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a b s t r a c t
Al-doped ZnO (AZO) shell layers were coated on core ZnO nanowires to fabricate ZnO/AZO core–shell
nanowires. The energy-dispersive X-ray spectra conﬁrmed the presence of Al element in the shell layers,
and the lattice resolved transmission electron microscopy image revealed that these layers corresponded
to the hexagonal ZnO structure. The X-ray diffraction pattern exhibited a shift of the ZnO peaks, suggesting the substitutive incorporation of Al into the ZnO lattice. The A1(LO) mode line in the Raman spectra
was enhanced by the AZO coating. In the photoluminescence measurements, the AZO coating enhanced
the intensity ratio of the UV to green emission.
Ó 2009 Elsevier B.V. All rights reserved.
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1. Introduction
As a group II–VI semiconductor material, zinc oxide (ZnO) has
attracted a great deal of attention from scientists and technologists
across the globe, because of its versatile and remarkable physical,
optical and electronic properties. ZnO is an n-type oxide semiconductor material with a wide bandgap energy of 3.37 eV and high
exciton binding energy of 60 meV and, hence, it has assumed great
importance due to its intriguing and multi-optical functions [1–4].
Doped ZnO nanostructures have attracted much interest owing
to their potential in nanodevice fabrication [5]. Aluminum (Al) is a
widely used group III dopant, efﬁciently forming n-type ZnO. Additionally, Al-doped ZnO (AZO) ﬁlms are useful materials for a variety of applications, including gas sensors [6], solar cells [7],
optoelectronic devices [8], and ﬂat panel displays [9].
In this paper, we report the preparation of ZnO/AZO core–shell
nanowires. In order to fabricate nanowire-based devices with a p–
n junction in the radial direction for future applications, it is neces-
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sary to develop a technique to deposit n-type AZO shell layers on
core ZnO nanowires [10]. Furthermore, AZO shell layers can be
used not only for the protection of the core ZnO nanowires from
contamination or oxidation, but also to add a variety of functions.
We conducted a comparative investigation of the samples before
and after the AZO coating, in regard to their structural, Raman,
and photoluminescence (PL) characteristics. To the best of our
knowledge, this is ﬁrst report on the coating of AZO layers on
ZnO nanostructures.

2. Experimental
First, we synthesized ZnO nanowires by heating the Zn powders
in a vertical tubular furnace [11], in which the Zn powders and Aucoated Si substrates were placed on the lower and upper holders in
the center of the quartz tube, respectively. The gas ﬂow rate of
nitrogen (N2) was 1.5 standard liters per min (slm). The substrate
temperature was maintained at 900 °C for 1 h.
Subsequently, we carried out AZO coating experiments on the
as-grown ZnO samples by using the rf sputtering technique [12].
AZO layers were deposited by rf sputtering at a pressure of
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3. Results and discussion
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0.02 Torr in an Ar ambient. The AZO target (ZnO: 97 wt.% and Al:
3 wt.%) was supplied by Taewon Scientiﬁc Co. Ltd., Korea. The rf
power for the AZO target was set to 150 W. While the substrate
temperature was ﬁxed at 25 °C, the sputtering time was varied in
the range of 1–3 min. The thicknesses of AZO layers sputtered for
1, 2, and 3 min are estimated to be about 10, 20, and 30 nm,
respectively.
The structural properties were characterized by X-ray diffraction (XRD) (Philips X’pert MRD diffractometer with CuKa1 radiation), ﬁeld emission scanning electron microscopy (FE-SEM)
(Hitachi, S-4200), transmission electron microscopy (TEM) (Philips,
CM-200), and energy dispersive X-ray spectroscopy (EDX). MicroRaman spectra were taken on a Renishow Ramoscope equipped
with a He–Ne laser (k = 633 nm). PL spectra were measured at
room temperature following excitation with a He–Cd laser
(k = 325 nm, 55 mW). Both the Raman and PL measurements were
done at room temperature.
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Fig. 2. EDX concentration proﬁles of Zn, O, and Al along the line drawing in a AZOcoated ZnO nanowire.
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Fig. 1a shows a typical SEM image of the AZO-coated products,
conﬁrming their one-dimensional (1D) structure. Fig. 1b shows a
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Fig. 1. (a) SEM image of the AZO-coated products. (b) TEM image of a AZO-coated
ZnO nanowire. The inset shows the corresponding SAED pattern.

Fig. 3. Normalized XRD patterns of (a) uncoated ZnO nanowires, (b) 10 nm-AZOsputtered ZnO nanowires, and (c) 20 nm-AZO-sputtered ZnO nanowires (inset:
corresponding SEM images exhibiting the tip-part of the nanowires).
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Fig. 4. Variation of peak positions of ZnO(1 0 0) and ZnO(0 0 2) peaks with the AZO
thickness.
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TEM image of a region near the surface of a AZO-coated ZnO nanowire. The lattice spacing of the nanowire is approximately 0.26 nm,
corresponding to the (0 0 2) fringes of the wurtzite hexagonal ZnO
crystal. Although the surface of the nanowire is a little coarse, the
corresponding selected area electron diffraction (SAED) pattern
suggests that the nanowire is crystalline. Fig. 2 shows the EDX concentration proﬁles of Zn, O, and Al elements along the line drawing
in a typical coated nanowire with a sputter time of 2 min. The EDX
proﬁles clearly conﬁrm the existence of Al, as well as Zn and O.
Fig. 3a shows the XRD pattern of the uncoated ZnO nanowires,
whereas Fig. 3b and c exhibit the XRD patterns of the AZO-coated
ZnO nanowires sputtered for 1 and 2 min, respectively. The patterns exhibit four crystal phases, i.e., hexagonal ZnO (JCPDS 361451), hexagonal Zn (JCPDS 04-0831), cubic Au (JCPDS 04-0784),
and orthorhombic Au2O3 (JCPDS 43-1039). The ZnO-associated
peaks are attributed to the ZnO nanowires. In addition, we surmise
that the excessive Zn in the vapor is adsorbed on the solid surface,
resulting in Zn peaks [13]. Since the TEM investigation revealed
that the nanowires were mainly composed of hexagonal ZnO
phase, we surmise that most of the solid Zn would be easily oxidized to ZnO by the residual oxygen [14] and there should exist
a relatively small amount of Zn phase in the product. On the other
hand, the Au and Au2O3 peaks are ascribed to the Au catalysts on
the bottom or at the tips of the nanowires. The inset of Fig. 3a
shows a selected SEM image of the as-produced ZnO nanowires,
which clearly reveals the presence of Au-related particles at their
ends. The comparison study in regard to the Au2O3(2 2 0),
Au2O3(1 1 1), and Au(2 0 0) peaks reveals that the relative intensities of those peaks decreased with increasing thickness of the AZO
layer. The inset of Fig. 3c shows a selected SEM image of the AZOcoated ZnO nanowires, suggesting that the core ZnO nanowires,
including the nanoparticle-comprising tips, have been coated with
the AZO layer. Accordingly, we surmise that the Au-associated
phases were covered by an AZO layer, resulting in the suppression
of the Au- and Au2O3-related XRD peaks.
In the present analysis concerning the XRD peak positions, the
relatively intense and sharp diffraction peaks corresponding to
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Fig. 5. Room-temperature Raman spectra of (a) uncoated and (b) 20 nm-AZOsputtered ZnO nanowires.

the (1 0 0) and (0 0 2) indices of ZnO were extracted. Fig. 4 shows
the variation of the positions of the ZnO(1 0 0) and ZnO(0 0 2)
peaks with the AZO thickness. With regard to the ZnO(1 0 0) orientation, a slight peak shift (0.61°) toward a higher diffraction angle
is observed, compared with the core ZnO nanowires (31.25°). Similarly, with regard to the ZnO(0 0 2) orientation, a slight peak shift
(0.91°) toward a higher diffraction angle is observed, compared
with the core ZnO nanowires (33.69°). It is surmised that Al atoms
were incorporated into the ZnO lattice and that they mainly substituted into the Zn sites, resulting in the reduction of the lattice constant [15].
Fig. 5a shows the room-temperature Raman spectrum of the
core ZnO nanowires. The sharp peak at 520 cm 1 was identiﬁed
as the TO phonon mode in the silicon (Si) crystal structure [16],
presumably originating from the Si substrates. Besides this peak,
the usual modes in ZnO, such as 333 cm 1 (E2(high)-E2(low) [17–
19]) and 437 cm 1 (E2(high) [20–22]), are also observed: On the
other hand, in the Raman spectrum of the ZnO nanowires sputtered for 2 min (Fig. 5b), the A1(LO) mode (573 cm 1) is noticeably
observed, whereas it is hardly seen in the spectrum of the uncoated
sample (Fig. 5a). The enhancement of the A1(LO) mode by the Al
doping has also been previously reported [17,21,23]. The
573 cm 1-band can be assigned to the electric ﬁeld-induced (EFI)
Raman scattering [21]. It has been reported that a grain boundary
depletion layer is formed in the ZnO layers [24]. The doped AZO
layers are degenerate and, thus, the concentration difference between the grain boundary and the grain is larger, which leads to
the generation of a narrower depletion region. Since the strength
of the electric ﬁeld in the Al-doped grain is higher than that in
the undoped one, due to the narrower depletion region, the AZO
generates a higher electric ﬁeld than the undoped ZnO [21].
Accordingly, the A1(LO) mode via the EFI Raman scattering should
be enhanced by the AZO coating.
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the concentration of oxygen vacancies according to the reaction:

X
Al2O3 + V 
O ? 2AlZn + 3OO [27]. Moreover, Kuo et al. postulated that
high Al-doping facilitates the nonradiative transition rate, in regard
to the localization of the Al impurity states [26]. On the other hand,
a weak red emission peak could be observed from the AZO-coated
sputtered samples (Fig. 6b and c). It is noteworthy that the red
emission shoulder was also found in uncoated sample (Fig. 6a).
With the wavelengths of UV and red emissions approximately corresponding to 380 nm and 760 (i.e. 380  2) nm, we surmise that
the weak red PL peak is a second-order peak of UV peak. A further
systematic study is in progress.

(a)

Normalized Intensity [arb. units]

4. Conclusions
In summary, we surrounded ZnO nanowires with AZO shell layers for the ﬁrst time. We employed a sputtering technique, in
which an AZO target was used. The TEM investigation indicates
that the shell layers correspond to the hexagonal ZnO phase. The
XRD analysis shows that the ZnO diffraction peaks are shifted to
higher-angle positions. The EDX spectra reveal that the shell layer
comprises Al, as well as Zn and O. The Raman spectra conﬁrm that
the addition of Al enhanced the A1(LO) mode line. The PL analysis
reveals that the intensity ratio of the UV to green emission was increased by increasing the thickness of the AZO layer.
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Fig. 6. Normalized PL spectra of the (a) uncoated, (b) 20 nm-AZO-sputtered, and (c)
30 nm-AZO-sputtered ZnO nanowires.

Fig. 6a, b, and c show the PL spectra of the uncoated ZnO nanowires and those AZO-coated with thicknesses of 20 and 30 nm,
respectively. The PL emission spectrum shown in Fig. 6a corresponds to the typical emission spectrum of ZnO, which consists
of a broad green emission and strong UV emission. Although the
AZO-coated ZnO nanowires also exhibit these green and UV emissions, it is noteworthy that the intensity ratio of the UV to green
emission was increased by the AZO layer. Also, the ratio was further increased by increasing the thickness of the AZO layer
(Fig. 6b and c). It is known that the free energy of formation of
Al2O3 (DGf = 1582.3 kJ/mol) is much smaller (i.e. negatively larger) than that for ZnO (DGf = 320.5 kJ/mol) [25]. In addition, the
bonding strength of Al–O (511 ± 3 kJ/mol) is much higher than that
of Zn–O (159 ± 4 kJ/mol) [25]. Accordingly, the Al–O bonds will be
easily formed in AZO layer and it is possible that the formation of
Al–O bonds in the AZO layers affected the green emission [26]. It is
well known that the deep level (green) emission of ZnO is due to
the presence of various defects, such as interstitial oxygen and oxygen vacancies. Because Al ions exist in the form of Al3+ and Zn ions
in the form of Zn2+, when Al element is doped in ZnO, the Al ions
will consume the residual O ions and decrease the concentration
of interstitial oxygen in the AZO layers. Also, Al is known to reduce
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