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Abstract

In this work, Zn100�xInx (x¼0, 1, 2.5, 5 and 7.5 at%) compounds have been initially alloyed by melting method and used as precursors to
prepare different nanostructures of indium (In) doped ZnO using chemical vapor deposition (CVD). The effect of In content on the structural,
morphological, optical as well as electrical properties has been studied. XRD and Raman examinations demonstrate the substitution of Znþ2 ions
by Inþ3 ions at lower indium concentrations, while In2O3 appears as separate phase at higher In ratios. The nanowires transform to nanoflakes
then nanoflowers as the In concentration increases. With regard to the optical properties, the transparency increases with increasing In and
decreases thereafter. The optical band gap values increase with In content reaching its maximum value (3.28 eV) for the sample of x¼5 at%. The
refractive index, extinction coefficient and Urbach tail are also affected by In doping. The electrical conductivity enhances at lower doping level
due to formation of thermally activated donor levels, despite this, the phase separation and phonon scattering are factors responsible for
conductivity decrease at higher In content.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Recent interest on the development of nanostructures devices for
various applications has generated a huge thrust on the develop-
ment of semiconductor nanostructures of adequate morphologies
and compositions [1]. Nanowires (NWs), in particular, now span a
broad range of applications including diodes, field effect transistors,
logic circuits, single electron transistors, optoelectronic devices,
sensors, thermoelectrically devices, photocatalysis and piezoelec-
tronics. In these realms, NWs structures exhibit unique and
superior properties compared to their bulk counterpart’s properties,
where their 1D confined transport of electrons or photons, large
surface area, quantum confinement and excellent mechanical
properties play major roles [2].
/10.1016/j.ceramint.2015.04.108
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ZnO is considered as excellent candidate for various applica-
tions; it is n-type semiconductor due to the presence of intrinsic
defects (oxygen vacancies, zinc vacancies and zinc interstitials
[3]. It has a number of advantages that attract the researchers’
attention such as good electrical and optical properties [4]. Also it
is an attractive material in the field of transparent conductive
oxides (TCOs). Despite these features, there are some properties
don’t meet requirements for some industrial fields [4]. Hence the
necessity to dope ZnO with various elements becomes key
demand. The hexagonal close-packed lattice of ZnO with empty
octahedral sites enables the dopant to be incorporated and tune
the electrical, optical and magnetic properties [5]. Indium is
recognized as one of the most efficient elements used to enhance
the optoelectronic properties of ZnO because it improves the
optical transmission and the electrical conductivity [3] as well as
decreases the reactivity with oxygen. It was previously considered
that In doped ZnO is highly transparent and electrically con-
ductive n-type semiconductor [6]. Also, using In as a dopant is
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Fig. 1. XRD patterns on Au coated quartz substrates for undoped and In-doped
ZnO nanostructures.
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unique because it induces some structural defects that form
different morphologies [7,8].

According to our knowledge, so far, alloys of Zn–In as
source material prepared by melting technique have not been
reported yet. Therefore, in this paper alloys of In doped ZnO
with different concentrations of indium were prepared by
melting technique and were used as source materials. The
effect of indium content on morphology, optical, electrical
properties as well as crystallinity of the material was studied.

2. Experimental procedure

2.1. Fabrication of the source materials

To fabricate In doped ZnO nanostructures using vapor
transport, bulk alloys of InxZn100�x (x=0, 1, 2.5, 5 and
7.5 at%) were manufactured by melting technique to be used
as source materials. For this purpose, granules of In and Zn
(99.9999% purity) were weighed according to their atomic
percentages and sealed in quartz ampoules under pressure of
�10�5 mbar to avoid any reaction with oxygen or residual
gases. The sealed ampoules were kept inside the furnace where
the temperature was adjusted at 600 1C for 12 h with shaking
at regular time intervals (1 h) to ensure homogenous mixing of
the constituents. After that, the furnace was cooled down to
room temperature. Each produced ingot of the bulk product
was cut separately to small granules with average diameter
(�2 mm).

2.2. Fabrication of In doped ZnO nanostructures

To fabricate ZnO nanostructures with different In content,
five sets of undoped and In-doped ZnO were placed separately
in alumina boat positioned at the center of the heating zone of
horizontal furnace (internal diameter of 36 mm and length of
54 cm). The synthesis was carried out on two different kinds of
substrates, specifically Au coated (25–30 nm) Si (1 0 0) and
quartz substrates (cut into 1 cm� 1 cm and ultrasonically
cleaned). The prepared substrates were located longitudinally
inside the horizontal furnace 4 cm away and along 16 cm
distance from the source. The gaseous precursors were carried
to the substrates using a mixture of high purity (99.99%) Ar
and O2 (20:1) gases with flow rates of 200 and 10 sccm,
respectively. The furnace temperature was raised gradually to
900 1C and held for 30 min at this temperature. The substrates
temperatures ranged from 660–875 1C during the deposition.
Note that the high temperature of the substrates is necessary
for enhancing the crystallinity of the deposited material.

XRD type Shimadzu Diffractometer XRD 6000, which
utilizing CuKα radiation (λ=1.54056 Å) and scanning electron
microscope SEM (type JOEL model JSM-6380 LA), were
utilized to examine the crystal structure and morphology of In
doped ZnO nanostructures, respectively. Elemental analysis for
the products was performed using energy dispersive analysis
of X-ray (EDAX) unit attached with the SEM. Raman
spectroscopy was performed using a Thermo Scientific DXR
Smart Raman spectrometer with an excitation wavelength of
532 nm and a laser power of 8 mW. The transmission (T) and
reflection (R) were measured using Jasco V-570 double beam
spectrophotometer for photons wavelengths ranges from (200–
2500 nm) at normal incidence. The spectra were recorded at
room temperature. The electrical conductivity was measured
using the so called four probe method, where the outer probes
were used for current passing, and the inner probes were
connected to stabilized power supply type FARNELL
INSTRUMENTS LTd. The current which was supplied by
this power supply was measured by digital multimeter type
PROTEK A-445 with sensitivity 0.01 μA.

3. Results and discussion

3.1. Structural examinations

XRD analysis for undoped and In-doped ZnO nanostruc-
tures was performed for assessing the overall structure and
phase purity (see Fig. 1). For the undoped sample (x¼0.0) all
the diffraction peaks are indexed to hexagonal wurtzite
structure of ZnO (JCPDS card no. 79-0206) with lattice
parameters a¼3.24870.005 Å and c¼5.2070.005 Å. No
additional peaks correspond to Zn or other impurities were
observed. The sharpness of most peaks confirms the good
crystallinity of the product. With 1 at% indium addition, the
intensity of most peaks increased to some extent which might
be due to indium incorporation in the interstitial sites of ZnO
lattice. There are reorientation for most peaks appears with In
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content¼2.5 at% and ascribed to the substitution of Zn atoms
by In. Similar results were obtained by Morales et al. [1] for
indium doping ratios (x¼3 and 5 at%). It is worth mentioning
that lower doping of indium (x¼1 and 2.5 at%) doesn’t lead to
appearance of another phases such as In2O3 or In, asserting
that In is successfully incorporated into ZnO lattice with no
evident of residual stress or inclusion-induced lattice disto-
rtion [9].

Further doping of In (5 at%) leads to increase of the
intensity of the peaks with appearance of a new peak at
2θ¼251 related to indium oxide (JCDPS card no. 01-0929).
Similar results were reported for In–ZnO with the same indium
content by Badadhe et al. [10]. From the aforementioned
results, one can conclude that, at lower doping, indium atoms
distribute uniformly in the ZnO nanostructures making an
orderly arrangement with growth enhancement of ZnO along
(1 0 1) and (1 0 0) directions [9,11]. For the highest doping
level of indium (the alloy of x=7.5 at%), five new peaks are
observed (JCDPS card no. 76-0152), and all belong to In2O3.
The presence of In2O3 peaks indicates that the indium addition,
instead of being incorporated in the ZnO nanostructure,
remained phase separated, at least partially. There are a small
shift towards lower 2θ for x=5 at% as compared with those of
the undoped ZnO nanostructure with lattice constant
(a=3.2670.005 Å and c=5.2270.005 Å). The peaks shifts
can be attributed to lattice expansion induced by In3þ

incorporation which has relatively bigger ionic radius
(0.81 Å) compared to that of Zn2þ ions (0.74 Å) [4].

In wurtzite-type ZnO which belongs to the space group C6v,
the optical phonons at the Γ point of the Brillouin is
characterized by the representation, A1þ2B1þE1þ2E2. In
this representation, both A1 and E1 modes are polar and split
into transverse optical (TO) and longitudinal optical (LO)
phonons, with all being Raman and infrared active. The
nonpolar E2(High) modes are the Raman active, while the B1

mode is the silent one. Fig. 2 shows the Raman spectra for the
undoped and In doped ZnO ranging from 200 to 800 cm�1.
The data confirm that the prepared samples are characterized
by the wurtzite-type structure due to appearance of the high
frequency E2(High) mode at Raman shift 433 cm�1 [12]. It was
found that the area of the Raman line E2(High) is more or less
unchanged with In doping. The Raman lines appear at 327 and
Fig. 2. Raman spectra of undoped and In-doped ZnO nanostructures.
376 cm�1 correspond to the 2E2(M) mode and the TO mode
with A1 symmetry, respectively. Compared with ZnO, the
intensity of these peaks doesn’t change in the doped materials.
The fixed areas and intensities of the peaks confirm that when
the Inþ3 ions substitute Znþ2 ions, no deformation occurs in
the internal structure of the ZnO due to that the radius of Znþ2

and Inþ3 are approximately the same. In Fig. 2, one additional
peak clearly appears at Raman shift 580 cm�1 on the spectrum
of the x¼2.5 at% sample and its intensity increases as the In
content increases to 7.5 at%. This peak belongs to the In2O3

separate phase [13]. Note that, appearance of the In2O3 phase
for x¼5 and 7.5 at% samples coincide well with the afore-
mentioned XRD results. However, it was not observed by the
XRD investigation for the sample x¼2.5 at% because of the
sensitivity limit of the measurement. From the results of XRD
and Raman spectra, it can be deduced that, although substitu-
tion of Inþ3 for Znþ2 ions leads to a change of the samples
morphology (as will be demonstrated by SEM investigation in
the next section), it doesn’t change the wurtzite ZnO structure.
Additionally, they confirm the In2O3 phase separation at
certain In doping level of ZnO nanostructures.

3.2. Morphology and chemical composition examinations

SEM images with low and high magnifications for undoped and
In-doped ZnO nanostructures prepared on Si (1 0 0) substrates are
shown in Figs. 3a–d and 4a–d, respectively. Clearly, the undoped
samples (Fig. 3a and b) are randomly oriented nanowires NWs
with diameters range from 100 to 350 nm, and length of several
micrometers. There are little amount of nanoparticles formed on the
surface of the NWs. The randomization of the nanowires is due to
the mismatch between the wire lattice and the substrate which
changes the growth direction of the NWs and thus influences the
final morphologies [2]. Furthermore, it was observed that indium
ions incorporation changes the morphology and redirect the growth
of ZnO nanowires, where adding 1 at% of indium (Fig. 3c and d)
changes the morphology mainly to stacked nanoflakes. The width
of the flakes reaches 500 nm which is higher than the diameters of
the undoped nanowires. Noteworthy, increasing the diameter
enhances the crystallinity because it leads to reduction in the strain
[14] and this is in consistent with the XRD results of our materials.
Yousefi et al. [15] obtained nanoflakes shape of In-doped ZnO but
with higher concentration of indium (8 at%). The optimum In
content for preparing nanoflakes of In–ZnO may differ according
to the source material (here we utilized alloy of In doped ZnO).
Doping with 2.5 at% of indium (Fig. 4a and b) catalyzes the
nanoflakes to group together forming flower-like morphology. The
petals of the flower are like needles in shape with average diameter
100 nm at the tip and 2 mm at the base. Similar result obtained by
Morales et al. [1] with indium concentration (x¼2 at%) using
hydrothermal process. Further doping of In (x¼7.5 at%) enhances
the growth of the nanoflowers perpendicular to the substrate
(Fig. 4c and d). The growth mechanism of the undoped and In
doped ZnO nanostructures may be explained as follows: the plane
[0 0 0 1] is called the basal plane, which is the most commonly
used surface for growth. According to Lim et al. [4] and Li et al.
[16], ZnO has the fastest crystal growth velocity in the [0 0 0 1]



Fig. 3. Low and high magnifications SEM images for undoped (a, b) and 1 at% In doped (c, d).

Fig. 4. Low and high magnifications SEM images for 2.5 at% In (a and b) and 5 at% In doping (c and d).
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Table1
Element concentration, optical band gap and Urbach energy (Eu) for undoped
and In doped ZnO.

x (at%) Element concentration (%) Eg (eV) Eu (meV)

Zn O In

0 52.25 47.75 – 3.18 705
1 51.50 48.35 0.15 3.27 709
2.5 50.44 48.68 0.88 3.28 822
5 50.06 48.53 1.41 3.29 887
7.5 48.31 49.49 2.20 3.28 910

Fig. 5. The transmission (T%) and reflection (R%) curve as a function of
wavelength and In content for In-doped ZnO nanostructures.
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direction due to its high surface energy. The velocity of the crystal
growth varies in different directions and is governed by
V ½0 0 0 1�4V 0 1 1 0½ �4V ½0 0 0 1�. Addition of indium leads to
redistribution of the surface energy and growth direction, where
the growth along [0 0 0 1] decreases leading to formation of
nanoflakes and hence nanoflowers. This means that In acts as
passivation agent by charge compensation and slow the growth of
ZnO along the [0 0 0 1] direction [4].

The amount of In doping concentration was determined
using the EDAX elemental analysis and the data are tabulated
in Table 1. Clearly, indium concentration increases at the
expense of Zn indicating the replacement of Zn atoms by In
atoms in the composition. The presence of low percentages of
In compared to which were utilized in the starting In–Zn alloys
is attributed to the limited indium solubility in ZnO lattice, and
any excess of indium content makes a phase separation as was
confirmed by the XRD results stated above. Also the low
vapor pressure of indium atoms compared to Zn atoms reduces
the chance of indium species existence in the ambient of the
reaction.

3.3. Optical properties

Fig. 5a depicts the transmission (T) spectra of ZnO
nanostructures with different In content. The data imply that
the transparency is high in the visible to near-infrared ranges
which is typical feature of semiconductors. The transmission
increases as the In content increases. To be specific, the
maximum transmission obtained around 70–90% in visible to
near infrared region for indium content x¼5 at%. The decrease
in transmittance at higher doping concentrations (x¼7.5 at%)
may be due to increase of photons’ scattering by crystal defects
created by doping [9] as well as the increase of the charge
carriers concentrations.

There is no transmission features could be detected in the
UV- region, because of the electrons transfer to the conduction
band (electronic absorption), where the lower limit of trans-
mission range coincides closely with the wavelength of the
fundamental band gap [17]. There is a shift in the absorption
edge towards lower wavelengths from x¼0 to 5 at% which
can be attributed to the increase of the band gap as will be
shown later. Note that, the absorption edge of ZnO is much
higher (in wavelengths) than that of the glass substrates so the
absorption edge shown in Fig. 5 is from the ZnO films, but not
from glass substrates. Noteworthy, the transparent region
between the infrared and ultraviolet absorption bands is useful
for many applications particularly for making optical windows
and lenses [17].

The reflection spectra (Fig. 5b) behave approximately in
opposite manner of transparency where the reflectivity is high
in the wavelength range (400–500 nm). Note that, the lowest
reflectivity in visible region is for x¼5 at%.

Using transmossion, reflection and film thickness values, the
absorption coefficient was calculated by the following equation:

α¼ 1
d
ln

1�R

T

� �
ð1Þ
where R, T and d are the reflectivity, transmission and film
thickness, respectively.
The optical band gap was estimated from Tauc relation [18]

αhνð Þ ¼ β hν�Eg

� �η ð2Þ

where β is constant, and η equals to 2 or 1/2 for indirect and
direct transition, respectively. Herein direct allowed transitions
are applied. The Eg values were obtained by extrapolating the
linear part of ðαhνÞ2 versus the photon energy as shown in
Fig. 6. The estimated values are plotted in Fig. 7. For indium
contents of x¼0, 1, 2.5 and 5 at%, the optical band gap
increases as the In content increases. The observed widening of
the optical band gap is generally attributed to Burstein–Moss
shift [19] which means that by increasing donors concentra-
tion, new states being populated with electrons in the conduc-
tion band and thus the optical band gap increases. At doping
level of x¼7.5 at%, the band gap decreases slightly, because
the lowest state in the conduction band is blocked which is
responsible for the widening in the optical band gap [11]. The
new incoming donor species populate the states near the
conduction band, subsequently the donor and conduction
bands merge and thereby the Fermi level shifts upwards near
the conduction band. It was previously considered that the
decrease of the band gap may be related to the band tailing,
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electron–electron and electron–ion interaction [20]. It is worth
mentioning that, values of the optical band gap of our
compositions (Table 1) are smaller than that of single crystal-
line ZnO (band gap of 3.3 eV). It should be taken in
consideration that variation of the band gap in films depends
on many factors such as existence of growth stress, thermal
expansion mismatch stress and dopants [21,22].

The dispersion curves of the In doped ZnO nanostructures
are presented in Fig. 8. From 500–2500 nm, the refractive
index (n) decreases with increasing the wavelength for most
samples showing normal dispersion. In the UV-region, the
refractive index changes irregularly with the wavelength
Fig. 6. (αhν)2 vs. hν plots of the synthesized undoped and In-doped ZnO
nanostructures.

Fig. 7. Variation of the optical band gap Eg with In content for the synthesized
materials.

Fig. 8. Refractive index as functions of wavelength for undoped and In-doped
ZnO nanostructures.
(anomalous dispersion) due to the high absorption. Over most
of the measured wavelength range, the n values decrease with
In content according to the increase in transparency. The
lowest refractive index was obtained for x¼5 at% which has
the highest transparency.
The extinction coefficient (k) is directly related to the absorp-

tion coefficient by the relation

k¼ αλ

4π
ð3Þ

where α is the absorption coefficient and λ is the photon
wavelength. As known, extinction coefficient depends strongly
on both the energy of the incident photon and impurities in the
substance, where absorption occurs only if the photon energy
equals or higher than the optical band gap. The extinction
coefficient decreases with increasing indium content in visible
to near IR region, as shown in Fig. 9, due to the band widening.
The lower extinction coefficient obtained for In content with
x¼5 at%. Extinction coefficient is high in UV-region because of
the electronic absorption. Palmer et al. [22] proposed that in some
TCOs, the donor and acceptor pairs in the substance could cause
a band gap narrowing which offset the Burstein–Moss effect.
This theory is predominant in our compositions in the UV region,
where the absorption increases with indium increasing due to the
band gap narrowing (increasing dopant). The maximum absorp-
tion peak is at approximately 380 nm for all the samples.
The absorption behavior at lower photon energy can be

represented by Urbach equation:

α¼ Kexp ðE=EuÞ ð4Þ
where K is constant, E is photon energy and Eu is Urbach
energy which is interpreted as the width of the tails of the
localized states in the band gap [23]. The absorption in this
region can be ascribed to existence of structure disorder
induced by defects and doping [23] leading to transitions
between extended states in one band and localized states in the
exponential tail of the other band [24]. The Eu values, obtained
by plotting lnα as a function of photon energy (Fig. 10) and
listed in Table 1, increase with In content. The relatively large



Fig. 11. The temperature dependence of the electrical conductivity for
undoped and In-doped ZnO nanostructures.
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increase of Eu observed with the increase of In content from
x¼2.5–7.5 at% may be attributed to the increase of point
defects induced by In2O3 formation [23] which has been
confirmed by aforementioned Raman and XRD analyses. The
increase in Eu values with increasing In doping has been
reported previously by Tokumoto et al. [23] for indium doped
ZnO films prepared by pyrosol process, however, our Eu

values are higher. This may be due to the difference in the
method of preparation as well as the preparation conditions.

3.4. Electrical properties

Fig. 11 shows the temperature (T) dependence of the
electrical conductivity (σ) measured in temperature range
300–600 K for the undoped and In-doped ZnO nanostructures.
Fig. 9. Extinction coefficient variations with wavelength for the undoped and
In- doped ZnO nanostructures.

Fig. 10. lnα as a function of photon energy for the undoped and In-doped ZnO
nanostructures.
The results demonstrate the semiconducting behavior of all the
materials under study where by increasing the temperature,
more and more charge carriers can overcome the energy barrier
and participate in the electrical conduction [25]. To show the
influence of In doping on the electrical conductivity of ZnO, the
room temperature electrical conductivity σ300 was plotted as a
function of the In content in Fig. 12. As known, effective
doping is achieved when ionic radius of the dopant is the same
as or smaller than that of the host ion [26]. The ionic radius of
Znþ2 and Inþ3 are approximately the same which enables
indium ions to be incorporated in interstitial and takes substitu-
tion positions introducing more and more effect carriers as the
indium increases. This explains the enhancement of the σ300
values as In content increases to x¼2.5 at%. With further In
doping (x¼5 and 7.5 at%), although the donors action is in
increasing, the solubility limits of indium in ZnO leads to
segregation of the dopant in the form of In2O3 phase, which acts
as trapping for the free carriers leading to the decrease of
conductivity. It is worth mentioning that the conductivity values
of our composition are (10�4

–10�5 Ω�1 cm�1) lower than
values reported elsewhere [26,27]. This inconsistency may be
ascribed to the following factors:
1-
 Our compositions are nearly stoichiometric, which means
they include less oxygen vacancies. Stoichiometry deviation
originated from oxygen deficiency increases the charge
carrier density [28].
2-
 The conductivity values are greatly influenced by the
thickness of the film. The thickness of our films was
�400 nm. Low thickness films mean low electrical con-
ductivity values.
3-
 Deposition techniques, annealing temperature and anneal-
ing environment like vacuum annealing, nitrogen, hydro-
gen, oxygen, air, etc, are also factors affect the conductivity
values [27]. Our films have been subjected to high
temperature annealing during preparation.

The σ–T plots were found to be well represented by
Arrhenius equation:

σ ¼ σ0 exp �Ea=KBT
� � ð5Þ



Fig. 13. variation of ln σ with temperature for undoped and In-doped ZnO
nanostructures.

Fig. 14. Activation Energies variation at high (Eah) and low (Eal) temperature
ranges.
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where σ0 is the pre-exponential factor including the charge
carrier mobility and density of state, Ea is the activation energy
for electrical conduction, which is a function of the electronic
energy levels of the chemically interacting atoms in the
materials and KB is the Boltzmann’s constant. The linear
behavior of lnσ versus 1000/T plots (Fig. 13) confirms the
well-fitting of the σ–T data with Eq. (5). However, each lnσ
versus 1000/T plot consists of two straight lines with different
slopes suggesting a transition between two different conduc-
tion mechanisms. This transition appears at certain temperature
Tσ which was found to be dependent on the In content in the
compositions. The activation energies Eah and Eal correspond-
ing to the high temperature and low temperature ranges,
respectively, were determined and plotted as functions in the
In content in Fig. 14. Note that, values of Eah and Eal agree
well with previous reported results [29,30]. The Eah values
increase with increasing the In content and then decrease,
where the x=5 at% sample possesses the highest activation
energy in coincidence with the data recorded for the optical
energy gap Eg. Nevertheless, the activation energy Eal corre-
sponds to the low temperature range behaves in different
manner where it decreases as the In content increases from x=0
to 2.5 at%. With higher indium content (x=5 and 7.5 at%)
although free carriers is in increasing, phase separation of
indium oxide acts as trapping for the free carriers (as revealed
by XRD analysis), that rises the activation energy values.

The activation energy corresponds to the low temperature
range is associated with one of two possible donor ionization
processes. The first is In ions substitution that act as shallow
donors near the conduction band [31]. The second is zinc
interstials (Zni) ionization ð Znþ

i -Znþ þ
i þe� Þ proposed by

Sukker and Tuller [32]. Although Zni were subsequently
considered as intermediate donor levels in the band gap, the
low migration barrier required for their diffusion is 0.57 eV,
that are responsible for the fast recovery of the electrical
properties [33]. The high temperature activation energy can be
associated with oxygen vacancies (Vo-V þ

o þe� ) as proposed
Fig. 12. Variation of room temperature conductivity σ300 with In content.
by Simpson and Cordaro [34]. The second is the desorption of
O�

2 species according to the equation O�
2 -O2þe� [2].

Existence of the activation energies at low and high tempera-
ture regions suggests the presence of two donor levels. These
levels are shallow (correspond to Eal) and deep (correspond to
Eah) donor levels in the band gap of the ZnO semiconductor.
Thus in the high temperature region, the electrical conduction
of the ZnO is thermally activated from the deep level to the
conduction band while in the low temperature region it is
activated from the shallow level. This explains the low values
of Eal compared to Eah [35].
To prove the domination of the thermal activation conduc-

tion in our samples, the pre-exponential factor was determined.
The pre-exponential factor detects whether the conduction is
extended or by hoping. As was suggested by Davis and Mott
[36], the pre-exponential factor for conduction in localized
state should be two or three orders smaller in magnitude than
for conduction in extended states and should become smaller
for conduction in localized states near the Fermi level. If the
value of the pre exponential factor is in the range 103–
104 Ω�1 cm�1, the conduction is mostly in extended states.
A smaller value of pre-exponential factor would indicate a
wide range of localized states and conduction by hoping. In
our samples, values of σ0 for undoped and doped samples
vary from 2.2� 103 to 7.26� 103 Ω�1 cm�1. This suggests
that the conduction is due to thermally assisted charge carrier
movement in the extended states.
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4. Conclusion

Well crystallized undoped and In doped ZnO nanostructures
were prepared by vapor transport method. The addition of In has a
significant impact on the gradual transformation of nanowires to
nanoflower. This is caused by the redistribution of surface energy
which changes the crystal growth direction. X-ray and Raman
spectroscopy demonstrated that indium addition doesn’t change the
wurtzite structure of ZnO nanostructures. The Burstein–Moss effect
were observed for indium values from x¼1 up to x¼5 at% while
the higher indium content (x¼7.5 at%.) causes band shrinkage.
Values of extinction coefficient and refractive index are also
affected strongly by In addition. The activation energy values
change according to the indium content as well as the temperature
range taken in consideration.
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