have shown the
econd highest efficiencies (up to 6.5%) after TiO2 [23–25]. For
xample Law et al. [16] found that the electron diffusion coeffi-
ient of ZnO NWs is several hundred times larger than that of ZnO
r TiO2 NP films. With aligned ZnO NWs several problems can
e solved in devices based on the nanoporous materials, which
ely on the trap-limited diffusion for electron transport, a slow
echanism that limits electron extraction efficiency [26,27]. It is

xpected that a more direct conduction pathway from the point
f electron–hole pair generation to the collection electrode would
ignificantly improve the electron transport efficiency [26,28].

Different techniques such as vapor deposition, pulsed laser
eposition, molecular beam epitaxy, metal organic chemical
apor deposition (MOCVD), sputtering, electron beam evaporation,
pray pyrolysis, sol–gel processing, chemical, and electrochem-
cal deposition have been employed to fabricate ZnO NWs/NRs
10,29–32]. For example, several reported methods permit
o grow ZnO nanowires nearly vertically from the substrate
16,25,32–37]. Among numerous deposition techniques, electro-
hemical deposition (ECD) has become attractive for fabricating
nO NWs/NRs owing its simplicity, and less onerous, widely
sed in industry [14,32,38], cost-efficiency, large-area deposi-
ion and high-quality NWs/NRs can be grown at relative low
ynthesis temperatures [32–34]. Therefore, an accurate knowl-
dge of the structural, morphological and optical properties
f ZnO is essential for the design and analysis of various
evices. Despite of multiple possible methods to fabricate
nO nanomaterials, according to previous reports the proper-
ies of ZnO NWs are strongly dependent on the fabrication
onditions and the preparation methods, e.g. substrate temper-
ture, substrate material and subsequent annealing treatment
30,37–42].

Above all, the selection of substrate is very important for the
rowth of arrays of high-quality ZnO NWs, because the matching in
attice parameters and crystal structure between the NWs and sub-
trate strongly affects the crystal growth behavior and quality [43].
ndium–tin-oxide (ITO)-coated glass substrate has many excellent
roperties, such as electrical conductivity and optical transparency,
igh vis–NIR light transmission, uniform transmission homogene-

ty and reflection in the infrared range [40–41,44–45]. The lattice
ismatch is small (3%) between the neighboring oxygen–oxygen

O–O) distance on the close-packed ITO (1 1 1) and ZnO (0 0 0 1)
lanes [46], and O dangling bonds on the ITO layer surface, thus

t improves the initial nucleation and the subsequent growth of
igh-quality ZnO NWs arrays on ITO substrate. Up to date, a few
tudies have reported on the growth of the high optical quality of
ligned ZnO NWs arrays on ITO glass substrate [40,47] with promis-
ng applications in solar cells. Such structure based on aligned ZnO
Ws/ITO is very attractive for the dye-sensitized solar cells.

In this report, aligned ZnO NWs have been fabricated by using
CD on ITO at low temperature. Then ZnO NWs were treated using
hermal and hydrothermal techniques with subsequent character-
zation of structural and optical properties. The influence of the ITO

uffer layer on the structural and photoluminescence properties of
nO NWs is reported. Note that zinc oxide nanowire architecture
rovides an open structure for filling with a hole transport mate-
ial. The present paper is the first report on the use of cost effective
lectrodeposited NW arrays for DSCs fabrication.
otobiology A: Chemistry 211 (2010) 65–73

2. Experimental

2.1. Electrochemical deposition of ZnO nanowires arrays

Well-aligned ZnO nanowires arrays (ZnO NWs) were grown by
the electrochemical deposition (ECD) method from a 0.2 mM ZnCl2
(Merck, 99%) aqueous solution maintained at 85 ◦C as reported
before [32,39,48]. For supporting electrolyte, 0.1 M of potassium
chloride (KCl) (Fluka 98%) was employed to ensure a good elec-
trical conductivity in the aqueous solution (Milli-Q quality water).
The ZnO NWs were grown on the conductive indium-doped tin
oxide (ITO) film on a glass substrate with a sheet resistance of
15 �/�. Electrodeposition was carried out potentiostatically at
−1.05 V using an Autolab PGSTAT30 potentiostat/galvanostat and
with rotation of working electrode (WE) (with constant speed of
ω = 300 rotations/min (rpm)). The potentiostat was monitored by
the AutoLab software. The pH of the solutions was initially 5.5.
The three-electrode electrochemical cell was mounted in a ther-
moregulated bath and the temperature was fixed at 85 ◦C with
an uncertainty of ±0.2 ◦C. The electrolyte was saturated with pure
oxygen by bubbling for 45 min prior to start the electrolysis and
continuously during of the growth process. The growing process
ended in 9000 s when the total passed/exchanged electrical charge
Fig. 1. (a) Cyclic-voltammetry J–V characteristic of rotating ITO/glass electrode for
the solution containing 0.2 mM ZnCl2 + 0.1 KCl (pH 5.5) under oxygen bubbling. (b)
Variation of current density with time during of ECD of ZnO NWs on ITO substrate
at 85 ◦C, E = −1.05 V/SCE with rotating working electrode (ω = 300 rpm).
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Fig. 2. XRD spectra of ZnO NWs grown by electrochemical method at 85 ◦C on ITO
substrate: (a) as-grown; ITO substrate peaks are marked by a blue line and ZnO by
red line peaks according to JCPDS; (b) hydrothermally treated at 150 ◦C for 12 h;

◦ ◦
O. Lupan et al. / Journal of Photochemistry a

athodic wave can be assigned to the electrochemical reduction
f molecular oxygen and the hysteresis is due to the covering of
he ITO surface by ZnO upon the first scan [49]. From the fig-
re, a deposition potential of 1.05 V was chosen for the synthesis
f the layers. Fig. 1(b) displays the current transient recorded
t that potential upon nanowire deposition on ITO substrate at
5 ◦C, with a rotation speed of 300 rpm. The illustrated curve
onfirms that the ECD ZnO NWs are good electrical conductors,
ecause the current density collected at the electrode is kept at
bout −1.85 mA/cm2 after 1000 s of growth. Fundamental physic-
chemical properties of cathodic ZnO synthesis in an aqueous zinc
hloride solution of [ZnCl2] = 0.2 mM have been described previ-
usly [32,39,48].

After electrodeposition, ZnO NWs/ITO were thoroughly and
arefully rinsed with DI water to remove chloride salts and un-
eacted products from the surface and dried under a moderate air
ux. The hydrothermal treatment (HT) was carried out at 150 ◦C in
stainless steel autoclave. A 100 mL Teflon inner liner was used

nd the sample was maintained at about 3 cm above the water
urface level to avoid direct contact between ZnO and water. The
T treatment was compared to conventional CTA at 150 ◦C in air

or 1 or 12 h. Annealing at 400 and 600 ◦C in air for 1 h were also
nvestigated.

.2. ZnO nanowire films and solar cell characterizations

Phase identification of the ECD ZnO NRs/NWs on ITO was done
ith a X-ray diffractometer Siemens D5000 operated with 40 kV

nd 45 mA using the Cu K� radiation with � = 1.5406 Å and a
otating sample holder. The morphologies of the samples were
nvestigated with a high resolution Ultra 55 Zeiss FEG scanning
lectron microscope at an acceleration voltage of 10 kV. Energy
ispersive X-ray spectroscopy (EDX) analyses were realized with
Bruker Li-drift silicon detector. A TEM sample was prepared by
direct contact technique of the sample with a clean Si wafer to

ransfer nanowires and gently rub a few times [3,30,48]. Trans-
ission electron microscopy (TEM) and selected-area electron

iffraction (SAED) measurements were performed on a FEI Tecnai
30 STEM operated at an accelerating voltage of 300 kV.

Raman scattering was measured at room temperature with a
oriba Jobin Yvon LabRam IR system in a backscattering configu-

ation. A 632.8 nm line of a He–Ne laser was used for off-resonance
xcitation with less than 4 mW power at the sample. The instru-
ent was calibrated using silicon and a naphthalene standard. The

ontinuous wave (cw) photoluminescence (PL) was excited by the
25 nm line of a He–Cd Melles Griot laser. The emitted light was
ollected by using a lens and was analyzed with a double spectrom-
ter ensuring a spectral resolution better than 0.5 meV. The signal
as detected by a photomultiplier working in the photon count-

ng mode. The laser power for the PL excitation was about 20 mW.
he samples were mounted on the cold station of a LTS-22-C-330
ptical cryogenic system.

For solar cell preparation, aligned 4.5 �m long ZnO NWs pre-
ared by electrodeposition were dried at 85 ◦C for 10 min and then
ensitized by D149 (Chemicrea), a high performance indoline dye
50]. A reflecting film of Pt deposited by evaporation on a glass
ubstrate was used as a counter-electrode. The liquid electrolyte
as composed of 0.6 M tetrabutylamonium iodide (Sigma); 0.01 M

iI (Fluka) and 0.05 M I2 (Aldrich). The active area of the cell was
elimited with a metallic mask of 0.07 cm2. I–V characterizations

ere made in air using a calibrated solar simulator (Abet Technolo-

ies) under AM1.5 illumination and light intensity of 100 mW/cm2.
urrent–voltage (J–V) characteristics of solar cells were recorded
y a Keithley 2400 digital multi-meter using 0.01 V/s voltage ramp
ate.
(c) thermally annealed at 400 C for 1 h; (d) thermal annealed at 600 C for 1 h. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

3. Results and discussion

3.1. Structural and morphological characterization of ZnO
nanowire arrays

Fig. 2 shows the effects of the post-growth hydrothermal treat-
ment and conventional thermal annealing temperature on the
crystallinity of the ECD ZnO NWs/ITO. All XRD peaks (Fig. 2) are
assigned to ITO-coated glass substrates according to PDF 01-089-
4596 card or to ZnO based on PDF 036-1451. It can be seen
that electrodeposited ZnO NWs show a sharp XRD reflection peak
detected at ∼34.4◦, suggesting a preferential growth along the c-

axis normal to the ITO substrate. The intensity of the peaks relative
to the background demonstrates high purity of the hexagonal ZnO
phase and good crystallinity of the samples. The lattice constants a
and c were determined as 0.3251 nm, 0.5205 nm using the follow-
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ng equation [30,48]:

1

d2
(h k l)

= 4
3

(
h2 + hk + k2

a2

)
+ l2

c2
. (1)

he lattice parameter d (0 0 2) in the un-stressed ZnO bulk is about
.602 Å, and the d (0 0 2) value of as-grown ECD ZnO on ITO is 2.601
nd 2.600 Å after hydrothermal treatment and thermal annealing
t 400 or 600 ◦C.

All observed Bragg reflections are consistent with the Wurtzite
63mc space group. The intensity reaches the maximum value after
ydrothermal treatment at 150 ◦C for 12 h (Fig. 2b). The small full
idth at half-maximum (FWHM) values (0.125◦ and 0.093◦ for

he as-grown and hydrothermally treated samples, respectively)
eveals that the ZnO is of high crystalline quality. The FWHM values
f (0 0 2) peaks are 0.093◦ for the samples after thermal annealing
t 400 and 600 ◦C.

The texture coefficient for the (0 0 2) orientation is estimated to
e about 3.5 from the following relation [30,32,48]:

C(0 0 2) =
I(0 0 2)/I0

(0 0 2)

(1/N)
∑

I(h k l)/I0
(h k l)

, (2)

here N is the number of diffraction peaks, and I(h k l) and I0
(h k l)

re the measured and corresponding recorded intensities accord-
ng to the JCPDS 036-1451 card. The high TC(0 0 2) value shows that
he wires are very well-textured with the c-axis perpendicular to
he substrate. As described elsewhere, the growth of the more ini-
ially inclined wires is impeded whereas it is favored for the more
ertically oriented ones [32].

On SEM images (Fig. 3) the layer appears to be homogeneous and
niform. The nanowires are vertically oriented and well-aligned.
he average size is ∼160–220 nm in width and ∼4–5 �m in length.
heir density is low at 4–5 NWs per �m2. There is an excellent
dherence and connection between ZnO NWs and ITO substrate
Fig. 3, inset).

Transmission electron microscopy (TEM) was employed to char-
cterize the as-synthesized ZnO NWs and to investigate the effect
f annealing on its structure. The TEM image in Fig. 4 shows the
rystal structure of the individual ZnO NW and their average radii
f about 75–100 nm. TEM images show also that the diameter size is
omogeneous and does not vary significantly along the wire length.

HRTEM and SAED in Fig. 4b demonstrate the high-quality of the
s-grown sample at the atomic scale. By controlling accurately the
eposition regimes within the optimum range of the energetically
table state, ZnO NWs arrays grow with a c-axis orientation. These
RTEM data are corroborated with the results of XRD measure-
ent in our work. It is suggested that for ZnO (0 0 2) orientation,

he surface energy reaches a minimum and the growth orientation
evelops into one crystallographic direction of the lowest surface
nergy [48,51]. The (0 0 2) texture of the zinc oxide NW must form
n an effective equilibrium state where enough surface mobility
s given to impinging atoms under a certain deposition condition
48,52]. The HRTEM images also illustrate that the surface of the
s-grown wires appear crystallized with the absence of any amor-
hous layer.

The present study illustrates the beneficial effect of reactive
reatment by air oxygen and water vapor for enhancing ZnO NWs
tructural and optical properties. Water vapor acts more efficiently
han oxygen to reduce structural defects. According to our studies

53] the post-growth hydrothermal treatment suggests that ZnO
ecrystallization can occur locally. Water vapor may also react with
toms in excess or vacancies near the surface. For instance, using a
ass spectrometer, Hasebe et al. [54] have shown that the excess

f zinc at zinc oxide surfaces can react with water vapor to produce
Fig. 3. SEM images of ECD aligned ZnO nanowire arrays on ITO glass: (a) plan view;
(b) a tilted-view (65◦), insert is a cross-sectional view of ZnO NWs forming arrays.
Scale bar is 1 �m.

ZnO and hydrogen:

Zn + H2O → ZnO(s) + H2(g) (3)

It seems in our hydrothermal treatment in an autoclave that var-
ious surface defects reacted with adsorbed water molecules, which
led to an improved ZnO surface. In this way, a higher PL emission
intensity is obtained. However, the duration of hydrothermal treat-
ment and water pressure in an autoclave are important parameters
due to consumption of Zni and other point defects by water vapor.
This would lead to a significant decrease in the visible PL emission.

3.2. Micro-Raman scattering

Raman measurements are useful for the purpose of exploring
the material quality, the phase and purity, in order to understand
transport properties and phonon interaction with the free carriers,
which determine device performances [10,48]. The point group of
ZnO is C6v, and there exist 12 degrees of freedom since there are 4
atoms per primitive cell. Therefore there are nine optical phonon
modes and three acoustic phonon modes. Phonon modes E2 (low
and high frequency), A1 [(TO) transverse optical and (LO) longitudi-
nal optical] and E1 (TO and LO) are expected all being Raman active.
According to group theory, the optical mode at the � point of the
Brillouin zone can be expressed by [48]:
�opt = 1A1 + 2B1 + 1E1 + 2E2 (4)

A1, E1, and E2 are Raman active modes, except the silent mode B1.
Fig. 5 shows the effect of various post-growth treatments on sample
Raman spectra measured in backscattering geometry. The Raman



O. Lupan et al. / Journal of Photochemistry and Ph

Fig. 4. (a) TEM of as-electrodeposited ZnO nanowires on ITO substrate showing a
general view; (b) HRTEM image showing individual nanowire with [0 0 2] growth
direction. Inset shows selected electron diffraction patterns (SAED). Both SAED and
HRTEM images are indicative of high crystalline quality for most of the ECD ZnO
NWs.

Fig. 5. Raman spectra for as-grown, hydrothermal treated at 150 ◦C and thermal
annealed ZnO NWs on ITO substrate. Curve 1 shows Raman spectra from the ITO
substrate.
otobiology A: Chemistry 211 (2010) 65–73 69

spectrum from the ITO substrate itself is presented for reference
(Fig. 5, curve 1). It can be observed on zoom-in (not shown) that
the broad peaks at 106, 573, and 635 cm−1 are from ITO substrate
as-received before ECD process and can be found in all spectra.
In Fig. 5, the E2 optical mode is observed as dominant peaks at
100 and 438 cm−1, which are commonly detected in the wurtzite
structure ZnO [10,48]. The better observation of the E2(high) mode
on annealed samples indicates that the crystalline quality of the
ZnO thin films is improved with annealing. Especially, the Raman
spectrum of the ZnO film annealed at 400 ◦C demonstrates the good
quality of the wurtzite crystal structure in the produced material.

All three treated samples exhibit similar scattering peaks, indi-
cating that they have identical crystal structures as confirmed
by XRD. However, hydrothermal treated ZnO NWs have also the
A1(TO) and E1(TO) modes at 381 and 411 cm−1, respectively, and
the high order Raman peaks at 316 cm−1 (LO-B1) and 336 cm−1 (TO-
E2). The E2(high) peak position is at 438 cm−1 for as-grown sample,
CTA and hydrothermal treated at 150 ◦C for 12 h in autoclave. Sam-
ple after CTA 150 ◦C for 1 h has similar characteristics (not shown)
as HT sample.

The peak positions of the optical phonon modes were in good
agreement with the results reported by Calleja and Cardona [55].
The FWHM of the peak corresponding to low-E2 (100 cm−1) mode
from hydrothermally treated and thermally annealed samples is
about 1.1 cm−1, which is comparable to values reported for high-
quality ZnO bulk crystals [48]. Also, the position of the E2 (high)
peak of annealed samples corresponds to the phonon of a bulk ZnO
crystal [48] indicating a strain-free state of the electrodeposited
ZnO.

3.3. Photoluminescence characterizations

PL is a well-known powerful technique to probe the quality
of ZnO, especially the presence of deep intrinsic defects [10,39].
The PL spectrum of the as-prepared sample (Fig. 6a) consists of a
broad asymmetric near bandgap band with a pronounced tail in the
region of low photon energies. A similar shape of the near bandgap
luminescence has been previously observed in highly doped ZnO
samples grown by different methods [56–59]. It was previously
shown that this PL band is due to direct transitions of electrons
between the conduction to valence band tails [56,57]. The broaden-
ing of the PL band involved can be accounted for by the broadening
of the band edges due to potential fluctuations induced by the high
concentration of intrinsic defects or impurities. The width of the
band tails, and the dependence of the full width at half-maximum
(FWHM) of the PL band on carrier concentration, can be calculated
using the model for broadening of impurity bands in heavily doped
semiconductors developed by Morgan [60].

The hydrothermal treatment of the sample leads to the narrow-
ing of the PL band and the increase in the intensity by an order of
magnitude (Fig. 6b). One should note that annealing in air in the
temperature interval 150–400 ◦C also results in the increase of the
PL intensity (Fig. 6c and d). However, this increase is by a factor of
less than 3 as compared to the as-prepared sample.

The FWHM of the PL band in the as-prepared sample as well as
of samples subjected to different treatments as a function of tem-
perature is shown in Fig. 7a. By using the established dependence of
the FWHM of the PL band on carrier concentration [56–58], one can
estimate the electron concentration in our samples as a function of
temperature. Fig. 7b presents the Arrhenius plot of the free electron
concentration deduced for the FWHM of the PL band according to

the Morgan model. One should note that annealing of the sample at
400 ◦C leads to the change of the shape of the near bandgap lumi-
nescence spectrum, revealing two bands with the maxima at 3.30
and 3.33 eV at low temperature (Fig. 6d). The band at 3.30 eV has a
LO phonon replica at around 3.23 eV. Therefore, the Morgan model
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Fig. 6. Near bandgap PL spectrum of the as-prepared sample with ZnO NWs on ITO substr
150 ◦C (c), and 400 ◦C (d). The spectra are measured at T = 10 K (curve 1) and T = 300 K (cur
(curve 1), T = 100 K (curve 2), T = 200 K (curve 3), and T = 300 K (curve 4).

Fig. 7. FWHM of the near bandgap PL band (a); and free electron concentration
deduced from the FWHM (b) as a function of temperature for the as-prepared sample
(1); the sample annealed at 150 ◦C (2), and the sample subjected to the HT treatment
(3).
ate (a); the sample subjected to the HT treatment (b); the sample annealed in air at
ve 2). Inset are the spectra measured in the near bandgap spectral range at T = 10 K

cannot be applied to determine the free carrier concentration in
this sample.

One can see from Fig. 7b that the HT treatments result in the
decrease of the free carrier concentration at low temperatures from
2 × 1020 to 1 × 1020 cm−3. As concerns the microscopic origin of
the impurity determining the free carrier concentration and the
broadening of the near bandgap PL band, one can assume that it
is related to defects. However, the contribution of the deviation
from stoichiometry cannot be withdrawn. Oxygen vacancies and
zinc interstitials are the most probable donor-type intrinsic defects
[61–62]. Oxygen vacancy is a deep donor, while zinc interstitial is
a shallow one [61]. Thus, Zni defects can contribute to the high
electron concentration.

One should note that annealing of samples in air at temperatures
above 400 ◦C leads to a decrease of the near bandgap PL intensity.
Therefore, the near bandgap PL intensity of samples annealed at any
temperatures in air is lower as compared to the samples subjected
to HT treatment. Another observation is the emergence of two PL
bands at 1.85 and 2.55 eV in the visible spectral range in samples
subjected to thermal treatment in air. The intensity of this emission
increases with increasing the annealing temperature. At the same
time, no visible emission was observed in samples subjected to HT
treatment. It is known that the visible emission in ZnO is associated
with various structural defects. Therefore, the PL analysis demon-
strates the very high-quality and the near stoichiometry of the ZnO
NWs subjected to HT treatment. The improvement of the ZnO NWs
quality induced by HT treatment facilitates also the charge transfer
as shown in the following section of the paper.

3.4. Applications to dye-sensitized solar cells

According to previous reports a superior device efficiency is
anticipated by replacing the nanoparticulate film with a vertical
single-crystalline nanowire array for enhancing the electron trans-

port rate [22,28]. It was reported that the ZnO nanowires exhibit
significantly higher electron mobility compared to both TiO2 and
ZnO nanoparticle films [42] and for instance Law et al. found that
the electron diffusion coefficient of ZnO NWs is several hundred
times larger than that of ZnO or TiO2 NP films [16]. The development
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f vertical single-crystalline ZnO NW array DSCs on the transpar-
nt conducting oxide substrate have been demonstrated up to now
12,16,25,35,63].

The high-quality ZnO NWs arrays described in the previous
ection have been used after dye sensitization as a photoanode
n dye-sensitized solar cells. The D149 indoline dye was cho-
en due to its high molecular extinction coefficient (measured at
8 000 M−1 cm−1 in acetic acid) and its good compatibility with ZnO

n part due to a reduced complexing properties for zinc ions [50].
t is important to note that depending on the rates of the diffusion
f the dye into the nanostructure, adsorption of the dye, dissolu-
ion of Zn surface ions and formation of aggregates in the pores of
he film, the outer part of the electrode may be in the process of
orming aggregates when the two first mentioned processes occur
lose to the back contact. Thus, it is difficult to avoid dye aggrega-
ion completely and the dye treatment has to be optimized for a
iven film thickness in order to obtain the highest possible solar

ell efficiency.

The relationship between I–V curves and different types of treat-
ent is illustrated in Fig. 8, in which we can see that short-circuit

hotocurrents increase markedly for treated samples and espe-

able 1
omparison of the performance parameters extracted from I–V characteristics of ZnO nan
standard electrolyte solution.

Sample 4.5 �m long NWs Dye and residence time VOC, V

As-grown D149 0.584
Hydrothermal treated at 150 ◦C, 12 h D149 0.606
Thermal annealed at 150 ◦C, 1 h D149 0.605
Thermal annealed at 150 ◦C, 12 h D149 0.606
Thermal annealed at 400 ◦C, 1 h D149 0.553
Thermal annealed at 600 ◦C, 1 h D149 0.534

Results from literature
[64] 8 �m in length NWs D149 0.47
[67] 8 �m in length NWs N719, 30 min 0.67
[68] 5 �m in length NRs N3, 6 h 0.34
[69] 5.5 �m in length NWs Mercurochrome, 20 min 0.44
[25] 10 �m in length NWs N719d, 30 min 0.74
[26] 3.2 �m in length nanotips N719, 1 h 0.662
[65] 5.5 �m in length NWs Mercurochrome 0.50
[66] 11 �m in length NW N719, 1 h 0.63
[16] 20–25 �m in length ZnO NWs array

with a 10–15 nm ZnO film seed
N719, 1 h 0.61–0.71
otobiology A: Chemistry 211 (2010) 65–73 71

cially for those treated at 150 ◦C. The characteristics of the curves
are summarized in Table 1 expressed in terms of open-circuit
voltage (Voc), short-circuit current (Isc), fill factor (FF) and overall
solar-to-electric energy conversion efficiencies (�).

The best efficiencies are found for the sample treated at 150 ◦C
either by HT or by CTA. However, the later the treatment must be
rather short, 1 h, since the efficiency decrease after a 12 h annealing.
It is probable that the better performance is due to an improve-
ment of the wire surface quality that favors the dye anchoring and
then the charge transfer upon functioning. We have shown that
the treatments also improve the bulk quality and may have an
influence on the charge transfer to the back contact. The low effi-
ciency is mainly due to a low fill factor which most likely results
from back reaction between photoexcited electrons in the zinc
oxide nanowires and tri-iodide ions in the filling electrolyte. The
back reaction is evident in the low value of the shunt resistance,
Rsh = (dV/dI)v=0, in the I–V characteristics recorded under illumina-
tion, see Fig. 8a. Annealing at a temperature higher than 150 ◦C
is detrimental for the cell performances due to the decrease in ITO
substrate conductivity according to our experimental observations.

Table 1 also compares the performances of the cells based on
the electrodeposited 4.5 �m long wires with the literature data.
The present results are much better than those reported in Ref.
[64] in which the same dye was used. We can also note that the
electrodeposited wires are more efficient for light conversion than
the other wires of similar length produced by other solution growth
techniques. This is probably due to the remarkable quality of their
bulk and surface and a very good electrical contact between the
wires and the substrate inferred to the growth method. In Ref. [65]
the slightly better performance is due to a higher FF. The best results
in Refs. [16,66] have been achieved by using dense arrays of ZnO
NWs with length longer than 11 �m.

Previous reports ascribed the low current density of nanorod-
based DSCs to the small surface area of the nanorod array with low
dye loading and light harvesting [25,66]. In the present work the
layer roughness is low at 14–15 but the light harvesting has been
improved by using a highly absorbing organic dye and a reflecting Pt
counter-electrode. The short-circuit current density is remarkably
high in view of this low layer roughness. Interface recombination
and band reaction loss in ZnO NWs-based DSCs is mostly due to
the uncovered oxide surface (with no dye molecule anchored on),
and thus increases probability of charge reaction between the elec-
trons in oxide and tri-iodide in the electrolyte [66].

It looks that the surface area and back reaction limit the present
ZnO NWs-based DSCs solar cells, and further work is required

owires/ITO electrodes with 4.5 �m in length under 100 mW/m2 illumination using

JSC, mA/cm2 FF Rserie, � cm2 Rshunt, � cm2 PCE �, %

0.812 41.5 309.7 1303.6 0.20
3.28 33.3 132.1 381.6 0.66
3.44 30.6 129.7 305.3 0.64
1.17 49.2 175.6 1840.7 0.35
2.08 34.8 174.6 559.4 0.40
0.774 40.6 326.7 2230.2 0.17

0.71 – – – 0.088
1.3 32.0 – 800 0.3
0.49 45.0 – – 0.32
2.15 47.0 – – 0.45
1.62 38.0 – – 0.5
2.040 41.0 124.0 – 0.55
3.4 49.0 – – 0.84
4.5 36.0 – – 1.0
5.30–5.85 36.0–38.0 – – 1.2
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o obtain higher density of longer ZnO NWs. The engineering of
emiconductor NWs design morphology can open possibilities for
mproved charge transport and easy filling with solid hole conduc-
ors. The use of a simplified geometry is also clearly a means for a
etter understanding of device physics.

. Conclusions

Aligned ZnO nanowire arrays were grown on ITO substrates
y the electrochemical method. The effects of low temperature
ydrothermal treatment and thermal annealing treatment at 150,
00 and 600 ◦C on the crystallinity, Raman spectra and photolu-
inescence of ZnO NWs electrodeposited on ITO substrates were

nalyzed.
This study demonstrates that the hydrothermal treatment has

he most beneficial effect indicated by the increase in (0 0 2)
iffraction intensity of XRD pattern and the highest luminescence

ntensity. The physical parameters of the electrodeposited ZnO
lms are improved due to the annealing of intrinsic and extrinsic
efects.

The ZnO nanowires used in this study show suitable properties
or further studies with respect to solar energy conversion applica-
ions. The improvement in the overall solar cell efficiency from 0.2%
o 0.66% in the present work originates from a controlled dye sen-
itization procedure (avoiding dye aggregation) and from the new
ethod (the exclusion of organic additives probably leads to bet-

er interfacial kinetics). The properties of the ECD ZnO NWs films
rove to be good which makes this method promising for future
pplications.
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