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a b s t r a c t

〈1 1 2̄ 0〉 wurtzite ZnO nanowires (NWs) have been obtained by oxidizing in air at 500 ◦C thermally
evaporated Zn metal films deposited onto CdTe substrates. The presence of Cd atoms from the substrate
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on the ZnO seeding layer and NWs seems to affect the growth of the NWs. The effects of the oxidation
time on the structural and optical properties of the NWs are described in detail. It is shown that the NWs
density decreases and their length increases when increasing the oxidation time. Thicker Zn layers result
in thinner and longer ZnO NWs. Very long oxidation times also lead to the formation of a new CdO phase
which is related to the partial destruction and quality reduction of the NWs. The possible process for ZnO

bstra
inc compounds
emiconducting II–VI materials

NW formation on CdTe su

. Introduction

Semiconducting ZnO shows interesting physical properties
nd represents a promising candidate for the next generation of
lectronic, optoelectronic and sensor devices. Amongst these prop-
rties, we can cite its wide bandgap (3.3 eV at room temperature),
igh exciton binding energy (60 meV), and chemical stability [1].
nO films deposited onto different substrates have received a
reat deal of attention because of its applications as transistors
nd diodes [2,3]. More recently, strong research efforts have been
ddressed towards the study of ZnO based nanoscale structures,
ike nanowires and nanorods [4]. This is due to their potential
pplications for the fabrication of ultraviolet (UV) lasers [5], nano-
enerators [6], highly sensitive photodetectors, optical switches
7], etc. In addition, ZnO nanostructures are also very interesting
rom the fundamental point of view, as they can provide some fun-
amental understanding about basic optoelectronic mechanisms
8].

Research on ZnO nanostructures has been usually focused on

oth nanoscale and self-assembly fabrication techniques [9–11]. In
his dynamic field, other topics like doping and morphology control
f individual nanostructures are also of interest, since nanoscale
tructures are supposed to be the building blocks for the future

∗ Corresponding author. Tel.: +34 983 184956; fax: +34 983 184956.
E-mail address: oscar@fmc.uva.es (O. Martínez).
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tes is discussed.
© 2011 Elsevier B.V. All rights reserved.

fabrication of advanced devices such as nano-FETs, nano-LEDs, and
nano-lasers [12–14]. In addition, ZnO nanostructures can be used
as sensitive sensor nanodevices. Therefore, it is of primary impor-
tance to explore novel nanowire morphologies as well as their
surface properties, since they have a dramatic impact in sensing
applications [15–17]. Amongst all the available techniques used
for the fabrication of ZnO nanostructures, the most commonly
investigated ones are the metal–organic chemical vapour deposi-
tion (MOCVD), vapour phase epitaxy (VPE), direct carbo-thermal
growth, and pulsed laser deposition (PLD) [18,19]. These techniques
require expensive systems and severe environmental conditions, as
they operate at high temperatures (∼800–1400 ◦C) and low pres-
sures. Therefore, other techniques are currently being explored,
with the aim to produce ZnO nanostructures in a simpler way.
In particular, the hydrothermal synthesis route is an important
method for wet chemistry which has attracted the attention of
many material chemists and has been successfully applied to the
growth of ZnO nanostructures [20–23]. In this technique, an aque-
ous solution including a salt and a surfactant is maintained inside
an autoclave at temperatures as low as 130 ◦C during several hours.
The main advantage of this method is that it is capable to produce
vertical ZnO nanowire arrays on any flat substrate that can sur-

vive heat treatments at 200 ◦C or greater. Nevertheless, despite the
ease in implementing hydrothermal techniques, the growth rate
and the optical quality (as determined by bound exciton linewidths
at low temperatures) of ZnO NWs deposited in this manner is gen-
erally significantly poorer than that of NWs grown by the other

dx.doi.org/10.1016/j.jallcom.2011.02.063
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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echniques [24,25]. In addition, the size and shape of the nanoparti-
les are difficult to control. For these reasons there exists nowadays
trend to combine the hydrothermal synthesis with vapour phase
eposition techniques, which can supply high quality optical and
rystalline NWs [26].

In this work, we report on a simple technique for fabricating
igh quality ZnO nanowires (NWs) by oxidising in air Zn metal
lms deposited onto CdTe substrates. The formation of ZnO micro-
rystals by Zn oxidation is known from the early 50’s. In 1954
akagi [27] demonstrated for the first time the formation of ZnO
icroscopic needles from the oxidation of both brass (Cu 80% and

n 20%) and Zn substrates. This technique has recently been used
o grow a variety of ZnO nanostructures [28–31]. However, these
nteresting works are mainly based on the analysis of Zn-based sub-
trates, and little research has been devoted to more interesting
ubstrates like semiconductors. In particular, the combination of
ransparent (wide band gap) nanostructured semiconductors like
nO NWs arrays working as n-type window layers with inorganic
olar absorber materials such as CdTe provides new routes in the
esign of solar cell photovoltaic devices. The use of highly struc-
ured windows produces a surface enlargement and an increase
f the photon path length, allowing the reduction of the absorber
hickness without a loss in light absorption [32]. The association
f nanostructured compounds with well-developed semiconduc-
or substrates should give rise to cheaper solar cells with higher
onversion efficiencies [33].

However, from our previous work we have concluded that the
ature of the substrate seems to be determinant in order to pro-
ote the growth of the ZnO NWs. In fact, we have observed the

ormation of ZnO NWs in the case of using CdTe substrates. On
he other hand, other substrates with the same zinc-blende struc-
ure previously used such as GaSb, did not lead to the growth of
nO NWs, even when using similar growth conditions [34]. In this
ork we describe a detailed structural and compositional analysis

f the parameters affecting the growth of ZnO NWs on CdTe sub-
trates, a potential candidate for photovoltaic applications [35]. It
lso represents a deeper study on some preliminary results pre-
iously reported by our group [36,37]. A model of the mechanism
nvolved in the NWs formation is also advanced. This methodology
pens new possibilities for cost effective mass production of high
uality ZnO NWs on alternative substrates at low temperatures.

. Experimental details

[1 1 1] oriented CdTe single crystals were grown by the Bridgman–Stockbacker
ethod by using a vertical furnace with an oscillation facility. The details of this

echnique have been reported elsewhere [38,39]. The growth took place inside
igh purity quartz ampoules being 30 cm long and 12 mm inner diameter. High
urity Cd (7N) and Te (7N) were used as raw materials. Several wafers were cut
rom the CdTe crystals perpendicular to the growth axis. The wafers were polished
sing 0.05 �m alumina powder until mirror-like surfaces were obtained. The final
imensions of the CdTe substrates used for the growth of the ZnO films were about
2 mm × 6 mm × 1.5 mm.

ZnO films were prepared following two steps: (i) a Zn metal film layer was
vaporated (at a temperature of 800 ◦C) on top of the CdTe substrate. The evaporation
ook place inside a quartz ampoule located in a horizontal furnace. Only the Zn (6N)
ellets were heated, keeping the substrate close to room temperature during this
vaporation step. Different deposition times, ranging from 3 to 5 min, were used.
rofilometry measurements of the Zn film thickness gave values ranging from 15 to
0 �m. (ii) A further oxidation step was performed in air at 500 ◦C. More details of
he preparation technique can be found elsewhere [34,36,37].

The effect of the oxidation time on the properties of the films was analysed on
ifferent samples. In particular, three samples, denoted as A1, A2 and A3, were pre-
ared under the same Zn metal film deposition conditions (3 min., 800 ◦C) but with
ifferent oxidation times (1, 18 and 188 h, respectively). Another sample (denoted

s B) was prepared with a thicker Zn film (5 min., 800 ◦C) and further oxidized during
0 h, in order to study also the effect of the Zn metal thickness. Table 1 resumes the
eposition and oxidation parameters for the four studied samples.

High resolution scanning electron microscopy (HRSEM) analyses were carried
ut with a Philips SEM-FEG-XL30 microscope. Energy dispersive X-ray (EDX–SEM)
nalyses were performed in a SEM (Hitachi S-3000N), with an attached EDX analyser
ompounds 509 (2011) 5400–5407 5401

(Oxford Instruments, model INCAxsight). CL measurements (panchromatic images
as well as CL spectra) were carried out at liquid nitrogen temperature (80 K) with a
XiCLOne system (Gatan UK) attached to a LEO 1530-Carl Zeiss-FESEM microscope.
The luminescence signal was detected with a Peltier cooled CCD. X-ray diffraction
measurements were performed by means of a Siemens D-5000 diffractometer. Con-
ventional and high resolution (HR-) transmission electron microscopy (TEM), as
well as high angle annular dark field (HAADF), EDX and electron energy loss spec-
troscopy (EELS) in scanning-TEM (STEM) mode were carried out in cross section
geometry samples using JEOL 2010F and JEOL 2011 microscopes, both working at
200 kV. For these measurements the NWs were scraped off from the substrate and
then dispersed on a lacey carbon-coated copper grid.

3. Results

ZnO films were previously obtained by using the simple route
of the Zn metal oxidation at atmospheric pressure [34]. In those
cases, the substrates used were GaSb, and we did not observe ZnO
NWs. However, ZnO NWs have been obtained when using CdTe as
a substrate instead of GaSb. Low magnification SEM images of the
growth sequence of sample B are shown in Fig. 1. Fig. 1a shows
the Zn micro-crystals forming the Zn metal film. Fig. 1b shows the
SEM image from the same sample after the oxidation step: the
Zn micro-crystal shape still remains visible, but the crystals now
appear covered by a dense tangle of NWs, the NWs thus appearing
in the surface of the ZnO seeding layer formed after the oxidation
step. The characterization was addressed towards the study of these
NWs, their composition, structure and optical properties; also, a
tentative scenario for the growth of these NWs will be discussed.

3.1. Influence of the growth parameters

Prior to the intensive study of the individual NWs, the influ-
ence of the growth parameters on the morphology and external
shape of the NWs were studied by SEM, EDX and XRD techniques.
Figs. 2 and 3 show the SEM images from the four studied samples.
Samples from series A, with the same Zn deposition conditions (see
Table 1), show different nanostructures as a consequence of the dif-
ferent oxidation times. The early stages of the NW formation are
observed in sample A1, for which shorter oxidation times are used
(Figs. 2a and 3a). They appear as a dense filamentary structure, with
oriented thin (∼60 nm) and short (<1 �m) wires. The crystalline
quality of these NWs is decreased as they show a remarkable gran-
ular external aspect, Fig. 3a. The NWs form parallel straight arrays
although there are flake bright contrasts along all the NWs. As the
oxidation time increases, long NWs (up to several micrometres)
appear. These NWs are found to be around 50–80 nm in diameter
(Figs. 2b,c and 3b,c). The tangle of NWs is denser for intermediate
oxidation times (sample A2, 18 h, Figs. 2b and 3b) than for very
long oxidation times (sample A3, 188 h, Figs. 2c and 3c). In fact,
very long oxidation times (sample A3) do not result in better NWs
formation, but it seems that the NWs vanish under persistent oxida-
tion (Figs. 2c and 3c). On the other hand, the influence of the Zn film
thickness can be addressed from the comparison of samples A2 and
B. Both of them were grown with similar oxidation times but with
different Zn deposition times. Profilometry measurements demon-
strated that the Zn film in sample B (30 �m) was twice as thicker
as that of sample A (15 �m). Figs. 2b and d and 3b and d show
SEM images of both samples, demostrating better NW formation
(longer and thinner NWs) in sample B. Some of the nanostructures
observed in this sample (B) are a few tenths of micrometres long
and 10–20 nm in diameter. This clearly points out to the influence
of the Zn film thickness: thicker Zn films lead to an enhanced devel-

opment of the nanostructures growth during the oxidation process,
at least up to 30 �m thickness.

The results of the SEM–EDX analyses are summarized in Table 1.
It should be noticed that the Cd concentration (and Te) is higher,
for the shortest oxidation time (sample A1). This behaviour can be
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Fig. 1. SEM images from sample B, (a) before, and (b) after the oxidation step.

Fig. 2. SEM images of the ZnO NWs: (a) sample A1, (b) sample A2, (c) sample A3 and (d) sample B.

Fig. 3. Higher magnification SEM images of the ZnO NWs: (a) sample A1, (b) sample A2, (c) sample A3 and (d) sample B.
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Table 1
List of samples with growth parameters and results of the EDX–SEM analyses (concentrations are in atomic %; the standard deviation values are indicated in parenthesis).

Sample Zn metal evap.
time (min.)a

Oxidation time
(h)b

EDX–SEM
analyses

Cd Te O Zn

4.76 0.19 57.22 37.84
Al 3 1 (0.43) (0.14) (0.89) (0.59)

0.13 0.24 50.32 49.32
A2 3 18 (0.18) (0.12) (0.74) (0.67)

1.18 0.77 53.01 45.04
A3 3 188 (0.29) (0.11) (0.31) (0.54)

0.23 0.19 46.90 38.67
B 5 20 (0.13) (0.08) (3.39) (5.22)
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a Zn metal evaporation temperature: 800 ◦C.
b Oxidation temperature: 500 ◦C.

nderstood considering that Cd and Te atoms might be desorbed
rom the back-surface of the CdTe substrate during the oxidation
tep (at 500 ◦C). They would form a Cd (and Te)-rich atmosphere in
hich the oxidation of the Zn film takes place (Fig. 4).

XRD measurements at a glancing angle of 1◦ (GA-XRD) were
lso carried out in order to better clarify the presence of Cd and Te
Fig. 5). It should be noted that at such glancing angle the very top
urface is mainly probed. The Rietveld refinements of the detected
hases have been used to estimate the compositional percentage of
ach one (also shown in Fig. 5). The atomic positions and the sym-
etry, used as starting conditions for the refinement of the different

hases, are: ZnO–hexagonal P63mc–(Zn: 0.37, 0.63, 0; O: 0.333,
.667 and 0.38), CdO–cubic Fm3m–(Cd: 0, 0, 0; O: 0.5, 0.5 and 0.5),
d–hexagonal P63/mmc–(0.333, 0.667 and 0.25), Zn–hexagonal
63/mmc–(0.333, 0.667 and 0.25), CdTe–cubic F-43m–(Cd: 0, 0, 0;
e:0.25, 0.25 and 0.25) and ZnTe–cubic F-43m–(Zn: 0, 0, 0; Te:0.25,
.25 and 0.25). Table 2 shows the obtained percentages, as well
s the refined lattice parameters for each phase. The CdTe phase is
etected only in sample A1 (Table 2). For longer oxidation times, the

resence of the CdTe phase on the surface decreases, and finally dis-
ppears for the longest oxidation time. It is interesting to note also
he presence of Cd1−xZnxTe secondary phases. This phase consti-
utes less than 1% in all samples except for sample A1. Calculations
ased on the refined lattice parameter-following Vegard’s law –

ig. 4. Schematic representation of the two step NW growth process. (a) Zn film deposit
n air at 500 ◦C, where the desorption of Cd (and in a less extend Te) atoms from the back
gives a phase composition x = 0.85: Cd0.15Zn0.85Te. The presence of
this phase indicates the intermixing between Cd and Zn cations.
The formation of this new phase occurred because the free energy
of mixing in CdTe–ZnTe is more negative than that of the ideal
solution, forming a continuous solid solution with no phase sep-
aration [40]. It is worth noting that, according to the XRD data, Cd
appears also as a separate phase for all the samples (except sample
A3), while Te was not detected as a separate phase (see Table 2).
Sublimation in CdTe–ZnTe system is incongruent, and therefore
preferential evaporation of the volatile species is expected [40].
Concerning the elements involved in our case, Cd is more volatile
than Te. The fact that Te is not observed as a separate phase does
not exclude its presence in the CdTe phase, thus connecting the
XRD and EDX data. On the other hand, the presence of the Zn phase
is only detected for sample A1, the one with the shorter oxidation
time (only 1 h) – this phase is not detected or is lower than 1% in
the other samples. This indicates that the oxidation of the deposited
Zn metal film is not led to completion under the shortest oxidation
time. In fact, it is observed that, the higher the ZnO content is, the

lower the Zn metal content is measured. Finally, it was observed
that the sample with the longest oxidation time presents a new
CdO phase. The presence of this new phase is anti-correlated to the
presence of the Cd phase, detected for samples A1, A2 and B, with
much shorter oxidation times.

ion at 800 ◦C (the temperature near the substrate is close to RT); (b) oxidation step
-surface of the substrate leads to a slightly Cd rich atmosphere.
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Fig. 5. GA-XRD spectra of the ZnO films: (a) sample A1, (b) sample

.2. Structure of the individual NWs

To confirm the composition and the structure of the NWs, we
ave carried out a study of the individual NWs by means of the
RTEM technique, as well as by HAADF, EDX and EELS analysis in
TEM mode. Fig. 6a shows a TEM image of some NWs in sample B,
crapped off from the substrate and spread on a lacey carbon film in
Cu grid. The NWs show a very straight shape with regular diam-
ter between 15 and 25 nm, ending in a more bulky head; there
re no evidences of structural defects such as planar defects [41] or
islocations inside the NWs, thus displaying a high structural qual-

ty. The entire NWs exhibit a homogeneous contrast, in agreement
ith the HAADF analysis. These data indicate that the NWs have

uniform composition, both in longitudinal and transversal direc-

ions; they also indicate that there is no presence of different phases
r precipitates at the nanometric scale. Furthermore, the EELS and
DX analyses also show that the NWs are constituted mainly by Zn

able 2
ompositional data deduced from GA-XRD Rietveld analysis (the standard deviation valu

Phases ZnO CdTe CdZnTe

Samples

Al
65(1) % 4.9(1) % 9.7(7) %
a = 3.2542(4) a = 6.4SS(l) a = 6.135(1)
c = 5.201(1)

A2
88.0(7) % <1%
a = 3.2541(2)
c = 5.2089(5)

A3
92(1) % <1%
a = 3.2541(2)
c = 5.2089(5)

B
83.1(6) % n.d.
a = 3.2524(2)
c = 5.2037(4)

a n.d., non detected.
) sample A3 and (d) sample B. The Rietveld analysis is also shown.

and O, although low signals from Cd and Te also appear in the EDX
spectra. In particular, Cd, with a very low atomic percentage com-
position (lower than 2%), becomes visible in the NWs. Cadmium is
found in the root of the NWs and in the bottom lower trunk section,
but not in the top. These data confirm the presence of Cd atoms on
the ZnO seeding layer and its incorporation to the bottom of the
NWs (as indicated also by the XRD data). Cd atoms likely influence
the further development of the ZnO NWs. The role that Cd atoms
might play should be searched beyond of a merely catalyst located
in the end of the NW, since we have not found Cd signal neither in
the head nor in the top of the NWs.

Fig. 6b shows a HRTEM image of a NW (sample B) taken along
the [0 0 0 1] pole. From the images and their Fast Fourier trans-

forms (inset in Fig. 6b), the measured distance between lattice
planes is 0.26 nm, which is unambiguously related to the wurtzite
phase of ZnO. The NWs grow along the [1 1 2̄ 0] direction, being
(0 0 0 1) its top/bottom planes and (0 1̄ 1̄ 0) the lateral ones.

es are indicated in parenthesis).

CdO Cd Zn

n.d.a 11.3(2) % 9.7(7) %
a = 2.9800(2) a = 2.6677(9)
c = 5.619S(3) c = 4.934(5)

<1% 10.3(1) % <1%
a = 4.700(7) a = 2.980(1) a = 2.6540(9)

c = 5.6223(4) c = 5.041(5)
7.1(5) % <1% n.d.
a = 4.700(7) a = 2.980(1)

c = 5.6223(4)
<1% 15.6(2) % <1%
a = 4.697(l) a = 2.9797(l) a = 2.6554(2)

c = 5.6244(4) c = 5.0218(3)
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F set up by ZnO, although Cd appears at low content. (b) HRTEM image of a NW; the inset
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ig. 6. (a) TEM image and EDX spectrum of a NW from sample B. The NW is mainly
hows, for the selected region, the corresponding Fast Fourier transform.

he growth direction can be associated with differences in sur-
ace energies amongst (0 0 0 1), {0 1̄ 1̄ 0} and {2 1̄ 1̄ 0}. In fact,
ue to the differences in surface energies, freestanding nanowires
f ZnO are usually dominated by the lower energy, non-polar
urfaces, such as {0 1̄ 1̄ 0} and {2 1̄ 1̄ 0}, with growth direc-
ions parallel to [0 0 0 1] [42]. According to our data, our NWs

aximize the polar (0 0 0 1) facets, which can be explained only
y changes in the relative surface activities of the growth facets
nder our growth conditions. Thus, we postulate that the Cd inclu-
ion in the ZnO NWs stabilizes the (0 0 0 1) faces, developing into
three-dimensional object with well-defined, lateral low-index

rystallographic (0 1̄ 1̄ 0) and (0 0 0 1) faces.

.3. Optical characterization

The samples were analysed by the CL-SEM technique, very suit-
ble to study the optical signature of the NWs. Fig. 7a and b shows
EM and panCL images, respectively, of sample B. The NWs have
istinguishable luminescence, different from the luminescence of
he seeding layer. Fig. 7c shows the CL spectra obtained on a NW and
ut of it. The main emission band is located in the UV in both cases,

orresponding to the near band edge (NBE) emission. An important
uminescence enhancement of the UV band in the NWs respect to
he outside is observed, well correlated to the panCL image that
hows bright contrast for the NWs. A broad visible band is only
learly observed outside the NWs, being its intensity nearly zero

Fig. 7. (a) SEM, (b) panCL images of sample B, showing several NWs and (c) CL
spectra outside and inside a NW (the inset shows an enlarged view of the NBE
spectral range).
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n the NWs. These data indicates the good optical properties of the
nO NWs obtained by our growth method.

The NBE band shows three contributions, at ∼3.329, 3.294 and
.224 eV, the last two being separated by nearly the LO phonon
nergy in ZnO (∼72 meV), thus corresponding to a DAP transition
nd its phonon replica [43]. The emission at ∼3.329 eV is increased
n the NW, and slightly shifted to the red (see the inset in Fig. 7c).
ecently, surface related transitions around this energy have been
bserved in other ZnO NWs [44]. The increase of this emission in
he NWs would be coherent with this assignment. The slightly red
hift in the NWs could be also related to the Cd detected by TEM in
he NWs, which would lead to a CdZnO alloyed NW.

. Discussion

The fact that ZnO NWs were not formed on GaSb substrates
nder the same growth conditions [34] seems to claim for the influ-
nce of the CdTe substrate, and thus on the role of Cd or Te elements,
n the formation of the NWs. The migration of Cd and Te from the
ubstrate is postulated to happen during the oxidation step, since
uring the deposition of the Zn metal film the substrate does not

ncrease its temperature (see Fig. 4). Moreover, the oxidation tem-
erature of 500 ◦C is higher that the melting point of Zn (419.53 ◦C)
hich suggests that Zn liquid phase is involved in the NW nucle-

tion (in fact, we have observed that lower oxidation temperatures
o not lead to NW formation). Thus, one can expect that the oxi-
ation process takes place in a local atmosphere slightly rich in Zn
nd Cd (and, to a less extent, in Te, because of its lower volatility).
he formation of a Cd–Te atmosphere is possible specially under
acuum conditions, a procedure that has been used to grow CdTe
lms on mildly heated (200 ◦C) substrates under evaporation tem-
eratures ranging from 400 to 510 ◦C [45]. In our case, the oxidation

s carried out at atmospheric pressure, where the different vapour
ressures for both components (1 kPa for Cd and 100 Pa for Te [46])
t the oxidation temperature of 500 ◦C ensure a slightly higher Cd
nrichment of the local atmosphere.

XRD data and TEM analysis, have demonstrated the presence of
d (and Te elements in a very low quantity) in the surface of the ZnO
eeding layer and in the bottom of the NWs. Based on these results
e postulate that Cd have a relevant role in the NW growth. The Cd
exagonal phase might be beneficial for the NW growth. Moreover,
d, as a separate phase, is detected for short and medium oxidation
imes, when the NWs grow longer and with a higher density, as
educed by the SEM images. Nevertheless, after very long oxidation
imes (sample A3) Cd is not detected anymore, while a new CdO
hase appears. This indicates that Cd is being oxidized for such long
imes. This is coherent with the fact that the more active metal, Zn,
s more easily oxidized, and must oxidize nearly completely before
he less active metal, Cd, does. Therefore, the Zn layer seems to work
s a sacrificial anode layer, protecting Cd from oxidation. The loss
f Cd phase (and/or the presence of CdO) and the destruction and
mpoverishment of the quality of the NWs for very long oxidation
imes (sample A3) seem to be correlated. This could be also at the
rigin of the better NW formation (in terms of longer and thinner
Ws) on sample B if one assumes that a higher Zn thickness would
revent the Cd from oxidising.

The above data lead us to propose the following growth sce-
ario: for low and intermediate oxidation times, Zn melts at the
urface forming drops that act as seeds in the NW formation. The
resence of hexagonal Cd phases, which migrated from the back-
urface of the substrate, benefits the formation of

〈
1 1 2̄ 0

〉
ZnO
Ws, which further developed as the oxidation time increases. That
rowth takes place through a vapour–solid (VS) mechanism, in
hich the liquid phase is involved only in the nucleation and the

apour feeds the growth [47]. Inner Zn metal partially melts and
aporizes, forming a Zn atmosphere. During this stage, Zn works
ompounds 509 (2011) 5400–5407

as a sacrificial anode layer protecting the Cd metal for oxidation.
For very long oxidation times, all the Zn metal is exhausted, the Zn
vapour pressure drops and the role of the Zn layer as a sacrificial
anode ends. Cd atoms start to be also oxidized, forming a new cubic
CdO phase. The formation of a CdO phase implies the collapse of Zn
metal supplies and the end of the NW growth. The lower quality of
the ZnO NWs could be just due to the aggregation and accumulation
of the ZnO NWs for very long oxidation times, a fact that could be
stimulated by the presence of the new cubic CdO phase. The exact
role of the Cd element in the ZnO growth is difficult to be ascer-
tained at the present, but it could be related to the nucleation and
the stabilization of the (0 0 0 1) faces observed in the NWs. Further
work is being developed to understand this point.

Finally, the method supposes a novel tool for the production of〈
1 1 2̄ 0

〉
ZnO NWs on CdTe substrates. While the conventional

synthesis methods require expensive systems and rigid environ-
mental conditions, especially high temperatures (∼800–1400 ◦C)
and low pressures, the described methodology lies in the low range
of temperatures and is carried out at atmospheric pressures. The
luminescence of our NWs indicates that they are promising candi-
dates for optoelectronic nanodevices. The very small amount of Cd
detected in the NWs could have a doping effect on them. In fact, a
slightly red shift in the luminescence emission has been detected
in the NWs. Some other effects on the optical and electrical prop-
erties could not be excluded. This is a matter of further study. In
fact, we are at the beginning of the understanding of the growth
formation mechanism, with many parameters which still have to
be optimized. Further work is now in progress to clarify both the
driving force for the growth of the NWs, and the influence that the
Cd and CdO phases have on the ZnO NWs growth.

5. Conclusions

〈
1 1 2̄ 0

〉
ZnO NWs have been grown by means of a very sim-

ple method consisting on depositing a Zn metal film on top of a
CdTe substrate and a further oxidation step in air at 500 ◦C. The NW
growth occurs through a vapour–solid mechanism although the Cd
migration from the substrate is postulated to be beneficial for the
growth of the NWs. The growth parameters have been shown to
affect both the dimensions and characteristics of the NWs. Thick
Zn films and intermediate oxidation times of ∼20 h lead to the best
formation of the NWs, with dimensions of 10–30 nm in width an
some tens of �m in length. Very long oxidation times lead to the for-
mation of a new CdO phase affecting the good structural quality of
the NWs. The NWs exhibit distinguishable optical signatures, with
an enhanced UV band and reduced visible emissions with respect
to the background ZnO layer.
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