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a b s t r a c t

High aspect ratio Zinc Oxide (ZnO) nanowires (NWs) were synthesized by template based one-step elec-
trochemical deposition (OSECD) technique. The electro-reduction of hydroxide ions in the presence of
Zn2+ ions within Zn(NO3)2 is involved in the growth of ultra thin NWs arrays. Field Emission Scanning
Electron Microscopy (FESEM) images revealed that the growth rates of different crystal faces, (0 0 0 1)
and ð000 �1Þ, were different at different deposition potential for the high aspect ratios ZnO NWs arrays.
The n-type semiconductor conductivity of ZnO NWs was ascertained by a Hot-Probe approach. X-ray dif-
fraction results demonstrated that the grown ZnO NWs had wurtzite crystal structure with unit cell
parameters a = 2.93 Å, c = 5.45 Å and a deterioration of preferred (1 0 1) orientation is observed at more
negative deposition potentials. Small angle X-ray scattering (SAXS) results evidenced that the NW arrays
grown at �1.2 V have higher fraction of larger crystallites. Micro-Raman spectroscopy analysis showed
that the variation in E2 (high) vibration mode at 435 cm�1 is coupled with an increase in electro acceptor
oxygen atoms incorporated within ZnO NWs at �1.2 V.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Recently, one dimensional nanostructures have attracted tre-
mendous interest because of their technological potential. In par-
ticular, Zinc Oxide nanowires/nanorods and thin films are
receiving intense interest, due to their extensive applications in a
number of fields such as chemical sensors, gas sensors, optoelec-
tronic devices, resonators, piezoelectric transducers, light emitting
devices, photosensors, Al/Au Ohmic contacts, direct band gap semi-
conductors and wireless devices with self powering capability [1–
5]. The major challenges for process engineers are to reproducibly
grow aligned, high aspect ratio, n-type ZnO nanostructures, control
their resistivity and measure the nature (electrons or holes) of
charge carriers within the structures. Non-aligned n-type ZnO
nanostructures can be grown by appropriate doping in conjunction
with the techniques such as high temperature vapor phase meth-
ods, RF Magnetron sputtering, MOCVD, pulsed-laser ablation,
microwave, hydrothermal and sol–gel [6–12]. Electrochemical
deposition is another simple technique which has been explored
to grow ZnO nanowire structures [13–15]. Peulon and Lincot [16]
demonstrated the solution based deposition of ZnO films from
ZnCl2 salt in the presence of supporting electrolyte KCl and dis-
solved oxygen as a precursor. The influence of precursor concentra-
ll rights reserved.
tion, pH, temperature and properties of the films were investigated
by several techniques [16].

Izaki and Omi as well as Shinagawa et al., presented the depo-
sition of Zinc Oxide thin films from 0.1 M Zinc nitrate solution kept
at 335 K and observed the increase in concentration of OH� ions at
the electrode [17,18]. The synthesis of nanostructures by electro-
reduction has allowed the reproducible and affordable fabrication
of such nanometric regime structures. The focus is especially on
the field of printed electronics since they are two to three orders
of magnitude cheaper per unit area than conventional semiconduc-
tor manufacturing. However, most of the present printable semi-
conductors suffer from poor air-stability, complicated packaging,
degraded device lifetime and toxic nature of organics and chalcog-
enides, etc. Therefore, n-type ZnO nanostructure is a possible alter-
native because of its soluble nature, optical transparency and it can
be easily implemented with the existing processing technology
[19]. The template based synthesis of nanostructures in a mem-
brane is an elegant chemical approach for the fabrication of aligned
nanowires/nanotubes with a good control over their diameter and
aspect ratio. Zheng et al. [20] proposed the anodic alumina mem-
brane (AAM) based one-step electrochemical deposition technique
for ZnO nanowire growth. These single crystal nanowires were
grown by three probe DC method in 0.1 M ZnNO3 solution at
343 K and 1 V potential and characterized by PL measurements
(400–750 nm). Lai and Riley [21] synthesized the ZnO nanorods
from Zinc ion and either nitrate ions [ZnNO3 (0.01 M)] or hydrogen
peroxide as the hydroxide precursors. These, when reduced, result
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in a local pH change at the electrode interface and the precipitation
of ZnO through porous polycarbonate membrane. Polycrystalline
nanowires were deposited from the peroxide electrolyte at fixed
potential of �0.2 V at 22 �C, while single crystals were grown using
nitrate ions at constant potential of �0.7 V at 90 �C. The direction
of nanorods grown at the higher temperature is perpendicular to
the ð10 �11Þ plane. A recent work by Cui [22] investigated the effect
of growth time, electrical potential, temperature and templated
substrate on the morphology and composition of ZnO nanostruc-
tures synthesised by electrochemical deposition from an aqueous
solution of Zinc nitrate and hexamine on a seeded Si substrate at
the temperatures between 90–95 �C. The SEM images and XRD re-
sults show that the effect of negative potential enhanced the
growth of single crystalline ZnO nanowires while positive potential
results in nanodisks of ZnO and ZnO2 composite. The growth rate of
nanowires was observed to be similar for patterned as well as bare
substrates [22]. Among the studies that specifically address field
emission properties, Pauporte and Lincot [23] reported the high as-
pect ratio �8 of ZnO nanorods, grown at the GaN surface by
(0.1 mM) ZnCl2 at 80 �C. Lee et al. [24] studied the field emission
property of ZnO nanowires grown at Co nanoparticles dispersed
on Si substrates by thermal heating of ZnO powder at 550 �C. The
average length, diameter and aspect ratio of fabricated nanowires
were 13 lm, 50 nm and 250, respectively. It is clear that the chem-
ical composition, concentration of the reacting species, electrolyte
temperature, agitation conditions, pH and additives are parametric
knobs that influence the properties, stoichiometry and aspect ratio
of the grown nanostructures [6,7,9,13–24]. However, the nature of
carrier (n- or p-type) in the ZnO nanostructures and crystal faces
responsible for the growth of aligned high aspect ratio nanowires
by electrodeposition in a template have not yet been determined.
Further, particle size measurements in ZnO crystallites and varia-
tion of acceptor oxygen atom incorporation with the ZnO lattice
thus grown have not been performed, which are important in
determination of the nanowire tip sharpness that controls field
emission property.

The present study aims at the synthesis of high aspect ratio
bundle of aligned ZnO nanowires in a polycarbonate membrane
by a one-step electrochemical deposition (OSECD) from a dilute
Zinc nitrate electrolyte. Effect of deposition potential on the kinet-
ics of wire growth and aspect ratio are studied, which also suggests
a mechanism of the nanowires formation and contribution of spe-
cific crystal faces for the well aligned growth. The ZnO nanowires
grown by this technique are characterized for the type of majority
charge carriers, size of crystallites, orientation of crystal planes,
faces of crystal and the degree of incorporation of acceptor oxygen
atoms within them.
2. Materials and methods

2.1. Synthesis of aligned ZnO nanowires

A typical synthesis of ZnO nano wires were carried out by Auto
Lab PGSTAT Model302 (potentiostat/galvanostat) which involves a
three-electrode cell system. A platinum strip (99.99% purity;
1.45 cm2) served as the anode. A saturated silver/silver chloride
(Ag/AgCl in saturated KCl) electrode was used as the reference
and connected via a salt bridge. (All potentials are reported w.r.t.
the potential of reference electrode). Cyclic voltammetry measure-
ments were collected at a scanning speed of 20 mV/min. The aver-
age pore size, pore density and thickness of polycarbonate
membrane (commercially available Whatman) used as template
for the synthesis of ZnO nanowires were 100 nm, 6 � 108 pores/
cm2 and 2 lm, respectively. All the reagents used were RA grade.
The electrolyte used for ZnO nanowires fabrication was 0.1 M,
Zn(NO3)2�6H2O (2.978 gm in 100 ml H2O) dissolved in Milli-Q
�18 MX water. Copper tape served as the cathode substrate for
the nanowires’ growth. The electrodeposition was carried out at
�1.2 V, �1.0 V and �0.8 V, at 75 �C. During deposition the current
as a function of time is measured. After electrodeposition the elec-
trolyte was drained out and the polycarbonate membrane was dis-
solved with choloroform. After that, the samples were subjected to
rinsing with water and ethanol.
2.2. Characterization techniques

Field Emission Scanning Electron Microscopy (FESEM) images of
grown nanowires were captured using a Carl Zeiss Supra 40 micro-
scope at an acceleration voltage of 10 kV. The atomic percentages
or chemical analysis of Zinc and Oxygen in the grown ZnO nano-
wires were computed by Carl Zeiss FESEM equipped with Oxford
Inca energy dispersive X-ray detector, which can access energy
range down to 1 keV with its ultra thin window. This feature en-
ables the sensitivity of Energy Dispersive Analysis of X-Rays
(EDAX) detector for light elements.

The Hot-Probe analysis of ZnO nanowires was carried out by
two 12 mm apart, submicron platinum electrodes. These elec-
trodes were wired with a digital voltmeter to form a close loop cir-
cuit. A soldering iron attached with a sharp tungsten tip was used
as a heating probe to perform this experiment. The Hot-Probe is
connected to the positive terminal of the meter while the cold
probe is connected to the negative terminal. Then, the hot elec-
trode was heated up to the required temperature and pinned to
the sample surface. All measurements were recorded for 40–60 s
approximately.

Thin film X-ray diffraction (XRD) spectra of ZnO nanowires
were taken perpendicular to the growth direction on a Thermo
Electron diffractometer operating in the h–2h Bragg configuration
using Cu Ka radiation. Data were collected at a scan rate of
0.075h min�1 and sampling interval of 0.002h. The voltage was
set at 45 kV with a 44 mA flux.

The small angle X-ray scattering (SAXS) experiments of ZnO
nanowires were performed with HECUS SAWAX (Cu-target, wave-
length k = 0.154 nm) operating at power of 2 kW. Scattering spec-
tra were monitored in q-range (q = 4P(sinh)/k) with 2h being
scattering angle.

The structural analysis of ZnO nanowires was carried out by the
WiTec CRM 200 micro-Raman spectrometer coupled with a high
resolution confocal optical microscope. The laser excitation of
514.5 nm was provided by an argon laser. The microscope objec-
tive used was Nikon 100X, with a working distance of 0.26. All
the measurements were made at room temperature, to avoid heat-
ing effects in the spectra.
3. Results and discussion

3.1. Chronoamperometry growth kinetics of aligned ZnO NWs

Fig. 1 shows voltammetric curve of the Zn(NO3)2�6H2O electro-
lyte which was utilized for ZnO nanostructure deposition. Accord-
ing to this curve, the process of ZnO formation inside the
polycarbonate pores initially involves diffusion of hydroxide ions
and Zn2+ ions from bulk towards the pore mouth. After that, the
ions diffuse towards the bottom of pores and get reduced on the
surface of copper tape. The hydroxide ions are immediately precip-
itated in presence of Zn2+ to form Zn(OH)2 which gets easily dehy-
drated at 75 �C to form ZnO NWs. The phenomenology of the
mechanism of this process is shown in inset of Fig. 1. It describes
the concentration profile variation inside a single pore after the
application of the deposition potential to the electrolyte.



Fig. 1. Cyclic voltammetric curve of Zn(NO3)6H2O (cathode, scan rate 20 mV/s, at
75 �C). Inset shows the concentration profile of grown species inside polycarbonate
membrane of thickness (Tx), radius (a) and diffusion layer length outside the pores
(Tx+d).

Fig. 2. Typical chronoamperometry (I–t) characteristics of template based ZnO
nanowire synthesis.
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The concentrations of the electroactive species in the bottom of
the pore, mouth of the pore and the bulk of the solution correspond
to Ub, Um and Uv, respectively [25]. However, in this process, it is
not expected that a diffusion layer develops outside the polycar-
bonate pores. I–V characteristics (Fig. 1) show the deposition of
Zinc oxide, Zinc and hydroxide ions at (a, b and c respectively) at
various potentials. Zinc oxide deposition is associated with a
cathodic current below �1.2 V and the reverse potential hysteresis
is attributed to the nucleation over potential. However, the electro-
reduction of nitrate ions to nitrite ions generates hydroxide ions at
the cathode. It gives rise to the diffusion controlled reduction wave
towards more negative potential [13,26]. The potential at zero cur-
rent is about �0.2 V which is close to the expected value for a Zn2+/
Zn redox system [14]. The steep increase in cathodic current at
�1.3 V corresponds to Zinc deposition. During the reverse sweep
the deposited zinc starts reoxidizing from �0.2 V. These results
indicate a potential window between �0.2 V and �1.2 V for depo-
sition of ZnO. We mostly investigated nanowires grown at �0.8,
�1.0 and �1.2 V. High negative potentials (as shown in cyclic vol-
tammetric curve; Fig. 1) at ��3 V result in hydrogen evolution and
porosity of nanostructures.

A tentative scheme of electroprecipitation of ZnO nanowires
from Zinc nitrate solution is given in the following equations

NO�3 þH2Oþ 2e� ! NO�2 þ 2OH� ð1Þ
Zn2þ þ 2OH� ! ZnðOHÞ2 ! ZnOþH2O ð2Þ
Zn2þ þ NO�3 þ 2e� ! ZnOþ NO�2 ð3Þ

The Zinc ions precipitate with the hydroxyl anions forming Zinc
hydroxide which spontaneously dehydrates into ZnO as shown in
Eq. (2). The overall mechanism of ZnO deposition from the electro-
lyte is given in Eq. (3). It may be noted that the electrochemical
reduction of nitrate in the electrolyte demands the presence of
Zn2+ ions in the solution. Postels et al. have proposed a similar
mechanism of reduction of nitrate ions to nitrite ions to describe
the mechanism of ZnO nanorod deposition [27]. In this work, the
deposition of nanorods was accomplished by hindering the rate
of Zn2+ ions at the substrate by means of a directing agent. Conse-
quently, it has been suggested that the rate of ZnO NWs growth in
the nitrate solution is limited by the charge transfer kinetics within
the electrolyte.
Therefore, in view of this mechanism, the probability of ZnO
nanowires growth without any additive with electroless technique
is ruled out. The electroless deposition is only possible by three
fundamental mechanisms of reacting species such as autocatalytic,
substrate catalyzed, and galvanic displacement, which is not possi-
ble in this case [26].

In this study, ZnO nanowires were synthesized by using the
chronoamperometry method (constant voltage). The other experi-
mental parameters were carefully controlled and kept constant,
except the deposition time.

In order to follow the deposition process, the current was re-
corded as a function of time. Typically, we can delineate the depo-
sition process into four different zones as shown in Fig. 2 [28]. After
immersing the sample in the electrolyte, no external voltage is ap-
plied for 10 s until the open-circuit voltage between cathode and
anode is stabilized. The voltage is then applied and the current
exhibits a sharp increase in the region (I) that is ascribed to the
charge in the electrical double layer. Following this, the reduction
of Zn2+ ions located immediately at the cathode surface occurs. It
creates a concentration gradient that causes a flux of ions towards
the cathode. In this process, a decrease in current indicates the for-
mation of the diffusion layer on the surface. During the growth of
the ZnO needles in the pores, the current remains nearly constant
in region (II). Once the ZnO nanowires reach the polymer surface
caps start to grow on top of the nanowires. It results in an increase
in current in region (III) because of increase in surface area. As
shown in Fig. 3A–C current–time (I–t) characteristics recorded at
different voltages reveal three distinct zones. The current–time
characteristics are measured at applied potentials of �1.2 V,
�1.0 V and �0.8 V. The slight increase in current at the beginning
of deposition indicates the filling of the pores. When all the pores
are filled, deposition occurs over the entire surface of the polycar-
bonate membrane and the current increases abruptly as shown in
Fig. 3A, the variation in current at 400 s reveals that the pore filling
rate in region (II) is almost negligible for ZnO nanowires grown at
�0.8 V, while in Fig. 3B at �1.0 V the rate has been found to be in-
creased beyond region II. Furthermore, in Fig. 3C at the reduction
potential �1.2 V current is found to be saturated, which reflects
the completely filled pore. Therefore, the concerted effect of depo-
sition potential, diffusion of reacting species and pore filling rate
decides the aspect ratio of grown ZnO nanowire array embedded
in polycarbonate template. These results indicate that as the po-



Fig. 3. Current–time (I–t) curve of ZnO nanowires deposition in a polycarbonate
membrane with 100 nm diameter of pores at �1.2 V (C), �1.0 V (B) and �0.8 V(A),
respectively. The inset shows the different stages of electrodeposition.
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tential tends towards the more positive side the transition zone be-
tween regions II and III is delayed. This is attributed to the decrease
in number of reducible Zn2+ ions present in the electrolyte [29],
which results in the slow kinetics of pore filling and therefore is
a control over the aspect ratio of ZnO nanowires. Izaki and Omi
presented an analogous reduction in the deposition rate of Zinc
Oxide film with reduction potential [17]. As shown in Fig. 4, ZnO
nanowires with well-defined facets are obtained when a potential
of �1.2 V is applied to substrate, because of negative potential de-
rives the Zinc ions through the pores of membrane to the surface of
substrate and enhances the deposition of ZnO.

Nanowire aspect ratio depends on the nuclei sizes, density and
preferential orientation [22]. Only those nuclei with their c-axis
perpendicular to the substrate surface can eventually grow into
ZnO nanowires spanning across the full thickness of the membrane
by diffusion-limited growth. The other nucleation sites with c-axis
along the substrate surface or with small inclined angle would stop
growing when they are long enough to be blocked by neighboring
nanowires. In our case, the membrane thickness was 2 lm, which
is also the maximum length of the nanowires obtained. Under-
standing the kinetics of growth, which is influenced by a host of
factors, is important in controlling the wire length before it fills
the entire pore.

The morphology of the grown ZnO nanowires was inspected
with the help of FESEM as shown in Figs. 4–6. However, the growth
rate of the crystal is interconnected to the orientation of the coor-
dination polyhedron at the interface.

Specifically, the crystal face at the corner of the coordination
polyhedron present at the interface has the fastest growth rate;
the crystal face with the edge of the coordination polyhedron pres-
ent at the interface has the second fastest growth rate; the crystal
face with the face of the coordination polyhedron present at the
interface has the slowest growth rate. Therefore, the velocities of
crystal growth along different directions have the following rela-
tion [30,31]:
V h0001i > V h01�1�1i > V h01�10i > V h01�11i > V h000�1i ð4Þ

In the coordination structure of the ZnO crystal, the coordina-
tion number of Zn is four; all the tetrahedrons are connected to-
gether by corner sharing. Fig. 4 shows the morphology of the
pyramidal type ZnO nanowires grown by one-step electrochemical
technique at �1.2 V have the prismatic form well aligned high as-
pect ratio nanowires, while the nanowires grown at more positive
potential such as �1.0 V and �0.8 V having shortened prismatic
form and reduction in high aspect ratio as shown in Figs. 5 and 6.

These results indicate that the growth rates of the (0 0 0 1) and
ð000 �1Þ faces are different at different deposition potential. For
�1.2 V the ð01 �1 �1Þ face disappears, while at �1.0 V and �0.8 V
ð01 �11Þ face starts showing their dominating appearance. It leads
to the formation of a sharp tip of �15–20 nm on the grown nano-
wires. It is clearly seen from the micrographs that the diameter of
the wires is approximately similar to the pore size. However, the
ZnO nanowires are fragile, and break during the isolation process
[32]. The vertical surfaces of the ZnO nanowires shown in Fig. 4
are smooth, suggesting that indicates the walls of the polycarbon-
ate membrane template are also flat.

Fig. 7 shows the variation in the aspect ratio of the grown ZnO
nanowires as a function of the deposition potential. The high as-
pect ratio of ZnO NWs turns out to be higher by a factor of three,
as the deposition potential sweeps from �0.8 V to �1.2 V. This im-
plies that at �1.2 V, maximum numbers of Zn2+ ions are converted
into ZnO nanowires with predominantly longitudinal growth.

The atomic percentage of constituents species from the EDAX
measurements were calculated by the intensities of Zn signal nor-
malized for the different samples so that the oxygen signal be-
comes comparable even at low scattering. No other element was
detected in the EDAX spectrum, indicating that the impurities in
the samples were below the detection limit of EDAX. The com-
puted atomic percentages of Oxygen and Zinc from EDAX analysis
for ZnO NWs grown at the potential �0.8 V, �1.0 V and �1.2 V
were 57.4 ± 0.706% and 42.5 ± 0.993%, 60.3 ± 0.317% and



Fig. 4. FESEM micrographs of ZnO nanowires grown from 0.1 M Zn(NO3)2�6H2O electrolyte at �1.2 V ((A) aligned NW array, (C) individual nanowires (inset) and (B) cluster of
NWs, (D–G) ZnO nanowires at different magnifications).

S.K. Sharma et al. / Journal of Colloid and Interface Science 344 (2010) 1–9 5
39.6 ± 0.813% and 79.0 ± 0.625% and 20.9 ± 0.131%, respectively.
These results demonstrate the variation in atomic percentage of
Zinc and Oxygen as a function of deposition potential. Fig. 8A
and B shows the growth mechanism of electrochemically depos-
ited high aspect ratio ZnO nanowires. According to this mecha-
nism, hydroxide ions form at cathode due to electro-reduction of
nitrate ions to nitrite ions. It appears to be a major parameter
deciding the mode of ZnO growth. Therefore, at �0.8 V crystal
ð01 �1 �1Þ growth dominating as compared to ð000 �1Þ, which results
the enhancement in lateral direction of ZnO crystal growth and
lowest aspect ratio of grown ZnO nanowires as shown in Figs. 6
and 8A. It may be due to at this potential the number of Zn2+ ions
reacting with hydroxide ions is less, or lack of ZnðOHÞ�2

4 , ZnðOHÞþðlÞ,
ZnðOHÞ�2ðlÞ, ZnðOHÞ�3ðlÞ, ZnðOHÞ2�4ðlÞ, etc. complexes in the solution
[33,34]. Consequently under the experimental conditions, proba-
bility of ZnðOHÞ2�4 formation was might be higher. As the potential
approaches the more negative value (�1.0 V and �1.2 V), the lon-
gitudinal growth of ZnO nanowires is higher than the lateral
[30,33,34], because of the crystal faces ð01 �11Þ starts to disappear
because of number of ZnðOHÞ�2

4 complex units increasing near the
tip where they get adsorbed as shown in Fig. 8B. These Zn2+ ions
complexes accumulated at the tip and resulted in the (0 0 0 1) face
growth of the ZnO crystal. Finally they get reduced in the form of
well aligned ZnO nanowire arrays [34]. The nanostructure formed
by this mechanism shows high aspect ratio and lattice symmetry
as shown in Figs. 4 and 5.

3.2. Majority charge carriers characterization

The estimation of majority charge carriers in the ZnO nanowires
is done through Hot-Probe technique. It is a simple yet efficient
way to distinguish between n-type and p-type of ZnO semiconduc-
tors nanowires. The ZnO nanowires show a positive voltage 109,
83, 68 mV readout at the voltmeter corresponding to nanowires
grown at �1.2 V, �1.0 V and �0.8 V, respectively. This positive
magnitude of voltage indicates that grown ZnO nanowires are n-
type semiconductors. The higher value of readout voltage for
�1.2 V shows that the ZnO starts to segregate as a separate phase
in the grain boundary regions [35]. A simple explanation for this
experiment is that the thermally excited majority free charge car-
riers are translated within the ZnO nanowires from the Hot-Probe
to the cold probe. Thus, the Hot-Probe surrounding zone becomes
charged with minority carriers and the cold probe remains neutral
[36]. This semiconductor behavior may be a composite effect of
oxygen vacancy, Zinc interstitial, Zinc vacancy and interstitial site
oxygen within the ZnO nanowires.



Fig. 5. FESEM micrographs of ZnO nanowires prepared from 0.1 M Zn(NO3)2�6H2O electrolyte at �1.0 V ((A–D) ZnO nanowires at different magnifications).

Fig. 6. FESEM micrographs of ZnO nanowires prepared from 0.1 M Zn(NO3)6H2O electrolyte at �0.8 V ((A–D) ZnO nanowires at different magnifications).
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3.3. X-ray diffraction analysis of aligned ZnO NWs

Fig. 9 shows the X-ray diffractogram of the electrochemically
grown ZnO nanowires having lattice parameters a = 2.93 Å,
c = 5.45 Å and wurtzite crystal structure. The crystallites demon-
strate an elongation in the [0 0 2] direction and a contraction in
the [1 0 0] direction with respect to bulk lattice parameters
(a = 3.24 Å, c = 5.20 Å) [37,38].The intensity of ZnO (1 0 1) reflec-
tion remains maximum for all voltages, while the (1 0 0) and
(0 0 2) intensities vary with the deposition potential. The relative
intensities of the peaks of ZnO were computed considering the
highest peak for ZnO i.e. the (1 0 1) peak. The intensity counts for
each of the peaks and the calculated relative intensities are tabu-
lated below in Table 1. Therefore, as the deposition potential ap-
proaches a more negative magnitude, the preferred orientation of
(1 0 1) is deteriorated.

A similar dependence of the preferred orientation of the depos-
ited ZnO films on the deposition potential was previously reported
[17]. This is probably because of the presence of Zinc defects in the
interstitial voids, causing disordering of the lattice.

The crystallite size of the nanowires estimated from the
FWHM (full width at half maximum) values was 22 ± 2 nm for
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potentials �0.8 V, �1.0 V and �1.2 V. Considering the relative
intensities of the peaks, the crystallite size and diameter from
FESEM images, it is possible that the ZnO nanowires are
polycrystalline.
3.4. SAXS analysis of aligned ZnO NWs

The crystallite size computed from XRD data is only an average
size and the variation with deposition potential cannot be well



Table 1
Intensity counts for ZnO peaks and the calculated relative intensities.

ZnO peak Intensity (a.u.) Relative intensity

Case (i) �1.2 V
(1 0 0) 119 71
(0 0 2) 87 52
(1 0 1) 167 100

Case (ii) �1.0 V
(1 0 0) 50 27
(0 0 2) 58 31
(1 0 1) 185 100

Case (iii) �0.8 V
(1 0 0) 42 26
(0 0 2) 42 26
(1 0 1) 161 100
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characterized. The estimation of the volume distribution of crystal-
lite sizes in the ZnO nanowires were carried out by small angle X-
ray scattering (SAXS) combined with wide angle X-ray diffraction
(WAXD. This combination of methods allows us to estimate two
relevant size parameters. One of them, derived from SAXS data,
gives us information about the size of particles. The other, esti-
mated by WAXD, is the size of crystallites. In the analysis of nano-
structure by SAXS, a particle is defined as a volume of homogenous
electron density. The definition of crystallite in the analysis of the
width of the Debye–Scherrer lines differs from the definition of
particle. Generally, a particle can be formed of many crystallites.
Although, both methods give weighted average sizes. The scatter-
ing intensity I(q) is given by

IðqÞ ¼
Z R max

R min
NðRÞI0ðqRÞdR ð5Þ

I0 (qR) is the form factor of a sphere of a radius R and N(R) is the
density of number of particles as a function of the radius R, in the
range between a minimum (Rmin) and maximum (Rmax) value.

Fig. 10 shows the variation in SAXS intensities, I(q) versus the
modulus of scattering vector, q, in the logarithmic scale for ZnO
nanowires deposited at different potentials.

The scattering intensity I(q) maxima computed for ZnO nano-
wires grown at �1.2 V, �1.0 V and �0.8 V reduction potential are
779, 269 and 130, respectively which indicates a variation in crys-
tallite size distribution. As shown in the graph, the decay of appar-
ent SAXS intensities at larger values of q is significantly faster for
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Fig. 10. SAXS intensity I(q) as a function of scattering vector [q] at deposition
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ZnO nanowires grown at �1.2 V as compared to the wires grown
at �1.0 V and �0.8 V. This result is attributed to the ZnO nanowires
subjected at �1.2 V potential having increased fraction of larger
crystallites [39]. As the reduction potential approaches to positive
side the fraction of large nanostructure crystallites is decreased.
When q is low, the decay in scattering intensity, I(q) is not suffi-
ciently different to interpret that the fraction of smaller size crys-
tallites varies with deposition potential. Thus, we can tentatively
conclude that the fraction of small crystallites remains the same
for the three depositing voltages while the fraction of larger crys-
tallites increases as the potential tends to the more negative side.
Hence, the crystallites size computed from the SAXS measurement
is �20 nm for �1.2 V deposition potential.
3.5. Micro-Raman analysis of aligned ZnO NWs

Fig. 11 shows the Raman spectra of the ZnO nanowires grown at
voltages �0.8 V (a), �1.0 V (b) and �1.2 V (c).

The frequencies of the Raman peaks are extracted from experi-
mental data and all the peaks are labeled on the basis of theoretical
analysis of symmetry groups as shown in Table 2. In the wurtzite-
type ZnO, the high aspect ratio lattice is mainly reflected by two
types of lattice phonons. An Al branch in which the Raman-active
phonon is polarized in the z-direction and an E1 branch in which
the phonon is polarized in the xy-plane are observed. Both A1

and E1 symmetries are Raman active and splits into LO (longitudi-
nal optical) and TO (transverse optical) components with different
frequencies, because of the macroscopic electronic fields associ-
ated with the LO phonons. The lower-frequency E2 (low) mode is
associated with the vibration of the heavy Zn sub-lattice, while
the higher-frequency E2 (high) mode involves only the oxygen
atoms within the lattice. Experimentally, E2 (high) and E2 (low)
phonon modes are observed at 435 cm�1 and 96 cm�1, respec-
tively. The FWHM at �0.8 V, �1.0 V and �1.2 V are 49.9, 53.2
and 57.1, respectively. It indicates that as deposition potential ap-
proaches to more negative value the FWHM of ZnO nanowires in-
creases, which in turn indicates an increase in number of electron
acceptor oxygen atoms in ZnO structure [40].

The broad peak at 328 cm�1 is attributed to multiple-phonon
scattering processes. An additional weak peak at 206 cm�1 is ob-
served and its origin is still not clear. Alim et al. observed a similar
peak and suggested that it might be the local vibrational mode re-
lated to intrinsic defects in the host lattice [41–43]. However, more
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Table 2
Assignment of Raman peaks on the basis of experimental and theoretical analysis.

Symmetry Wave number (cm�1) Theoretical Refs. of bulk [41,42] Nanowire Ref. [2]

�0.8 V �1.0 V �1.2 V

E2 (high) 435 437 439 433 438
E2 (low) 96 98 102 98 –
A1 (TO) 328 325 329 – 331
A1 (LO) 542 540 544 548 540
E1 (LO) 580 584 586 583 584
A1 (additional) 206 203 205 – –
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research is required to explain this completely [44]. The A1(LO) and
E1(LO) peaks at 542 cm�1 and 580 cm�1 are related to smaller scat-
tering cross-sections. They originate from the destructive interfer-
ence between the Frohlich interaction and the deformation
potential contribution to the scattering cross-section of LO phonon
in ZnO [45–48]. It is to be noted that the intrinsic defects for oxide
materials might be related to Oxygen or Zinc vacancies created
during growth. Hence, it indicates that there exist a few Oxygen
or Zinc vacancies in wurtzite lattice of the ZnO nanowires.

4. Summary

OSECD is a useful technique for the fabrication of well aligned
high aspect ratio ultra thin ZnO NW arrays embedded in polycar-
bonate membranes. However, the growth of specific orientation,
high aspect ratio nanostructures and observation of quantum ef-
fects require the appropriate concentrations of the reagents, spe-
cific deposition potential and control of NW diameters. A Hot-
Probe approach is proposed to characterize the charge carriers
available in ZnO nanowires. The SAXS and XRD results show that
the ZnO NWs grown at higher negative potential have a higher
fraction of larger size crystallites and are polycrystalline in nature.
Therefore, OSECD based nanostructures were easily fabricated with
added advantages, compared to other techniques. Hitherto unex-
plored issues of Zinc Oxide nanowires were resolved using innova-
tive characterization techniques and a consequent mechanism of
nanostructure growth was proposed.
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