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Abstract

Undoped and group-I elements doped ZnO nanowires were synthesized using a thermal evaporation method. Field emission scanning electron
microscopy (FESEM) results showed that, the undoped ZnO nanowires were ultra-long with uniform diameters. On the other hand, the length of
the doped ZnO nanowires was in the range of some hundred of nanometers. X-ray diffraction (XRD) patterns clearly indicated hexagonal
structures for all of the products. X-ray photoelectron spectroscopy (XPS) studies confirmed the oxidation states of Li, Na, K, in the ZnO lattice.
An asymmetric O 1s peak indicated the presence of oxygen in an oxide layer. The effect of doping on the optical band-gap and crystalline quality
was also investigated using photoluminescence (PL), UV–vis, and Raman spectrometers. The Raman spectra of the products indicated a strong E2

(high) peak. The PL spectra exhibited a strong peak in the ultraviolet (UV) region of the electromagnetic spectrum for all of the ZnO nanowires.
The UV peak of the doped ZnO nanowires was red-shifted compared to the undoped ZnO nanowires. In addition, the UV–vis spectra of the
samples showed similar results compared to the PL results.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Zinc oxide (ZnO) is an n-type metal oxide semiconductor with
a wide band-gap (3.36 eV) and large exciton binding energy
(60 meV) at room temperature. These characteristics make this
material interesting for many applications such as solar cells [1],
field emission materials [2], nano-electronic devices [3], gas
sensor [4], and photocatalyst properties [5]. The key factors
affecting these applications are the shape, size, impurities,
doping, structures, and phases. For this reason, many researchers
in recent years have focused on the synthesis of doped and
undoped nanocrystalline materials such as ZnO. In addition to
ours, many other groups have also reported the synthesis of
doped ZnO nanostructures with various morphologies using
different methods [6–9]. However, the key challenge that
needs to be overcome for the realization of most ZnO based
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applications is the fabrication of p-type material. p-type ZnO
may be achieved by the substitution of group-I elements on the
Zn-site [10–12] and group-V elements on the O-site [13–15],
respectively. Although many attempts has been made recently
over the material conductivity type is still to be obtained and
hence a comprehensive investigation of the fundamental proper-
ties of acceptors in ZnO is needed. From literature survey it is
found that, the selected element from group-I elements showed
better properties as dopants materials than group-V elements in
terms of the shallowness of the acceptor level [16]. Therefore,
the study of different effects of group-I as dopants on structural
and optical properties of ZnO nanostructures can lead to obtain
p-type ZnO nanostructures.
Several groups have tried to synthesize p-type ZnO nanos-

tructures by employing group-I elements as acceptors. Recently,
p-type Li-doped ZnO nanowires have been grown by our group,
which were grown by a thermal evaporation method. It was
observed that not only lithium could play as an acceptor in ZnO
structures but also could improve the optical properties of the
ghts reserved.

www.sciencedirect.com/science/journal/02728842
http://dx.doi.org/10.1016/j.ceramint.2013.08.100
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2013.08.100&domain=pdf
www.elsevier.com/locate/ceramint
http://dx.doi.org/10.1016/j.ceramint.2013.08.100
http://dx.doi.org/10.1016/j.ceramint.2013.08.100
http://dx.doi.org/10.1016/j.ceramint.2013.08.100
mailto:Yousefi.ramin@gmail.com


A. Sa΄aedi et al. / Ceramics International 40 (2014) 4327–43324328
ZnO nanowires [3]. Jayanthi and co-workers compared the
effects of Li and Na on the morphology of ZnO nanocrystals.
They found that lattice parameters and the bond length of the Li-
and Na-doped ZnO nanocrystals were altered due to different
ionic radii of Liþ and Naþ [17]. In addition, Lee and Chang
investigated possible p-type doping with the group-I elements in
ZnO. They obtained that, Li and Na are better acceptor dopants
with shallower acceptor levels than N, while they are mostly
self-compensated by Li and Na interstitials, respectively. They
also found that a co-doping with H impurities and a subsequent
annealing process greatly enhance the electrical activity of
group-I dopants [18]. Xiao et al. doped ZnO thin film with
Li using pulsed laser deposition (PLD). They concluded that
Li-doped ZnO thin film not only provided good p-type behavior
but also showed high transmittance in the visible region [19].
In addition, a Li–N dual-acceptor doping method has been
developed by Lu and co-workers to prepare p-type ZnO thin
films using PLD [20]. They observed much lower resistivity for
Li–N co-doped ZnO thin film than that of Li or N monodoped
ZnO films. Therefore, a comparative study of different effects of
group-I elements on morphology and optical properties of ZnO
nanostructures can lead to better understanding of the behavior
of these materials as acceptors in ZnO structure. Such knowledge
can enhance development of optoelectronic devices in the future.

In the present work, a thermal evaporation route was used to
grow undoped, Li-, Na, and K-doped ZnO nanowires. The effects
of these elements from the group-I elements on morphology and
optical properties of the ZnO nanowires were investigated.

2. Experimental sections

The growth of undoped and group-I-doped ZnO nanowires
was performed in a horizontal tube furnace. First, Si (1 0 0)
substrates were ultrasonically cleaned using ethanol and deionized
Fig. 1. FESEM images of (a) undoped, (b) Li-doped, (c) Na-doped, and
water. They were then lightly etched with an HF (43%) and
deionized water mixture (1:10) for about 10 min to remove the
native oxide layer. A mixture of zinc oxide powder (99.99%),
XOH powder (X¼Li, Na, and K), and commercial graphite
powder in a 10:1:10 weight ratio was used as the precursor
material to grow the doped ZnO nanowires. The precursor
material was placed at the closed end of a small quartz tube
and a Si (1 0 0) substrate was placed downstream of the precursor
material. The small tube was then inserted into the vacuum
chamber so that the closed end was at the center of the furnace.
The source material was heated up to 950 1C and the temperature
of the substrate was maintained at 600 1C during growth. High
purity N2 gas was fed at about 200 sccm into the furnace at one
end, while the other end was connected to a rotary pump. The
growth process was allowed to proceed for 1 h. A vacuum of
50 Torr was maintained inside the tube furnace during the
deposition of the nanostructures. According to these conditions,
three sets of the group-I-doped ZnO nanowires were grown.
In addition, the undoped ZnO nanowires were grown under the
same conditions.
The morphology and crystal structure of the products were

investigated using field emission scanning electron microscopy
(FESEM, Hitachi S4160) and an x-ray diffraction (XRD,
Phillips PW3040/60), respectively. Elemental analyses of the
products were undertaken using x-ray photoelectron spectro-
scopy (XPS, VG-Microtech ESCA-2000). The XPS spectra
were recorded using Mg-Kα radiation (1256.6 eV). Room
temperature photoluminescence (Perklin Elmer LS55), UV–
vis (Cary 500 UV–Vis–Nir), and Raman (Almega Thermo
Nicolet Dispersive Raman Spectrometer) spectrometers were
employed to study the optical properties and crystallinity of the
ZnO nanowires. A xenon arc lamp as the light source was used
for the PL and an Nd:YLF laser with a wavelength of 532 nm
were used for the Raman measurements.
(d) K-doped ZnO nanowires. The insets show end of the nanowires.
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3. Results and discussion

Fig. 1(a)–(d) show the FESEM images of undoped and
group-I-doped ZnO nanowires. As can be observed in this
FESEM image, the undoped ZnO nanowires were randomly
grown on the Si substrate, with a uniform diameter of �50 nm
and length of several hundred micrometers (Fig. 1(a)). Fig. 1
(b) shows an FESEM image of the Li-doped ZnO nanowires. It
can be seen in this image, the Li-doped ZnO nanowires were
also randomly grown on the Si substrate, with similar diameter
(�55 nm) in comparison to the undoped ZnO nanowires.
Fig. 1(c) shows an FESEM image of the Na-doped ZnO
nanorods with an average diameter of �75 nm and length of
several hundred nanometers. Fig. 1(d) reveals an FESEM
image of the K-doped ZnO nanowires with an average
diameter of �110 nm with non-uniform length. In addition,
the insets of these figures show that, the end of the nanowires
shape is different.

Fig. 2 shows the XRD patterns of the undoped and group-
I-doped ZnO nanowires. The XRD patterns agree with the
standard card for bulk ZnO with a hexagonal structure (JCPDS
Fig. 2. XRD patterns of the undoped and group-I-doped ZnO nanowires.
No. 800075). No peaks from Zn, Li2O, Na2O, K2O or other
impurities are observed.
The XPS analysis was used for further evaluation of their

purity and the composition of the film′s surface within a few
nanometers and is depicted in Fig. 3. These spectra show an
overall scan, indicative of group-I seepage in ZnO structures.
In Fig. 3(a) the photoemission peak located at 55.8 eV for Li-
1s, at 1071.8 eV for Na-1s in Fig. 3(b), and at 291 eV for K-2p
in Fig. 3(c) shows the seepaging of group-I impurities in the
atomic structure of ZnO. In all cases, the spin orbit splitting of
23 eV for Zn-2p3/2 and Zn-2p1/2 confirming that the Zn atoms
are in a completely oxidized state [21]. Also photoemission
peak for Zn and O is obvious in Fig. 3. The peak exhibited at
532.1 eV to 532.4 eV is attributed to the oxidized metal ions in
the films, namely O–Zn in the ZnO lattice.
Raman spectroscopy is an effective technique for estimating

the crystallinity of materials. According to the group theory,
single crystalline ZnO belongs to the C4

6v space group, with
two formula units per primitive cell and eight sets of optical
phonon modes at the Г point of the Brillouin zone, classified as
A1þE1þ2E2 modes (Raman active), 2B1 modes (Raman
silent) and A1þE1 modes (infrared active). The E1 and A1

modes are two polar modes and are split into the transverse
optical (TO), and longitudinal optical (LO) branches. The
Raman spectra of the undoped and group-I-doped ZnO
nanowires are presented in Fig. 4. As shown in Fig. 4,
the Raman spectra show a sharp, strong, and dominant peak
at 438 cm�1 for the nanowires, corresponding to the E2 (high)
mode of the Raman active mode, a characteristic peak for the
wurtzite hexagonal phase of ZnO. The peak at 579 cm�1

belongs to E1(LO) is associated with impurities and the
formation of defects such as oxygen vacancies [22]. However,
this result indicates that the Li-doped ZnO nanowires have
lower oxygen vacancies than the Na-, K-doped, and undoped
ZnO nanowires.
Photoluminescence (PL) study is also a powerful method for

investigating the effects of impurity doping on the optical
properties of semiconductor nanostructures with direct band
gap, because doped nanostructures are expected to have
different optical properties compare to undoped nanostruc-
tures. Fig. 5 shows the room temperature PL spectra of the
undoped and group-I-doped ZnO nanowires. The PL spectra of
the undoped and doped ZnO nanowires show a strong peak in
the ultraviolet (UV) region at 381–388 nm, and a green
emission (deep-level emission (DLE)) peaks in the visible
region at E490–540 nm. However, the UV/DLE ratio of the
Li-doped ZnO nanowires, which is one of the main factors that
is usually used for comparing the optical properties of samples,
is bigger than the UV/DLE ratio of the Na-, K-doped, and
undoped ZnO nanowires. Therefore, the Li-doped ZnO nano-
wires have a better relative crystalline quality. This result
indicates that the Li-doped ZnO nanowires have higher optical
quality than Na-, K-doped, and undoped ZnO nanowires. This
result is in good agreement with our previous results [10]. In
addition, these results are in good agreement with those
obtained from the Raman results. Seemingly, the PL results
indicate that Li from the group-I elements can reduce oxygen



Fig. 4. Raman spectra of the undoped and group-I-doped ZnO nanowires.
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vacancies in ZnO lattice. The Raman results obtained from
Fig. 4 show that, the Li-doped ZnO nanowires have signifi-
cantly smaller deffect than the other ZnO nanowires. It is
known that defects can decrease the crystalline and optical
qualities of a sample [23]. However, the main reason to obtain
these results could be ionic radii difference. Since Li (0.76 Å)
has similar ionic radius with Zn (0.74 Å) in comparison to Na
(1.02 Å) and K (1.38 Å) that have bigger ionic radii than Zn.
The incorporation of the ghost element with the big difference
of ionic radius into the host lattice will introduce lattice
distortion. This effect influences the energy band structure of
the ZnO nanowires doped with sodium and potassium, and as a
result, new defects such as oxygen vacancies can be introduced
by the new band structure deformation. Compared with the
undoped ZnO nanowires, the PL spectra of the doped ZnO
nanowires show an obvious red-shift in the UV emission
(Fig. 5(b)). This red-shift in the UV emission could be a result
to obtain p-type ZnO nanowires.
A widening of the band-gap is usually observed for ZnO
doped with donors; while p-type ZnO has shown band-gap
reduction if doped with acceptors. In fact, the UV peak of the
PL spectra of the ZnO nanostructures, which have been doped
by donor materials, exhibited a blue-shift in comparison to that
observed for the undoped ZnO nanostructures [24–26].

For better understanding the effects of the group-I elements
on the optical properties of the ZnO nanowires, the nanowires
have been characterized by UV–vis spectroscopy. Fig. 6 shows
Fig. 3. XPS spectra of (a) Li-doped, (b) Na-
the UV–vis absorbance spectra of the undoped and doped ZnO
nanowires. The absorbance spectrum intensity is increased and
emission band has a red-shift after the group-I doping. More-
over, the direct band-gap energies can be estimated from a plot
of (α� hν)2 versus the photo energy (hν) according to the
Kubelka–Munk model [27], where α is the absorptance
coefficient, h is plank constant, and ν is frequency. In addition,
the direct band gap can be estimated from the maximum of the
first derivative of the absorbance plot versus energy also from
the intersection of the second derivative with energy axle [27].
Fig. 6(b) shows the second derivative of the absorbance
doped, and (c) K-doped ZnO nanowires.



Fig. 5. (a) PL spectra of the undoped and group-I-doped ZnO nanowires. (b) UV peaks of the nanowires.

Fig. 6. (a) Absrobance spectra of the undoped and group-I-doped ZnO nanowires. (b) The band gap of the ZnO nanowires estimated from second derivative and
energy excel intersect.
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coefficient for the undoped and group-I-doped ZnO nanowires.
This method also shows decreasing of optical band gap energy
of the group-I-doped ZnO nanowires in comparison to the
undoped ZnO nanowires.

4. Conclusion

The thermal evaporation method was used to grow undoped,
Li-, Na-, and K-doped ZnO nanowires. The FESEM results
showed that, the group-I elements as dopants not only changed
the size of the nanowires but also they changed the face of the
nanowires. The XRD patterns indicated a hexagonal phase for
all of the nanowires. The XPS spectra revealed that, indicative
of group-I seepage in ZnO structures. In addition, the XPS
spectrum of Zn 2p showed that the split value of binding energy
could be a characteristic value of ZnO. Optical characterization
revealed that, the band gap energy of the ZnO nanowires reduced
due to group-I elements as dopants.
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