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Annealing effects on the physical properties of ZnO/CdSe core-shell nanowires have been analyzed
in the range of 150-400°C. Annealing at temperatures higher than 350°C induce a structural transition
in nanocrystalline CdSe nanowire shell, from cubic zinc blende to hexagonal wurtzite structure. This
transition takes place at temperatures higher than those in CdSe bulk crystals (95°C), underlying that
the CdSe structure is determined not only by the temperature but also by the crystal size. The role of free
surface energy in low-dimensional CdSe systems is emphasized. Our hypothesis explains the behavior
observed in CdSe nanowire shell, as well as the results from other authors in CdSe nanocrystals. Annealing
at temperaturesg350°C also result in the increase of particle size constituting the CdSe nanowire shell
from 3 nm for the as-deposited tog9 nm. This considerably enhances the electronic properties of the
ZnO/CdSe nanowires. The improvement may result from an easier charge carrier transport in CdSe
nanowire shell promoted by the loss of quantum confinement, which is revealed by optical spectroscopy.
High external quantum efficiencies (>70%) in ferro-/ferricyanide solutions have been obtained for ZnO/
CdSe core-shell nanowire arrays annealed at 400°C, demonstrating their potential in nanostructured
solar cells.

1. Introduction

Extremely thin absorber (eta)-solar cells1 are an offshoot
technology of dye-sensitized liquid-junction2 and solid-state3

solar cells that have been under active development during
the past decade. Functioning ofeta-solar cells is based on
the solar light sensitization of nanostructured wide band gap
n-type metal oxide semiconductor by an inorganic semicon-
ductor. Among the various kinds ofeta-solar cells,4-7 the
ZnO/CdSe/CuSCN cells based on ZnO/CdSe core-shell
nanowires appear to be one of the more promising in terms
of energy conversion efficiency. ZnO/CdSe nanowire arrays
present an easily accessed open nanostructure which allows
good infiltration of CuSCN, or eventually other hole-
transporting solid material, in the remaining pore space to
complete the solar cell. Nevertheless, impedance spectros-
copy studies have pointed out that the charge accumulation
ability in these ZnO/CdSe/CuSCN solar cells is lower than
that in conventional Si ones.8 This phenomenon, which limits

their performance, has also been observed in similar nano-
structured solar cells based on a TiO2 network (TiO2/In-
(OH)xSy/PbS/PEDOT:PSSeta-solar cells,5 dye-sensitized
solid-state solar cells9) but its origin is still unknown.
Therefore, despite encouraging results obtained in ZnO/CdSe/
CuSCNeta-solar cells, fundamental characterization of ZnO/
CdSe core-shell nanowires is needed to gain further insight
into the mechanisms affecting the electronic properties of
this nanostructure. Concurrently, methods are needed to act
in a controlled manner on their physical properties, in a way
that increases the solar energy conversion efficiency of final
devices. In this context, thermal annealing treatments are
well-suited.

This paper presents a systematic study of the physical
properties of ZnO/CdSe nanowire arrays as a function of
the annealing conditions. Structural, optical, and photoelec-
trochemical properties are emphasized, suggesting an im-
portant role of CdSe properties in the electronic performance
of ZnO/CdSe nanowires. This study not only demonstrates
the enhanced photovoltaic performance of ZnO/CdSe nano-
wire arrays due to a controlled annealing but also gives some
insights about the fundamental mechanisms that promote the
improvement.

2. Experimental Section

Arrays of ZnO/CdSe core-shell nanowires were obtained by a
two-step electrochemical deposition process.6 The details are given
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elsewhere6,10,11and, also, in the Supporting Information. All arrays
were deposited on commercial conducting (10Ω/square) glass/
SnO2:F substrates, which were previously covered by a thin
continuous ZnO sprayed layer.10 As a first step, a series of ZnO
nanowire arrays were electrodeposited under the same conditions.
As a second step, a CdSe coating layer was electrochemically
deposited12 consecutively on all ZnO samples of the series. Each
series consisted of at least 12 samples (2 for each thermal annealing
condition). With respect to the reproducibility of the experiments,
four series of samples were analyzed and the representative values
are given in this paper.

The postdeposition thermal annealing processes were performed
in an open horizontal tubular furnace in the temperature range of
150-400 °C. The samples were introduced into the furnace and
removed at the annealing temperature to ensure a rapid heating
and cooling of the samples.

The morphology and crystalline structure of each material were
analyzed using a Leo 1530 Field Emission Scanning Electron
Microscope (FE-SEM) and a Philips PW1710 powder X-ray
diffractometer. The optical properties (transmission and reflectivity)
were measured at room temperature with an Hitachi UV-vis-
NIR 4001 spectrophotometer fitted with an integrating sphere, from
300 to 1000 nm. Photoelectrochemical (PEC) spectroscopy was
carried out using a computerized home-built setup (tungsten-halogen
light source, chopper, monochromator, lock-in amplifier). The
samples were illuminated from the substrate side (glass side) during
the experiments. The electrolyte was an alkaline solution (pH∼
10, adjusted by adding KOH) of 0.2 M K4Fe(CN)6 and 0.02 M
K3Fe(CN)6. The external quantum efficiency (eQE) was calculated
using a standard Si photodiode.

3. Results and Discussion

3.1. Morphology. The ZnO nanowire density of elec-
trodeposited arrays is in the range of 109 cm-2 and each
nanowire is 100-150 nm in diameter with a height in the
range of 1-2 µm. The array surface area is roughly estimated
to be enlarged by a factor of∼10 over a flat substrate.10,11

To sensitize the ZnO nanowires to the solar light, they were
coated with a nanocrystalline CdSe layer. A conformal
uniform CdSe coating was obtained, resulting in an array of
ZnO/CdSe core-shell nanowires (Figure 1a,b). The nanowire
shell consists of small agglomerates (∼25 nm), which
collectively form a slightly open-packed structure. A CdSe
shell thickness in the range of 30-40 nm was estimated from
a statistical evaluation of SEM micrograph for the nanowire
diameters before and after CdSe deposition.6 The validity
of this estimation is confirmed by the local CdSe thickness,
which can be measured in the circled area of Figure 1b due
to the accidental detachment of CdSe layer that happened
occasionally when the sample was cut for SEM cross section
observations.

Thus, arrays of ZnO/CdSe core-shell nanowires were
obtained by a two-step electrochemical deposition. After that,
they were annealed in air for 1 h atdifferent temperatures
in the range of 150-400 °C. The effects of annealing

treatments on the physical properties of core-shell nanowire
arrays were then analyzed as follows.

No relevant changes with respect to the ZnO/CdSe
nanowires morphology can be observed in scanning electron
microscopy (SEM) images for annealing temperaturese350
°C (see Supporting Information). The typical morphology
is shown in Figure 1a,b (sample annealed at 250°C), with
a nanowire shell constituted by agglomerates of∼25 nm in
diameter. However, in Figure 1c,d, SEM images reveal
important changes in the CdSe nanowire shell after annealing
at 400°C. The nanocrystalline layer morphology is altered
into a collection of bigger oval grains, found in a wide size
distribution. From a statistical analysis of the images, mean
values of∼55 and∼95 nm are obtained for the minor and
major axes, respectively. As a result of this grain growth
and migration, the ZnO nanowires are not fully covered by
CdSe. This can be explained in that electrodeposited CdSe
volume is not large enough to maintain a continuous shell
when constituted of these thicker grains. In addition, the
coalescence of CdSe grains from adjacent nanowires, which
were separated by∼100 nm in as-deposited samples, also
begins for annealing at 400°C. It is interesting to note that
post-annealed samples at 400°C that had already been
annealed at 350°C result in a different CdSe layer morphol-
ogy. In this case the nanowire shell maintains a continuous
layer (constituted by approximately round-shaped grains of
∼50 nm in diameter) and the coalescence of grains from
different nanowire shells does not take place (Figure 1e,f).
Although SEM images do not reveal any particular features
for samples annealed at 350°C, this annealing induces some
differences in the CdSe layer properties that play an
important role during annealing at 400°C.

The coalescence observed in Figure 1c points out that
matter transport, which is a hardly expected phenomenon in
completely solid systems, takes place during thermal an-
nealing at 400°C for as-deposited samples. This could be
easily promoted by the beginning of a CdSe liquid phase
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Figure 1. Scanning electron microscopy (SEM) images of ZnO/CdSe
nanowire arrays after different annealing treatments: 1 h at 250°C: (a)
plan view and (b) cross section; 1 h at 400°C : (c) plan view and (d) cross
section; 1 h at 350°C plus 1 h at 400°C: (e) plan view and (f) cross
section. In Figure 1b the circled area shows the local thickness of CdSe
nanowire shell.
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(likely in surface), suggesting a dramatic decrease of the
melting point of CdSe shell with respect to bulk material
(1240 °C). A similar decrease in melting temperature was
previously reported in CdS nanocrystals of 3-4 nm.13 For
small-sized nanocrystals the liquid phase is generally stabi-
lized relative to the solid phase to minimize the surface free
energy contributions.14,15From this point of view, annealing
at 350°C could lead to an increase of CdSe particle size
that might result in higher nanowire shell melting point. The
agglomerates observed by SEM (Figure 1a,b) could be
constituted of small primary particles, which increase in size
at 350 °C without inducing a significant change in the
secondary agglomerate size (∼25 nm). X-ray diffraction
(XRD) has been used to confirm the presence and evolution
in size of these particles.

3.2. Structural Properties. XRD measurements were
made using Bragg-Brentano configuration. The data were
analyzed by Rietveld refinement16 using the Fullprof soft-
ware.17 This method presents good capabilities for the
determination not only of the structural but also of the
microstructural (strain and crystallite size) information. The
experimental XRD peaks were fitted using the “Thompson-
Cox-Hastings pseudo Voigt” function, consisting of con-
voluted Gaussian and Lorentzian functions.18 With respect
to peak broadening, we assumed that the Gaussian compo-
nent was due to lattice distortions (“strain”) and that the
Lorentzian component provides information about the crys-
tallite size, which can be estimated by Scherrer’s formula
(eq 1). The instrumental broadening, which was determined
using a standard LaB6 powder, was also taken into account
in our calculations.

Dv is the volume-weighted crystallite size whileKâ is a
dimensionless number (1.075 for spherical crystallites),19 λ
is the X-ray wavelength,â is the integral breadth,20 andθ is
the Bragg diffraction angle.

The presence of several phases (three in the simplest case)
and the very small quantity of CdSe contained in each sample
complicates the refinement analysis. However, the calculated
profiles were in good agreement with the measured data. A
spherical geometry was considered in all cases for the
crystallite size. This assumption may not be totally realistic
in some cases, especially for samples annealed at 400°C
where CdSe grains show oval geometry. However, as the
asymmetry is low, the calculated value should not be too
far from real crystallite size. In general, the Rietveld

refinement provides important clues about the structural
properties of the crystallites and their evolution as a function
of annealing temperature.

The experimental XRD patterns are shown in Figure 2,
where the diffraction peaks from the substrate are marked
with an asterisk. These peaks correspond to the SnO2

tetragonal phase,21 except for a small peak placed at 2θ ∼
31.3°. But this peak could be promoted by the presence of
some (Sn2O2F4)Sn2 inclusions induced by high fluorine
doping of SnO2 layer.11 With respect to the ZnO core
nanowires, the diffraction peaks (labeled with two asterisks
in Figure 2) can be assigned to ZnO wurtzite hexagonal
structure,22 showing the preferential orientation along the
[0001] direction. No significant variations of these peaks are
observed, as a function of annealing processes. This stands
in contrast to the important variations in structural properties
of the CdSe shell nanowires promoted by the thermal
treatments and clearly reflected in the XRD measurements.

The Rietveld refinement confirmed that the cubic zinc
blende (ZB) structure is the main phase of CdSe in
as-deposited nanowire shells and in samples annealed below
350 °C. No clear evidence of the hexagonal wurtzite (WZ)
structure of CdSe has been found under these conditions.
Above 350°C the WZ CdSe represents about 23% of the
CdSe nanowire shell and becomes the main phase (and likely
the sole phase) at 400°C.

The crystallite size values obtained from eq 1 are sum-
marized in Table 1 as a function of annealing temperature.
The obtained values suggest that CdSe agglomerates ob-
served for annealing temperaturese350 °C are constituted
of primary nanoparticles<10 nm in diameter. If these
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Figure 2. X-ray diffraction patterns of SnO2/ZnO/CdSe samples annealed
at different temperatures.

Table 1. Structural and Optical Properties of CdSe Nanowire Shell
after Different Annealing Temperatures

structural
phase

crystallite
size (nm)

optical
band gap

(eV)

as-deposited ZB 3 1.88
Ta ) 150°C ZB 3 1.86
Ta ) 250°C ZB 4 1.77
Ta ) 350°C ZB 9 1.73
Ta ) 350°C WZ 9 1.73
Ta ) 400°C WZ >60 1.74
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particles present some free surface, their size evolution could
well explain the different 400°C annealing effects on as-
deposited samples and those already annealed at 350°C
(Figure 1c-f). The CdSe grains observed in samples
annealed at 400°C (Figure 1c,d) can be interpreted as single-
crystalline domains, at least along their minor axis, as 60
nm lies in the interval of sizes deduced from SEM images.
This may also be valid for samples treated by a two-step
annealing (350+ 400 °C) with a crystallite size around 45
nm that is in good agreement with mean diameter (∼50 nm)
estimated from SEM observations (Figure 1e,f). Concerning
the CdSe phases, although ZB is considered as metastable
by several authors,23,24 it is the most frequently observed for
nanocrystalline layers deposited at low temperature (T < 25
°C) by wet techniques such as chemical bath23,25,26 and
electrochemical deposition.27-29 Moreover, its stability at low
temperatures was theoretically predicted30 and also experi-
mentally demonstrated by Fedorov et al.31 They reported the
ZB to WZ structural transition in CdSe crystals at 95( 5
°C. However, our XRD data (Figure 2) in common with
many other studies23,27,32show that nanocrystalline CdSe ZB
structure is stable up to 350°C. Hence, the crystal size
appears to play an important role in ZB-CdSe stabilization.

In our case, the influence of agglomerate size on phase
transformation below 350°C does not appear to occur.
However, the structural changes and growth of primary
particles may be connected since both depend on the mobility
of atomic species. Therefore, the size of primary particles
could be the key parameter. The size of ZB crystallite
increases from 3 nm in as-deposited CdSe shell nanowires
to 9 nm after annealing at 350°C. As mentioned, this
temperature promotes a partial ZB to WZ structural transi-
tion, which results in WZ crystallites of the same size (9
nm). It is well-known that multiple nucleation steps promote
the fractures of crystalline domains.14 The coincidence
between ZB and WZ crystallite sizes after annealing at 350
°C can be interpreted as a result of a structural transformation
via a single nucleation. In this case, the possible structural
defects may not play an active role in structural transition
nor in the stabilization mechanisms of the ZB phase. Thus,
the stability of the ZB phase should be promoted by intrinsic
characteristics of CdSe nanocrystals.

Among the differences between bulk and nanocrystals, the
free surface energy can be a crucial parameter due to the
high surface/volume ratio in low-dimensional nanocrystals,
as already shown in ZnS,34 TiO2,35 or Al2O3.36 For example,
if spherical particles are considered, the surface/volume ratio
varies as 1/r (r being the particle radius). Thus, although in
terms of cohesion bulk energy the ZB to WZ transition
should take place at∼95 °C,31 if the ZB surface energy is
slightly lower than WZ ones, it could modify this transition
temperature in small nanoparticles. In this context, the
relevance of high surface energy of the cubic rock salt (RS)
structure of CdSe has been noted by Alivisatos and co-
workers for the WZ to RS structural transition in CdSe
nanocrystals under pressure.37 Unfortunately, the surface
energy of ZB and WZ CdSe phases has not been extensively
studied to our knowledge. In addition, the subtle structural
differences that exist between them have not been considered
in the few theoretical models that are found in the literature
(e.g., ref 38). However, in the recent study reported by Erwin
et al.39 on the doping of semiconductor nanocrystals, the
differences between ZB and WZ-CdSe have been taken into
account to calculate the binding energy for Mn absorbates
on their surfaces. The Mn-CdSe binding energy is higher
for the (0001) WZ face than for its “equivalent” (111) face
in ZB, indicating the relevance of the differences that exist
between these two structures.

Lower free surface energies for ZB relative to WZ could
compensate for the lower internal bulk energy of the latter
phase in the 3-4 nm CdSe particles found in the nanowire
shell annealed at temperaturese250 °C. However, this
surface compensation contribution is not sufficient at 350
°C, as∼23% of the particles begin to change phase. There
are two possible reasons that could contribute to that. On
one hand, the temperature augmentation should favor the WZ
phase in terms of bulk cohesion energy. On the other hand,
the increase of particle size, from 4 to 9 nm, promotes a
decrease of surface/volume ratio, reducing the relevance of
surface energy contributions. Thus, the ZB to WZ transition
will be determined not only by the temperature but also by
the crystal size. From surface energy point of view, the
“particle coordination” might also be relevant. In this sense,
the partial structural transition observed at 350°C (∼23%)
could take place in CdSe particles that are more closely
packed with neighboring ones, i.e., present less free surface
energy. Meanwhile, particles with high free surface energy,
probably located in the external part of∼25 nm agglomerates
(observed by SEM), maintain the ZB phase because of a
balance between surface and bulk energies.
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More data are necessary for the ZB and WZ surface
energies to confirm our hypothesis. However, it would
explain the behavior observed in our CdSe nanowire shell,
as well as the results from other authors.23,27,32,33In addition,
it points toward the tendency of small CdSe nanocrystals to
exhibit the ZB phase, which is the most common case in
the literature.40 The exception is the colloidal CdSe crystals
where the surface energy of WZ faces can be diminished by
the presence of inorganic-organic bindings.41

3.3. Optical Properties.After discussing the morphology
and structural properties of ZnO/CdSe nanowires, we analyze
now their optical properties that are fundamental for the
performance of nanostrutured solar cells. The transmittance
and reflectance of samples annealed at different temperatures
are shown in Figure 3.

The optical properties of ZnO core nanowires have already
been studied in our previous work10 and the analysis here is
focused on the CdSe nanowire shell that absorbs the main
part of incident light. Annealing treatments promote a shifted
and modified optical absorption edge. The as-deposited CdSe
nanowire shell shows a gradual absorption onset. Nanowires
annealed at temperaturesg350 °C result in an abrupt
absorption edge and the most abrupt onset is found for
samples subjected to 400°C annealing. The position of the
absorption onset was determined from the maximum deriva-

tive of the optical density (referred to optical band gap in
the text). This method allows band gap estimation without
knowing the effective optical thickness of the shell nanowire,
considerably advantageous given our nanostructured samples
that promote multiple optical reflection events. The obtained
values are summarized in Table 1.

Ab initio calculations predict some slightly higher values
(0.1 eV) for ZB CdSe than for WZ one.42 This might be an
explanation for the observed difference in the onset absorp-
tion position. But as both phases exhibit a direct band gap
transition,43 it cannot explain the difference in the shape of
the absorption edge. In contrast, the position and shape of
the absorption edge can well be understood in terms of size
quantization effect. On one hand, the particle size evolution
could explain the optical band gap shift as a function of the
annealing temperature. The size of as-deposited CdSe
particles (∼3 nm) is quite low, well below the CdSe Bohr
exciton diameter (∼11 nm) promoting the charge localization
that results in a blue shift of band gap relative to the bulk
value (1.74 eV44). The blue shift diminishes as the CdSe
particle size increases and is not observed for values higher
than 11 nm. In our case, the lowest optical band gap value
(1.73 eV) is attained after annealing at 350°C, which results
in a mixture of 9 nm ZB and WZ-CdSe nanoparticles.
Similar trends have been previously reported for chemically
deposited CdS and CdSe nanocrystalline layers.32,45 The
authors associated the minimum optical band gap with the
structural disorder promoted by the ZB to WZ transition.
Finally, after 400°C annealing, which results in a complete
structural transition and unconfined particles with a size
above 11 nm (Figure 1c,d), the band gap value corresponding
to bulk CdSe is found. On the other hand, the gradual
absorption edge can be well understood in terms of a possible
size dispersion in small particles which smears the quantum
confinement effect.46

A quantitative analysis shows that the observed blue shift
values for the confined particles are lower than those
predicted by recent theoretical models47 which introduce
some improvements to the effective mass approximation
(EMA), resulting in a better agreement between theoretical
and experimental data for CdSe colloidal crystals.48 Con-
sidering the crystallite sizes (Table 1) and excluding the
samples annealed atg350°C that present approximately the
bulk band gap value, the observed shift is around 80% of
the theoretically predicted value. Charge overlap interactions
between neighboring particles may be the origin of this
difference.49 In fact, a total loss of quantization was reported
for CdSe layer electrodeposited from a similar solution, on
titanium substrates, due to a tight packing between single
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Figure 3. Optical properties: (a) transmittance and (b) reflectance of SnO2/
ZnO/CdSe samples annealed at different temperatures.
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nanocrystals.50 The dependence of degree of quantization as
a function of electrodeposition conditions has been recently
studied, finding that depositions at high current density result
in greater quantum confinement.29 Several possible reasons
which could promote electronic decoupling between neigh-
boring particles, even considering the case of direct physical
contact, have been discussed in the cited paper. The structural
and morphological evolution of nanowire shell in our
experiments suggests a slightly open-packed nanocrystalline
CdSe layer. In this context, 150°C is probably not a
sufficient thermal agitation to alter and reduce the open-
packed structure, but may promote the evaporation of some
residual solvent. The adsorption of these solvent traces on
as-deposited CdSe nanocrystals can potentially increase the
interparticle electronic decoupling, as reported for potassium
cyanide.51 Hence, solvent evaporation may result in a weak
quantification loss that may explain the small decrease of
the optical band gap observed after 150°C annealing.

From the point of view of nanostructured solar cell
application, reflectance values as low as possible are desired.
We observe that annealing of as-deposited samples at 400
°C results in an increase of the reflectance (Figure 3b). The
increased reflectance is due to the presence of agglomerates,
constituted by big oval CdSe crystals at the nanowire tips
(Figure 1d), that reflect the incident light before scattering
by the nanowires take place, slightly diminishing the light
trapping effect. However, in terms of effective absorbance
(AE),52 this effect is compensated by the enhancement of
absorbance close to the absorption edge (Figures 3a,b). High
AE values (g80%) are obtained in the 400-800 nm range
of the solar spectrum (air mass, A.M. 1.5) for all samples,
irrespective of the annealing temperature.

3.4. Photoelectrochemical Properties.The ZnO/CdSe
nanowire arrays show a high solar light harvesting, which
was one of the limitations observed in DSSC based on ZnO
nanowire arrays.53 However, nanostructured solar cells
require both high solar light absorption and efficient carrier
photogeneration and injection mechanisms. To study the
efficiency of the complete processes in ZnO/CdSe nanowires,
PEC spectroscopy measurements were carried out in alkaline
ferro-/ferricyanide solution. As can be seen in Figure 4,
annealing treatments promote a red shift in eQE onset. The
evolution with the annealing temperature follows the same
trend as the optical absorption onset discussed above. The
eQE onset values agree roughly with those of optical
absorption (Figure 3a). These two observations indicate a
suitable band alignment at the ZnO/CdSe interface in all
cases, essential to an efficient charge carrier transfer.

Additionally, the eQE improves with increased annealing
temperature, showing the biggest variation (∼20%) between
250 and 350°C. The highest eQE (∼72%) is attained for
samples annealed at 400°C. The abrupt increase in eQE
values coincides with the total loss of quantum confinement
in CdSe, as observed in optical measurements, which might
facilitate the transport of charge carriers throughout a whole
nanocrystalline shell nanowire. On the other hand, it also
coincides with the beginning of the ZB to WZ structural
transition. To that extent, Hodes et al.54 have noted that
wurtzite structure cadmium chalcogenides show longer
periods of cell stability in polysulfide PEC cells. Otherwise,
eQE is considerably higher for samples annealed at 400°C
(∼72%) than for those treated at 350°C (∼65%). From the
point of view of electrical transport in CdSe nanowire shell,
this is not surprising because bigger CdSe crystals may
increase the carrier diffusion length. However, in samples
annealed directly at 400°C CdSe grains do not fully cover
the ZnO nanowire surface, inducing the contact between ZnO
core nanowire and ferro-/ferricyanide electrolyte. Regarding
the charge transfer at the interfaces, this may induce some
recombination losses. Taking into account both consider-
ations, a continuous CdSe nanowire shell constituted of
crystals as big as its thickness seems to be the best situation.
According to SEM and XRD measurements, the two-step
annealing (350+ 400 °C) appears as an efficient way to
obtain nanowires fulfilling these requirements. Nevertheless,
at present, samples annealed by this way (Figure 1e,f) have
not resulted in significant enhancements in eQE values. The
dispersion in obtained eQE values was higher than the
differences observed between the two different annealing
ways. Larger series of samples are now under investigation
to gain further insight into this point.

With respect to annealing atmosphere, Szabo and Cocivi-
era55 reported that the presence of oxygen during the
annealing process increases the minority carrier diffusion
length in thick (>1 µm) CdSe layers electrodeposited on
titanium substrates, promoting a gain in QE higher than 20%.
We have confirmed that samples annealed under argon result
in slightly lower (∼5%) eQE values than those made under
air at the same temperatures.
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Figure 4. External quantum efficiency (eQE) of SnO2/ZnO/CdSe samples,
annealed at different temperatures, in ferro-/ferricyanide solution.
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These data are strong evidence that the quantum efficiency
in ZnO/CdSe nanowires is influenced by the CdSe primary
particles size and in particular by electronic coupling between
them. Although the charge carrier transport in CdSe seems
to be crucial in the quantum efficiency of ZnO/CdSe
nanowire arrays, the role of ZnO core nanowire should be
highlighted. ZnO single-crystal nanowire arrays used as
electron collectors solve the current problems related to the
short effective diffusion length of electrons in porous TiO2

network typified in analogous TiO2/CdS/CdSe nanostruc-
tures.26 Although ZnO nanowire arrays currently present a
surface area lower than that of the TiO2 nanocrystalline
network, high solar harvesting is attained in ZnO/CdSe core-
shell nanowire arrays using a CdSe layer, of 30-40 nm in
thickness, as nanowire shell. The photogenerated carriers
have to be transported inside CdSe layer before being
transferred to the electron (or hole) collectors. To attain high
quantum efficiencies, the carrier diffusion length in the
absorber layer must be similar to its thickness. This is the
case after annealing at 400°C since the CdSe crystallite size
approaches the thickness of nanowire shell. Thus, annealing
at 400°C, together with the particular properties of elec-
trodeposited CdSe nanocrystalline nanowire shells (primary
particle size and slightly open-packed structure), allows high
external quantum efficiencies (>70%) to be obtained. This
finding is an improvement from the values obtained by other
recently proposed interesting inorganic nanostructures26,56and
therefore may result in an important advance in research on
nanostructured inorganic solar cells. In addition, this value
is comparable to those shown by polycrystalline CdS/CdTe
solar cells composed of micrometer-sized crystallites that
were also made using more expensive fabrication processes.57

By comparing recent alternatives studies, we find that
inorganic nanostructures have an important new role in the
frame of solar cell applications, but also that ZnO/CdSe
nanowire arrays have a good position among them.

4. Conclusions

The effects of annealing conditions on the physical
properties of two-step electrodeposited ZnO/CdSe core-shell
nanowire arrays have been analyzed. Zinc blende structure
has been found to be stable in nanocrystalline CdSe nanowire
shell, until 350°C. The free surface energy, and therefore
the primary particle size, in the stabilization of this structure
has been suggested to play an important role. This hypothesis
may explain the structural behavior in CdSe nanowire shell,
as well as the previous results in CdSe nanocrystals. The
role of CdSe primary particle size has been pointed out not
only in the structural properties but also in the optical and
electronic behavior of ZnO/CdSe nanowire arrays. Annealing
temperatures higher than 350°C result in a CdSe nanowire
shell constituted of particlesg9 nm, considerably enhancing
the electronic performance of the ZnO/CdSe nanowires. In
this framework, external quantum efficiencies higher than
70% in ferro-/ferricyanide solutions have been obtained for
ZnO/CdSe nanowire arrays annealed at 400°C, demonstrat-
ing their potential in nanostructured solar cells. In conclusion,
this work not only demonstrates the enhanced photovoltaic
performances of ZnO/CdSe nanowire arrays due to a
controlled thermal treatment but also gives some insights
about the fundamental mechanisms that promote the im-
provements.

Supporting Information Available: Details of the two-step
electrochemical process and SEM images of ZnO/CdSe nanowire
arrays (as-deposited and annealed at temperatures of 150, 250, and
350 °C). This material is available free of charge via the Internet
at http://pubs.acs.org.
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