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Abstract

In-doped ZnO nanostructures with different indium concentrations were grown using a thermal evaporation method. The In-doped
ZnO nanostructures with a low concentration of indium exhibited a javelin shape, while the In-doped ZnO nanostructures with a high
concentration of indium showed a flake shape. In addition, undoped ZnO nanojavelins were grown under the same conditions, but the
sizes of these undoped ZnO nanojavelins were larger than the In-doped ZnO nanojavelins. It was shown that the In®* cations played a
crucial role in controlling the size. X-ray diffraction and Raman spectroscopy clearly showed hexagonal structures for all of the
products. However, the Raman results demonstrated that the In-doped ZnO nanoflakes had a lower crystalline quality than the In-
doped ZnO nanojavelins. Furthermore, photoluminescence (PL) measurements confirmed the Raman results. Moreover, the PL results
demonstrated a larger band-gap for the In-doped ZnO nanostructures in comparison to the undoped ZnO.
© 2012 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 ¢V) and large excitation binding
energy. These characteristics make this material interesting for
many applications such as solar cells [1] and field emission
applications [2]. The role of the nanostructure size, doping,
impurities, and morphology is very important to these
applications, which has driven researchers to focus on the
synthesis of doped and undoped nanocrystalline ZnO in recent
years. Several studies have recently been carried out to
investigate the properties of ZnO nanostructures with various
shapes [3-7]. In addition, the doping of semiconductors with
various elements is known to greatly affect many of the basic
physical properties of the semiconductor, including its
electrical, optical, and magnetic properties, which are all
crucial for most practical applications. In addition to ours,
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many groups have reported the synthesis of doped ZnO
nanostructures with various shapes using different methods
[8-11]. Typically, group III (Al, Ga, and In) elements are used
to dope ZnO with donor impurities. Accordingly, many
studies have already been performed on the synthesis and
characterization of doped ZnO nanostructures with these
elements [12,13]. However, In-doped ZnO nanostructures are
reported several times more often than the use of other group
III elements as dopant materials in ZnO nanostructures.
Because indium doping is important in the semiconductor
industry, many research groups focus on the development of
In-doped ZnO nanostructures [14,15]. In-doped ZnO films
show similar electrical conductivity and better transparency in
both the visible and IR regions compared to indium tin oxide
(ITO). Thus, they can be widely used as transparent con-
ductors in many applications [16]. Furthermore, indium is one
of the best elements for the band-gap engineering of ZnO,
provided that the content is carefully controlled [17-26]. We
also investigated the self-catalytic role of indium oxide in the
growth process of ZnO/ZnInO heterostructure nanowires that
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were grown on a Si(111) substrate using a thermal evaporation
setup and studied the effect of indium on the optical properties
of the products [27]. We applied a sintering method to prepare
the source material to obtain a mix phase of ZnO-In,O5 and
then used it to grow ZnO nanostructures in a tube
furnace setup.

In this work, to complete our knowledge of the effect of
indium on the morphology and optical properties of ZnO
nanostructures, we changed the previous experimental con-
ditions (ZnO and In,O3 powders were separated in the tube
furnace) to obtain ZnO nanostructures with different
morphologies. Under the new conditions, undoped ZnO
and In-doped ZnO nanostructures with javelin shapes were
obtained. In addition, by increasing the indium concentration
in the tube furnace, ZnO nanostructures with a flake shape
were also obtained. The effects of the indium content on the
morphology and optical properties of the ZnO nanostruc-
tures were investigated using several tools.

2. Experimental

The growth of In-doped ZnO nanostructures was per-
formed in a horizontal tube furnace. The details of the setup
were described elsewhere [4] First, Si(111) substrates were
ultrasonically cleaned using ethanol and de-ionized water.
They were then lightly etched with an HF (43%) and de-
ionized water mixture (1:10) for about 10 min to remove the
native oxide layer. A mixture of zinc oxide powder (99.99%)
and commercial graphite powder at a 1:1 weight ratio was
used as the precursor material for the ZnO, and In,O;
powder (99.99%) was used for the In precursor material
(Molzyo/Molpm,0, =10 : 2 and 10 : 3). The precursor mate-
rial for the ZnO was placed at the closed end of a small
quartz tube, while the In,O5; powder was placed 10 cm away
from the ZnO material, and a Si(111) substrate was placed
downstream of the precursor materials, as shown in Fig. 1.
The small tube was then inserted into the vacuum chamber so
that the closed end was at the center of the furnace. The ZnO
and In,O; precursor materials were heated to 950 and
850 °C, respectively, and the temperature of the substrate
was maintained at 600 °C during the growth process for the
In-doped ZnO nanostructures (Fig. 1). High purity N, gas
was fed at about 100 sccm into the furnace at one end, while
the other end was connected to a rotary pump. The growth
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Fig. 1. (a) Schematic of set-up used for growth of undoped ZnO
nanostructures. (b) Schematic of set-up used for growth of In-doped
ZnO nanostructures.

process was allowed to proceed for 1 h. A vacuum of 6 Torr
was maintained inside the tube furnace during the deposition
of the nanostructures. In this manner, three sets of In-doped
ZnO nanostructures made with different indium content.
Undoped ZnO nanostructures were also grown under the
same conditions using a catalyst-free substrate. The crystal
structure and morphology of the products were investigated
using a field emission scanning electron microscope (FESEM,
Quanta 200F) and an x-ray diffractometer (XRD, Siemens
D5000). The elemental contents of the products were
measured using energy dispersive x-ray (EDX, Quanta
200F) and field emission Auger electron spectrometers
(FEAES, Jamp-9500F). A room temperature photolumines-
cence (PL) spectrometer and Raman (Jobin Yvon Horiba
HR 800 UV) measurements were employed to study the
optical properties and crystallinity of the In-doped ZnO
nanostructures and undoped ZnO javelins. A He—Cd laser
with a wavelength of 325 nm and an Ar ion laser with an
emission wavelength of 514.5 nm were used for the PL and
Raman measurements, respectively.

3. Results and discussion

Fig. 2 shows XRD patterns of the undoped ZnO and In-
doped ZnO nanostructures. The XRD patterns in Fig. 2
agree with the standard card for bulk ZnO with a
hexagonal structure (JCPDS No. 800075). No peaks from
Zn, In, or other impurities are visible. The full width at
half maximum (FWHM) of all the peaks in the In-doped
ZnO nanostructure patterns are wider than those of the
undoped ZnO. This may be due to a result of the different
sizes or because of the use of indium as an impurity in the
In-doped ZnO nanostructures. Thus, doping with indium
causes a widening in the peaks [8]. In addition, the wider
peaks in the XRD pattern of the In-doped ZnO nanos-
tructures with larger indium content could be a sign that,
this sample has a lower crystalline quality than the other
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Fig. 2. XRD patterns of undoped ZnO and In-doped ZnO nanostruc-
tures. The XRD pattern of undoped ZnO nanostructures shows sharper
peaks than the peaks of the XRD patterns of In-doped ZnO
nanostructures.
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Fig. 3. (a) FESEM image of the undoped ZnO nanojavelins. (b) FESEM image of the In-doped ZnO nanojavelins. (c) EDX spectrum of the undoped

ZnO nanojavelins. (d) EDX spectrum of the In-doped ZnO nanojavelins.

samples. These results provide indirect evidence that
indium was incorporated into the crystal structure of ZnO.

Fig. 3(a) shows an FESEM image of the undoped ZnO
nanostructures. It can be clearly seen that the morphology
of the nanostructures is javelin-shaped. As can be seen,
these javelins have a perfect hexagonal geometry. The
average diameter of the javelins is about 350 nm at the tip,
and the average base diameter of is 100 nm, with several
micrometers in length. The orientation of the javelins
growth is preferentially along the direction of the c-axis
([0001]), because the c-axis is perpendicular to the hex-
agonal plane. Fig. 3(b) shows an FESEM image of the In-
doped ZnO nanostructures. The morphology of In-doped
ZnO nanostructures is also javelin-shape. However, the
average diameter at the tip of the In-doped ZnO nanoja-
velins is smaller (150 nm) than the average diameter of the
undoped ZnO nanojavelins. In addition, the lengths of the
In-doped ZnO nanojavelins are approximately a few
micrometers. As can be observed from their hexagonal
tips, the In-doped ZnO nanojavelins were also grown
along in the c-direction. Fig. 3(c) and (d) show EDX
spectra of the undoped and In-doped ZnO nanojavelins,
respectively. The EDX spectrum of the In-doped ZnO
nanojavelins shows about a 5% (atomic) content for the In
element and no peaks are detected from other materials
(Fig. 3(d)), while the EDX spectrum in Fig. 3(c) shows that
the undoped ZnO nanojavelins are pure ZnO.

To understand the effect of indium on the growth
process of the In-doped ZnO nanostructures, In-doped
ZnO nanostructures with a higher concentration of indium

were examined under the same conditions described above.
Fig. 4 shows an FESEM image and the EDX spectrum of a
top view of In-doped ZnO nanostructures that were grown
with a higher indium concentration. Compared to the In-
doped ZnO nanojavelins, these nanostructures show a
stacked nanoflake shape. A carefully microscopy study
helped us to obtain the several nanoflakes with hexagonal
shapes that can be seen in Fig. 4(b). Furthermore, the
EDX spectrum from the top view (Fig. 4(c)) reveals a
higher concentration of indium than was observed pre-
viously (8% atomic).

Field emission Auger electron spectroscopy (FEAES)
supports the EDX results. Fig. 5(a)—(c) show high resolu-
tion N (E) Auger electron spectroscopy of indium, oxygen,
and zinc, respectively, for a single In-doped ZnO nanoja-
velin, nanoflake and undoped ZnO nanojavelin. As illu-
strated in Fig. 5(a), an indium peak at 395 eV is evident for
the In-doped ZnO nanostructures. This corresponds to
MNN Auger electron emission from the indium. In
contrast, no peak associated with indium is observed in
the undoped ZnO nanojavelin. The FEAES spectra of
oxygen (Fig. 5(b)) indicate clear peaks at 487 and 505 eV
for the In-doped ZnO nanostructures, while these peaks lie
at 480 and 501 eV for the undoped ZnO nanojavelin. These
correspond to KLL Auger electron emissions from oxygen.
Finally, the FEAES spectra for zinc, as shown in Fig. 5(c),
have peaks at 898, 984, and 1006 eV for the In-doped of
the single nanojavelin and nanoflake, while these appear at
891, 982, and 1004 eV for the undoped ZnO nanojavelin.
These correspond to LMM Auger electron emission from
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zinc. We also observed such shifts in energy of Auger

electrons in our previous study of In-doped ZnO nano-

wires [27]. We proposed that such shifts could show the

incorporation of indium into the crystal structure of ZnO.
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It is known that diffusion will occur even if the total
pressure is constant and uniform inside the tube, as long as
there is a spatial difference in the chemical potential. Such
a potential is normally represented by the difference in the
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Fig. 4. (a) FESEM image of the In-doped ZnO nanoflakes. (b) High

magnification of some nanoflakes with a hexagonal shape. (¢) EDX
spectrum of the In-doped ZnO nanoflakes.
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concentrations or partial pressures of the compounds in a
gas mixture. Because of this, the corresponding vapors
could propagate toward the substrate in our configuration.
In addition, because no catalyst was used in the growth of
the products in this study, the vapor-liquid-solid (VLS)
mechanism could not be responsible for the growth; in
fact, the growth occurred via a vapor—solid (VS) mechan-
ism. The absence of any detectable catalyst and impurity at
the ZnO nanostructure surface supports this statement.
Therefore, the growth process for the undoped ZnO
nanojavelin can be explained by the following reactions:

ZnO(s)+C(s) ~> Zn(g)+CO(g) (2)
ZnO(s)+CO(g) — Zn(g)+CO,(g) (3)
Zn(g)+CO(g) » ZnO(nanojavelins)+ C(s) “)

In fact, graphite was introduced into the raw materials
to reduce the oxides in the metals, as shown in reaction (2).
Moreover, the sublimed Zn atoms are carried downstream
by the diffusion process, and in the lower-temperature
region, Zn atoms condense and form liquid clusters, which
tend to deposit fairly uniformly onto the silicon substrate.
The liquid droplets quickly solidify on the substrate in the
deposition temperature zone. From a surface-energy point
of view, the lowest energy facets for Zn are {0001}, and
then {1010} and {2110}. Thus, faceted, single crystalline
Zn hexagonal javelins tend to form, which are enclosed by
{0001} top and bottom surfaces and {1010} side surfaces.
Considering the lower local growth temperature, the
residual oxygen in the growth chamber is likely to oxidize
the surface of the Zn javelins, but the degree of oxidation
in the javelins depends on the local temperature and
amount of oxygen in chamber. Based on the information
that we gathered, a growth process for the hexagonal
In-doped ZnO nanojavelins and nanoflakes can be pro-
posed. If the (0002) facet of the crystallized ZnO is
constantly kept clean and the newly incoming droplets
can constantly wet and cover the entire condensed (0002)
facet, the ZnO nanojavelins with a geometrical shape
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Fig. 5. High-resolution N (E) Auger electron emission spectroscopy of the undoped ZnO nanojavelin, In-doped ZnO nanojavelin, and In-doped ZnO
nanoflake. (a) Indium spectra corresponding to the MNN Auger electron emission from indium (In (MNN)). These spectra show that the indium element
is only detectable in the In-doped ZnO nanostructures. (b) Oxygen spectra corresponding to the KLL Auger electron emission from oxygen (O (KLL)).
(c) Zinc spectra corresponding to the LMM Auger electron emission from zinc (Zn (LMM)). Spectra of oxygen and zinc clearly show a slight shift
towards higher energies for the In-doped ZnO nanostructures compared with the undoped ZnO nanostructures.
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consisting of hexagonal projections can be obtained [28].
Under our experimental conditions, the mobility of the Zn
atoms in the vapor was high enough to form flat (0002)
surfaces which prevented the accumulation of incoming
atoms or molecules [29] The smooth surface of the javelins,
as shown in the SEM image in Fig. 2(a), provides the
evidence for this assumption. However, one question arises
here: Why were nanostructures with smaller sizes obtained
from the samples that were doped with In? According to
the following reactions.

In;03(g)+3CO(g) (from reaction (2))— 2 In(g)+3COx(g)
(5)

(3—2x)Zn(g) + 3xCO(g)+4xIn(g) + (1 /24 3x)0, —
Zn(3-2yIny,O(nanostructures) + xIny(CO3)4 (6)

Some of the oxygen in the chamber serves to generate
xIn,(CO3); and indium substitutes for zinc during the
oxidation of the Zn. Therefore, the lower oxidation of the
Zn droplets during the growth of the In-doped ZnO
nanostructures causes the sizes of the In-doped ZnO
nanostructures to be smaller than the undoped ZnO. Thus,
we infer that the In> ™ may serve as a surface-passivating
agent in the reaction system. Because the ZnO crystal is a
polar material in nature with a (0001) surface terminated
by O~ ions, the opposite ions (In**) would be adsorbed
by charge compensation. The adsorption of In** on the
O?~ terminated faces resulted in the redistribution of the
surface energy and the growth rates of the different facets
changed. The growth process took place at the interface of
the O terminated facets by the combination of In®T.
Accordingly, the intrinsic growth of ZnO along the
[0001] direction is substantially suppressed forming the
7ZnO nanostructures. Therefore, we believe that In®* ions
act as a passivation agent by charge compensation and
slow the growth of ZnO along the [0001] direction, leading
to the formation of In-doped ZnO hexagonal nanojavelins
and nanoflakes. The role of In as the passivation agent
during the growth process of ZnO nanostructures has
already been reported by several researchers [30-33].

Raman spectroscopy is an effective technique for esti-
mating the crystallinity of materials. According to the
group theory, single crystalline ZnO belongs to the C¢)
space group, with two formula units per primitive cell and
eight sets of optical phonon modes at the I" point of the
Brillouin zone, classified as A;+E;+2E, modes (Raman
active), 2B; modes (Raman silent) and A;+E; modes
(infrared active). The E; and A; modes are two polar
modes and are split into the transverse optical (TO) and
longitudinal optical (LO) branches. The Raman spectra for
the undoped ZnO nanojavelins and In-doped ZnO nanos-
tructures are presented in Fig. 6. As shown in Fig. 6, the
Raman spectrum of the undoped ZnO nanojavelins shows
sharp, strong, and dominant peaks at 437 cm ', corre-
sponding to the E,(high) mode of the Raman active mode,
a characteristic peak for the wurtzite hexagonal phase
of ZnO. On the other hand, the Raman spectrum of the

Ej{high)
1

Undoped ZnO nanojavelin

In-doped ZnO nanojavelin (5%)
In-doped Zn0O nanoflakes (8%)

Raman Intensity (a.u.)

400 450 500 550 600 650
Raman Shift (cm™)

Fig. 6. Raman spectra of the undoped ZnO and In-doped ZnO
nanostructures.
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Fig. 7. PL spectra of the undoped ZnO and In-doped ZnO nanostructures.

In-doped ZnO nanojavelins shows a weaker E,(high) peak
in comparison to the undoped ZnO nanojavelins and the
Raman spectrum of the In-doped ZnO nanoflakes exhibits
no detectable E,(high) peak. A strong peak at 579 cm ™~
corresponding to E{(LO) is indicated for the In-doped
ZnO nanoflakes. The E{(LO) mode is associated with
impurities and formation defects such as oxygen vacancies
[34]. Therefore, the appearance of negligible E{(LO) peaks
for the undoped and In-doped ZnO nanojavelins indicates
a higher crystalline quality and lower oxygen vacancy for
them. On the other hand, the Raman spectrum of In-
doped ZnO nanoflakes shows that the crystalline quality of
the nanoflakes is lower than that of the other samples.
These results are in good agreement with those obtained
from the XRD patterns.

A PL study is a powerful method for investigating the
effects of doping on the optical properties of ZnO nanos-
tructures, because doped ZnO nanostructures are expected to
have different optical properties in comparison to undoped
ZnO. Fig. 7 shows the room temperature PL spectra of the
undoped ZnO nanojavelins and In-doped ZnO nanostruc-
tures. The PL spectrum of the undoped ZnO nanojavelins
shows a strong peak in the ultraviolet (UV) region at 382 nm
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and a negligible green emission (deep-level emission (DLE))
peaks in the visible region at around 480 nm. In addition, the
PL spectrum of the In-doped ZnO nanojavelins indicates a
strong UV peak and a weak DLE emission. However, the
UV/DLE ratio of the In-doped ZnO nanojavelins, which is
one of the main factors that is usually used for comparing the
optical properties of samples, is smaller than the UV/DLE
ratio of the undoped ZnO nanojavelins. Therefore, the
undoped ZnO nanojavelins have a better relative crystalline
quality. Furthermore, the PL spectrum of the In-doped ZnO
nanoflakes shows a weak UV peak and a strong DLE peak.
In fact, with an increase in the indium content of the ZnO
structure, the crystalline quality of the ZnO nanostructures
decreases. This decrease in the crystallinity of the In-doped
ZnO nanostructures can be explained by the formation of
band tiling in the band gap, which is often induced by the
introduction of impurities into semiconductors. In fact, the
PL results confirm the Raman and XRD results. Compared
with the undoped ZnO nanojavelins, the PL spectra of the
In-doped ZnO nanostructures show an obvious blue shift in
the UV emission (the inset of Fig. 7). This blue shift in the
UV emission is believed to be a result of the Burstein—-Moss
effect because of the In doping in the ZnO nanostructures.

4. Conclusion

The thermal evaporation method was used to grow
undoped ZnO nanojavelins, In-doped ZnO nanojavelins,
and nanoflakes. It was suggested that, the In®> " played an
important role at the O>~(0001) surface of the ZnO in the
formation of ZnO nanostructures. The FESEM results
indicated that increasing the indium content in the ZnO
structures could cause a change in the morphology of the
nanostructures from a javelin shape to a flake shape. The
Raman and PL results showed that the crystalline and
optical qualities of the ZnO nanostructures were reduced
by In doping. In addition, the UV peaks of the PL spectra
were blue-shifted for the doped samples. This indicated
that the In®>* doping induced the Burestin-Moss effect and
band gap widening in the ZnO nanostructures.
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