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Abstract

As-grown and antimony (Sb) doped ZnO nanowires (NWs) have been successfully grown on Au-
coated Si(1 0 0) substrate by vapor-liquid-solid (VLS) method. The growth temperature was kept at
950°C purposefully to make Au layer act as a nucleation site. The length of Sh-doped ZnO NWSs
increases largely ~ 12 times longer than those of the undoped ZnO NWs; however, the earlier
structure is thinner than the later. Scanning electron microscopy and X-ray diffraction measurement
of Sb-ZnO wires present good NWs morphology and high purity and crystallinity of the samples,
respectively. Similarly, the photoluminescence (PL) spectra of as-grown and Sh-doped ZnO NWs
reveal the band-to-band transition without the significant defect level emission. However, PL peak
due to the Sb-doped ZnO nanowires exhibits red shift as compared to that of as-grown ZnO NWs.
Our results have been compared with the literature and interesting features have been discussed.
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1. Introduction

In recent years the interest in the growth of
one-dimensional nanostructures like
semiconductor nanowires is highly increased [1].
The nanostructure provides great potential in

various fields e.g.,, nanophotonics, nano-
electronics and bio-sensing.  Semiconductor
nanostructures, such as nanowires, nanorods,

nanobelts and nanotubes have a great impact in
industrial application especially in electronic,
electromechanical and optoelectronic devices.
Owing to their reduced size, one dimensional
nanostructure possesses the improved electrical,
electromechanical, optical,  magnetic, and
thermoelectric properties. The good control over
the growth conditions is the key to effectively
utilize the benefits offered by the nanostructure
which ultimately will become the fundamental
phenomenon in developing high performance
devices [2]. The nanowires structures are
continuously contributing towards the
advancement of electronic and optical devices.
The direct band gap (3.37eV) [3] and high exciton
binding energy (60meV) of ZnO remain always
the motivation to study the ZnO-based
nanostructures. The interest in ZnO based
nanostructure is further fuelled due to its broad
application, including photo-detectors [4, 5], light-
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emitting diodes [6, 7] field effect transistors [8, 9],
piezoelectric transducers and solar cell [10,11].
Most of the applications of the nanostructure
require the control over their geometry (diameter,
length, etc.). In the case of ZnO nanowires it was
highly desired to control the growth conditions
which ultimately provide the good control over the
morphology and shape of ZnO nanowires.

Owing to unique features and simplicity of
fabrication, a plethora of research work has been
published on the preparation, characterization, and
applications of ZnO NWs. Different growth
techniques like hydrothermal [12, 13], MOCVD
[12, 14], MBE [15, 16], and VLS have been
employed to grow the ZnO NWs. Among these
techniques, the VLS has been used extensively for
growing ZnO nanostructure on the metal-catalysed
substrate. In case of Si substrate bare surface
offers large mismatch in thermal expansion
coefficient and lattice constant [17, 18]. Thus,
metal coating is inevitable for the growth of large
area and dense ZnO nanostructures. In the VLS
process argon serves as the carrier gas and
transports the Zn vapors to the Au droplet where
the precipitation of the ZnO takes place until the
saturation state is reached. Afterwards out of the
melt, nucleation of the solid ZnO takes place
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resulted in the formation of ZnO nanowires. The
metal catalyst here provides the preferential site
for the adsorption of the Zn vapors and will
remain at the tip of the nanowires [19, 25].

The p-type doping in bulk ZnO is still a
challenge because of electronic defects, which
may be generated due to the difference of the
lattice constant of p-type region from that of
intrinsic region. These defects thus, counter the p-
type doping effect from the intrinsic dopant [26].
However in the case of nanostructure, the single
crystal growth reduces the lattice defects. Thus,
the strain produced due to the incorporation of P-
type dopant would not induce much defects with a
limited dimension [26]. Various doping elements
such as Na, N, P and Sb have been studied to
increase the application possibility of ZnO
nanostructures [11, 27, 29]. Yang et. al. [30]
studied the incorporation of N in ZnO NWs and
suggested that morphology is unaffected by N

doping, the reported length of as-grown ZnO
nanowire is ~ 1-2um and the diameter varies in the
range of 80-130nm. Wu et. al. have fabricated Na-
doped ZnO NWs by thermal decomposition route,
according to their findings, Na doping has
negligible effect on the size and morphology of the
as-synthesized samples [31]. Lupan et. al. have
grown the Ag and Sb doped ZnO nanorods with a
facile hydrothermal technique, the length and
diameter of the pure ZnO nanorods were 200pum
and 200nm respectively which were not affected
by Ag and Sb doping [32]. In summary, the effect
of doping on the structure and morphology of the
nanowires need more attention and can prove
useful in controlling the dimensions of nanowires.
Table 1 witnesses the effect of various dopants on
the length and diameter of ZnO nanowires. The
data indicates that information about the effect of
Sb in ZnO lacks various features and hence
requires further research.

Table 1: Growth method and effect of doping on Length and diameter of ZnO nanowires

. Length (um) Diameter (nm)
Preparation . Temp
method Substrate Doping . v °C Ref
Doped Doped
grown grown
VLS ZnO:Ga/Glass Al 2.6 2.4 100 | 80-160 | 550 %
ZnO film on c-
CVD plane sapphire Sh - 3.2 - 200 650 i
substrate
Aquepus Si with ZnO seed Na 0.75 0.15 30 50 i 35
Solution layer
Glass with ZnO 36
hydrothermal seed layer Ga - 1.96 - 54 90
CVD Si In - 10-15 - 70-311 | 550 ¥
CVD sapphire P 2 50-60 | 945 %
Wet- Chemical 39
method i Fe S 3 i i
MOVPE Al,O3 - 35 - 150 - 800
VLS ZnO 1-2 - 60-100 - 990 0
CVD Si Wltkll ZnO seed i 1510 i 150 i el
ayer
Thermal . 350- 2
evaporation S i 12 i 400 i 700
Thermal . 600- 2
evaporation sapphire i 25 i 800 i 700
VLS Si (100) Sh 1.3 16 170 95 950 This
study
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In the case of ZnO nanowires, VLS growth with
different catalysts has long been reported [43, 45].
In all these findings metal catalyst has been found
on top of the ZnO nanowires. In this work, the
growth of undoped and Sh-doped ZnO nanowires
using the VLS method is investigated. We have
discussed the structure and morphology of
undoped and Sb-doped ZnO nanowires by X-ray
diffraction analysis (XRD) and scanning electron
microscopy (SEM). From the Williamson-Hall
(W-H) procedure we gave information on the
crystallite size and strain of undoped and Shb-
doped ZnO nanowires. PL spectra of the undoped
and Sh-doped samples have also suggested the
important findings.

2. Experimental Procedure

ZnO NWs were grown on Au coated Si (10
0) substrate by VLS techniques. Thin film of Au ~
8nm was deposited on substrate by thermal
evaporation technique and thickness of film was
controlled by thickness monitoring unit. Prior to
growth, the substrates were cleaned in acetone,
isopropanol and deionized water for 10 minutes
each. The source used for the sample A was
graphite and ZnO powder (99.99% pure of Alfa
Aesar) mixed together by equal volume.

Alumina boat containing the source was
transferred inside the quartz tube to the center of
the furnace at a temperature of 1050 °C. The
substrate was placed inside the quartz tube toward
the lower temperature region of furnace. The
argon flux was used to transfer the Zn vapors from
the source to the substrate. The flow rate, and
substrate temperature were varied to obtain 1-D
growth of ZnO NWs and the best results were
obtained for sample A at 950 °C with argon flux of
246 sccm. Other samples were grown at same
temperature and argon flux, with addition of Sb
powder along with ZnO and C powders. ZnO and
C powder were mixed by equal volume with
varying concentration of Sh powder, all mix
together. Samples B, C, and D were having (ZnO
+ C): Sb = 30:1, 20:1 and 10:1 by volume,

ZnO (s) + C (s) >
Zn(g) +CO (9) SN
ZnO (9) E——
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respectively. The Sb as a dopant serves to control
the dimensions of the ZnO nanowires.

3. Results and Discussion

The SEM image of Fig. 1 (top left) gives a
general view of the as grown sample, where the
nanowires simply present the VLS grown
technique with Au tip at the end. The grown wires
are dense and uniformly distributed which is
generally the outcome of the metal coated Si
substrate. We have randomly selected 10
nanowires from each sample and measured the
dimension of nanowires by using the software
Image J. Fig. 1 (top left) shows the SEM image of
sample A and average length of the grown
nanowires is approximately 1.3um. The grown
nanowires have the Au tip which is the evidence
that growth mechanism involved is VLS. The
process can be briefly explained as following: The
Au droplet along with Zn form the eutectic alloy
where Zn continues to absorb and the
concentration of the Zn increases with time which
supersaturates the Zn content in the alloy,
afterwards the solid crystal nucleates out of the
alloy droplet in the form of NWs with Au tip. In
the growth of other samples, we have introduced
the Sb powder in varying ratio in the reactants and
observe the effect of Sb doping on the structure
and morphology of the NWSs. Incorporation of Sh
into the ZnO nanowires plays a quite interesting
role, the length of the wires increases to a
manifold as compared to as-grown ZnO
nanowires. Fig. 1 (top right), shows the
dimensions of the nanowires of sample B having
the length of 5um and width of 127nm, the
measured length is 4 times longer as compared to
as-grown ZnO. Fig. 1 (lower left) shows the
dimensions of nanowires of sample C having
length of 8um and width of 100nm, the measured
length is 6 times longer than as-grown ZnO NWs.
Fig. 1 (lower right) shows the dimensions of
sample D having length of 16um and width of
95nm, the measured length is almost 12 times
longer as compared to as-grown ZnO listed in
Table 2.

Zn (g) + CO (g) at a hot zone @
ZnO (g) + C (s+g) )
Zno @)
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Fig. 1:
sample D grown by VLS process

The SEM images of samples B, C, and D
present that Sb serves to grow the longer
nanowires. The increase in length of wires takes
place due to the following reasons (i) increase in
the solubility of the Zn vapors (ii) decrease of
Young Modulus [46] increases the strain in Sb
doped ZnO nanowires, is responsible for the
increase in length of the wires. The mathematical
expression clearly explains the effect of Sb doping
on the increase in length (AL) of ZnO nanowires.

FXL

Strain  AXAL (4)

The Sb in the NWs increases the strain in
the wires which results in the considerable
increase in the length of nanowires. In other way,
the same thickness of the Au film in all samples
ensures the formation of Au droplet of same
surface area, but the solubility of the Zn vapors
increases with the increase of Sb concentration.
The morphological changes due to the
incorporation of Sb in ZnO NWs are illustrated in

_ Stress
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SEM images: (top left) sample A, (top right) sample B, (lower left) sample C and (lower right)

Fig. 2, which shows that by increasing the Sbh
concentration in ZnO, the length of the nanowires
increases while the diameter decreases.

20 180
—n—Length
A —A— Diameter
- 160
15
£ -140 2
2 10 3
) g
E’ 120 3
5 ]
a - 100
\A
0 T T T T T T
0 2 4 6 8 10
Sb concentration (%)
Fig. 2: Length and diameter of as-grown and Sb-

doped ZnO NWs
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Table 2: The growth mechanism of samples A, B, C and D

Growth Argon Shape and Dimension of
Source Used
Temperature Flow Nanostructure
Sample 950°C | 246 scem | 4MOandgraphiteequal |5 \vye - 1 3um width ~ 170nm
A by volume
Sample (ZnO+C):Sb = 301 b ZnO NWs of length ~ 5um & width
: o0 = SU.L by ~ 127nm
B 950 °C 246 sccm Volume
Sample . (ZnO+C):Sb = 20:1 by ZnO NWs of length ~ 8um & width
C 950°C 246 scem Volume ~100nm
Sample 950 °C 246 scem (ZnO+C):Sb=10:1by | ZnO NWs of length ~ 16um &
D Volume width ~ 95nm

Fig. 3 shows the XRD patterns of samples
A, B, C and D recorded in the range of 30° to 60°
with the scanning step of 0.010°, the samples show
the peaks which are ascribed to (1 0 0), (00 2), (1
01), (102 and (1 1 0) crystal planes of the

hexagonal wurtzite structure of ZnO. All the

Fig. 3:

diffraction peaks are in good agreement with those
of the standard JCPDS card (JCPDS No. 89-1397,
and 89-0511). The diffraction peaks at 38.179° and
44.381° correspond to Au (1 1 1) and Sb (0 0 6),
respectively.

Arbitrary Unit
l> ZnO (100)

30

20 (degree)

XRD spectrum of samples A, B, C and D
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Sample A
1 y = 0.00729 + 0.00839 X

Sample C
y = 0.00789 + 0.00767 X

4Sin@

Fig. 4:
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2
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0021 4
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s
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0018 -
0017 4
0.016 -
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4 Sin &

W-H analysis of samples A, B, C and D by assuming UDM. Y -intercept and slope of the linear

fit provided crystallite size D and microstrain &, respectively

Various microstructural characteristics of
ZnO are calculated and listed in Table 2. Lattice
constants of ZnO are calculated by

a= b — L c= L

T 7 V3sing "~ Sing
Different methods are reported to calculate
crystallite  size and strain  but Uniform

Deformation Model (UDM) of Williamson-Hall
analysis is found to be more reliable [47]. By
Scherrer formula
K
B Cosb

kr

D=
D Cos6

Q)

where D is the crystallite size, k is a constant (k =
0.94) and A is the wavelength of incident X-rays (A
0.15405nm) and B, is the full width half
maximum. The strain-induced in ZnO samples due
to dislocation along with imperfection of crystal
was calculated by Wilson equation

p, = 4etan® (6)

where € is the induced-strain, it is clearly seen
from Eq. (4) and (5) that broadening of Bragg
peak is the additive effect due to crystallite size
and microstrain. Assuming the independently

:Btz
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effect of size and strain contribute the Bragg peak
broadening and both have a Cauchy like profile,
simply the observed broadening B, is the sum of

Eq. (4) and (5).

Bt = By + By @)
B = (%:Se) + (4ctan0) (8)
Simplify Eq. (4)

B COSO = (%) + (4¢sin0) 9)

Above equation is called W-H equation. A
plot of 4sin6 along x-axis versus P,,,cos6
along y-axis is drawn as shown in Fig. 4. UDM
based on the assumption that strain is uniformly
distributed in all direction of crystal; the isotropic
nature of crystal is considered where all properties
of material are independent of the direction along
which they were measured [48]. The UDM
analysis of ZnO is shown in Fig. 4. After linear fit
of the data, y-intercepts and slope of the linear fit
provided crystallite size D and microstrain € are
listed in Table 3 which reveals that by increasing
the Sb concentration the crystallinity of ZnO NWs
are actually improved which support SEM results.
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Table 3: Lattice constants, crystalite size and microstrain of samples A, B, C and D

a=b c Crystalite Size . .
0. Microstrain
(nm) (nm) (nm)
Sample A 0.326 0.522 88 8.18 x 107
Sample B 0.326 0.522 91 9.69x 1073
Sample C 0.326 0.521 93 7.67x1073
Sample D 0.326 0.522 98 7.19x1073

PL properties of as-grown and Sbh-doped
ZnO under the excitation wavelength of 247nm
have been studied. Fig. 5 shows the PL spectrum
for all the samples, the emission peaks for samples
A, B, C and D are observed at 3.50eV, 3.46eV,
3.40eV, and 3.40eV respectively. These samples
are showing the high value of emission energy
especially sample A has shown the peak emission
at 3.50eV. In Fig. 5, the red shift of the peak was
observed for the Sb-doped ZnO sample as
compared to as-grown ZnO sample. This red shift
may be due to the nanostructure formation by
incorporation of Sb into ZnO. It is also revealed
that incorporation of Sb into the NWs causes the
band tailing which is responsible for the peak
broadening in the PL spectrum [49]. The study of
ZnO NWs properties by PL may lead to the
important applications in the future nano-
photonics, nano-electronics and nano-
optoelectronics.

4. Conclusion

We have studied the growth of undoped and
Sb-doped ZnO nanowires on Au coated Si
substrate by a VLS method. The average length of
the undoped nanowires is ~ 1.3um. Our results
showed that by increasing the concentration of Sh
in the alloy, the length of Sb-doped ZnO
nanowires increases subsequently. Further, we
have discussed the role of Sb in achieving the
growth of longer 1-D ZnO nanowires. Sb serves to
increase the Zn supply in Au-Zn alloy. Thus,
incorporation of Sb alters the structure and
morphology of the Sh-doped ZnO nanowires.
XRD, and W-H analysis have shown that Shb-
doped ZnO nanowires have good crystallinity. PL
spectrum of the Sb-doped ZnO nanowires has
shown red shift with the peak broadening.

Intensity

Sample A
Sample B
Sample C
Sample D
T T T T T T T
3.0 3.5 4.0 4.5 5.0

Energy eV

Fig. 5: PL Spectrum of Sample A, B, C and D
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