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� ZnO nanorods of wurtzite phase were
synthesized by microwave-assisted
hydrothermal route.
� The optical parameters were studied

using Kubeleka–Munk approach.
� The obtained optical band gap of the

studied sample is 3.17 eV.
� The electrical conductivity

mechanism is controlled by thermally
activated process.
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a b s t r a c t

For the purpose of this study, the nanorods of zinc oxide were synthesized by rapid microwave-assisted
hydrothermal route. The microstructure and surface morphology of the sensitized nanorods were
characterized by X-ray diffraction (XRD), field emission scanning electron microscope (FE-SEM) and
transmission electron microscope (TEM). XRD results indicate that synthesized ZnO nanorods have wurt-
zite phase. The calculated value of the particle size using Debye Scherrer formula and Williamson Hall
plot was found to be 20–28 nm and 35.3 nm, respectively. Low uniformity distribution of rod-like mor-
phology (60–80 nm in diameter and average length about 250 nm) are seen in TEM micrographs. The
optical parameters of the prepared ZnO nanorods have been calculated using Kubeleka–Munk approach
for the UV–vis diffuse reflectance spectrum. It is found that the direct transition optical band gap of the
studied sample is 3.17 eV. The direct current electrical conductivity (r) was increased from 6:7� 10�8 to
3� 10�7 X�1 cm�1 with increasing the temperature (T) in the range (300–425 K). The obtained variation
of r with T refers that the conductivity mechanism is controlled by thermally activated process.

� 2015 Elsevier B.V. All rights reserved.
Introduction

Zinc oxide (ZnO) is a wide band-gap II–VI semiconductor that
has attracted resurgent interest as an electronic material for
numerous applications. It has attracted much research interest
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for their unique optical, acoustic, luminescent, electronic and
optoelectronic properties. In recent years, many methods have
been used to synthesize ZnO material as one-dimensional (1D)
nanostructures with different morphologies including nanowires,
nanorods, nanoneedles, nanorings, quantum dots and other super-
structures [1–8]. The unique properties derived from the unique
morphologies would open up new opportunities for ZnO nanoma-
terials to be used as utilized in various functional devices [9].

ZnO nanomaterials can be synthesized by several well-estab-
lished synthesis methods, such as sol–gel [10], spray pyrolysis
[11], sputtering [12], hydrothermal [13], solvothermal [2] and
others. In most cases, the high synthesis temperature leads to the
formation of strong aggregates in the ZnO nanomaterials, which
subsequently have to be excessively milled resulting in poor con-
trol of particle morphology and size distribution [14]. Among of
the various synthesis methods of nanomaterials; the hydrothermal
technique has several advantages over others synthetic methods,
among which are: the one-step synthesis without high tempera-
ture calcinations and milling, low aggregation levels and narrow
crystallite size distributions, in addition to high purity and excel-
lent control of particle morphology and size [14]. Recently, the
hydrothermal microwave-assisted synthesis has attracted wide
interests as a novel heating model in material science due to its
various advantages including normal atmospheric pressure react-
ing, short reaction time, rapid heating, low reaction temperature,
homogeneous thermal transmission, and the phase purity with
better yield [15–18].

In this respect, by considering both the advantage of hydrother-
mal and microwave-assisted methods, this work focuses on the
preparation of ZnO nanorods using microwave-assisted hydrother-
mal synthesis route. Optical parameters such as; optical energy
gap, refractive index and the both parts of complex dielectric con-
stant were studied using Kubeleka–Munk approach for the UV–vis
diffuse reflectance spectrum. Moreover, the variation of direct cur-
rent conductivity with temperature for the synthesized ZnO nanor-
ods were studied.
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Experimental procedure

Materials and synthesis

Zinc acetate dehydrate (Zn(CH3COO)2�2H2O, P98%), sodium
hydroxide (NaOH, P98%) and absolute ethanol (CH3CH2OH,
P99.5%) were purchased from Aldrich. All chemicals were used
without further purification.

In a typical one-pot synthesis of ZnO using microwave-assisted
hydrothermal method, 5.01 mM of Zn(CH3COO)2�2H2O was com-
pletely dissolved in 10 mL of distilled water, and then 120 mM
NaOH was slowly added into the solution and stirred to form a
transparent solution. After adding 100 mL ethanol into the solu-
tion, the mixture was loaded into a teflon container.
Subsequently, the mixture was radiated (400 W, 100%) at 140 �C
for 45 min in a microwave oven (CEM MARS-240/50, frequency
2.45 GHz, maximum power 1600 W), and then cooled at room
temperature. The precipitate was filtered and washed with dis-
tilled water for several times. Finally, the obtained white solid pro-
duct was dried in a vacuum furnace at 70 �C for overnight.
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Fig. 1. XRD pattern of the ZnO sample synthesized by microwave-assisted
hydrothermal technique.
Characterizations

The crystal structure of the nanopowders was characterized by
a Bruker AXS D8 X-ray diffractometer using Cu Ka radiation
(k = 1.5418 Å) at power of 1600 W (40 kV, 40 mA). The morphology
and microstructures of the obtained particles were characterized
by transmission electron microscope (TEM), of type JEOL-JEM-
1011 operated at 300 kV. Samples for TEM were prepared by air-
drying a drop of a dispersed as-product powder in ethanol onto a
carbon mesh and then covered with thin film of platinum. Also,
field-emission scanning electron microscope (FE-SEM, Zeiss/Supra
55) was used to investigate the morphology of the synthesized
samples. Whereas, the elemental analysis of the synthesized
nanopowders was checked by energy dispersive X-ray spec-
troscopy (EDX) unit attached to the FE-SEM. The diffuse reflectance
spectrum of the investigated sample was performed using
Shimadzu UV–VIS-NIR 3600 spectrophotometer with an integrat-
ing sphere attachment. The two-probe method was employed to
measure the direct current (dc) conductivity of ZnO nanorods pel-
let sample. The pellet sample was obtained by applying 5 ton cm�2

pressure to form a circular disc with a thickness of about 0.557 mm
and a diameter 6.5 mm. The dc conductivity was measured as a
function of temperature using Keithley-6517A electrometer. The
temperature was controlled using a Lakeshore 331 S temperature
controller.
Results and discussion

Structural and morphological characterization of the synthesized ZnO
nanostructures

XRD pattern of the prepared ZnO nanopowder sample is shown
in Fig. 1. All the diffraction lines are assigned well to wurtzite
phase corresponding to the standard crystallographic data in the
reference pattern (JCPDS 36-1451), indicating that the synthesized
powder was a single phase. In order to calculate the crystalline size
(D) of the prepared powder, one can use the value of full width at
half maximum (FWHM) for the obtained diffraction peaks using
the following known Debye Scherrer equation [19,20]:

D ¼ 0:9k
b cos h

ð1Þ

where k, b and h are the X-ray wavelength, FWHM of the diffraction
peak and the Bragg diffraction angle, respectively. The estimated
particle size using Debye Scherrer equation for all recorded diffrac-
tion lines emerges that the investigated ZnO powder in nano-size
between 20 and 28 nm. Whilst, the corresponding value of D for
the maximum intensity peak (101) was found to be 28 ± 3 nm.

Although of the Debye Scherrer method is a well known
method that uses XRD patterns to predict the crystal size based
on FWHM of the diffraction peak, it has not taken in account



Fig. 3. TEM image of the synthesized ZnO nanorods using microwave-assisted
hydrothermal technique.
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the peak broadening resulting from the inhomogeneous strain
and instrumental effects. In this respect, to known more details
about the crystal size of the studied ZnO nanoparticles, one can
use Williamson–Hall plot which provide information about lat-
tice strain and effective particle size, particle size with zero
strain, present in the sample. Williamson–Hall equation has the
form [21]

b cos h
k
¼ 1

Deff
þ l sin h

k
ð2Þ

where Deff and l are the effective particle size and the effective
strain, respectively. Fig. 2 represents the plot between b cos h=k ver-
sus sin h=k (Williamson Hall plot). As be seen from Fig. 2, the
obtained linear relation has a positive slope which can be attributed
to possibility of tensile strain in the investigated ZnO nanoparticles
[22]. The calculated value of the tensile strain, slope of the graph,
was found to be 0.31%. Whereas, the effective particle size value
was calculated to be 35.3 nm.

The TEM micrographs clearly showed the synthesized ZnO in
nanorods shape with good uniformity in size and shape as shown
in Fig. 3. The nanorods have diameter ranging from 60–80 nm with
average length about 250 nm. Fig. 4 shows FE-SEM micrograph of
the investigated ZnO nanorods. The obtained FE-SEM micrograph
confirmed that, the fabricated ZnO is rod-like crystal. Also, the
image of the inset of Fig. 4 emerges that the cross section of the
nanorods is hexagonal. Fig. 5 demonstrates the results of the
recorded EDX spectrum. The recorded EDX spectrum revealed the
high purity of the synthesized ZnO nanorods without detection
any impurities.

Optical properties of the fabricated ZnO nanorods

In order to study the optical properties of the synthesized ZnO
powder sample, the UV–vis diffuse reflectance spectrum was mea-
sured as shown in Fig. 6. This figure reflects the fact that the reflec-
tance spectrum exhibits a strong decrease after wavelength value
�450 nm which can be attributed to optical transitions occurring
in the optical band gap.

Determination of the optical band gap
To determine the optical band gap (Eg) of ZnO nanorods sample,

the reflectance (R) values can be related to absorption coefficient
(a) by applying the Kubeleka–Munk approach throughout the fol-
lowing relation [23]:

a ¼ SFðRÞ=2vp ð3Þ
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Fig. 2. Williamson Hall plot of the fabricated ZnO sample.

Fig. 4. FE-SEM micrograph of the ZnO nanorods fabricated by microwave-assisted
hydrothermal technique. The inset illustrates the hexagonal cross section area of
the obtained ZnO nanorods.
where S is the scattering coefficient, vp is the volume fraction of the
absorbing species and FðRÞ is the Kubeleka–Munk function which is
related to the diffuse reflectance as:

FðRÞ ¼ ð1� RÞ2

2R
ð4Þ



Fig. 5. EDX spectrum of the examined ZnO sample.
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Fig. 6. The reflectance spectrum of the ZnO nanorods fabricated by microwave-
assisted hydrothermal technique.
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Fig. 7. Plots of ðFðRÞhmÞ2 versus hm for the fabricated ZnO nanorods.
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By neglecting the dependence of the scattering coefficient, S, on
the scanned wavelength of the incident light, the Kubeleka–Munk
function can be reduced to direct proportional relation with
absorption coefficient:

a ¼ S
2vp

� �
FðRÞ ¼ const:� FðRÞ ð5Þ

So, one can replace the absorption coefficient, a, from the Tauc’s
equation for direct band gap semiconductors [24],

ðahmÞ2aðhm� EgÞ, by FðRÞ to be rewritten as:

ðFðRÞhmÞ2aðhm� EgÞ ð6Þ

A plot of ðFðRÞhmÞ2 versus hm is shown in Fig. 7. The value of
optical band gap ðEg ¼ 3:17 eVÞ was determined by extrapolating

the linear portion of the plot to ðFðRÞhmÞ2 ¼ 0. This value of Eg for
the investigated ZnO nanorods synthesized by solvothermal is less
than that reported for the same technique by Ghoshal et al. [25]
(ZnO nanocones with Eg ¼ 3:315 eV) and ZnO quantum dots
(Eg ¼ 3:41 : 3:47 eV) by He and Tsuzuki [2]. Whereas, this obtained
value is in a good agreement with that obtained for ZnO nanostruc-
tured film prepared by sol–gel deep coating method (Eg ¼ 3:22 eV)
[10].

By the same token, the estimated band gap of investigated ZnO
nanorods sample (3.17 eV) is less than that of bulk ZnO (3.37 eV)
[9,26]. Here, is necessary to cite the happening of a blue shift in
the spectra of semiconductors in nano size due to the quantum
confinement effects. However, the investigated ZnO nanorods sam-
ple has Eg value smaller than the bulk one. This effect can be attrib-
uted to the chemical defects or vacancies present in the
intergranular regions generating new energy level to reduce the
band gap energy [27,28].
Refractive index dispersion and dielectric constants Studies
The refractive index, nðkÞ, as function of wavelengths was calcu-

lated from diffuse reflectance spectra using the reflectance Fresnel
formulae [29]:
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Fig. 9. The variation of real and imaginary part of the dielectric constant with
energy for the investigated ZnO nanorods sample.
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R ¼ ðn� 1Þ2 þ k2

ðnþ 1Þ2 þ k2 ð7Þ

where n and k is the real part and the imaginary part of the complex
refractive index ~n, respectively. Also, the parameter k ¼ ak=4p and
known as the extinction coefficient. One can solve Eq. (7) using ele-
mentary algebraic manipulation to deduce refractive index (n) in
the following expression [30]:

n ¼ 1þ R
1� R

� �
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4R

ð1� RÞ2
� k2

s
ð8Þ

The variation of the calculated n values throughout the investi-
gated range of wavelength is shown in Fig. 8. As seen from Fig. 6,
the value of n for the fabricated ZnO nanorods varies from 2.3 to
2.66 in the investigated wavelength range. This estimated values
of n be close to the reported range of n for ZnO prepared with dif-
ferent techniques. These include: ZnO film prepared by electron
beam evaporation (n values from 1.92 to 2.07) [31], ZnO wafer pre-
pared by solvothermal growth technique (n values from 1.92 to
2.23) [32], as well as ZnO nanocrystalline film prepared by DC reac-
tive magnetron sputtering (n values from 1.95 to 2.95) [12]. Fig. 8
also shows that the variation of refractive index values with wave-
length has non-monotonic change in wavelength range
(300:580 nm), i.e., anomalous dispersion. Then, it varied in a nor-
mal dispersion manner for the spectral wavelength range
(580:820 nm). This anomalous behavior can be attributed to the
resonance effect between the incident electromagnetic radiation
and the electrons polarization, which leads to the coupling of elec-
trons in ZnO sample to the oscillating electric field [33].

As being acknowledged, that polarizability of any solid is pro-
portional to its dielectric constant which is related to the density
of states within the forbidden gap. So, it is important to see the
behavior of the real and imaginary parts of the complex dielectric
as a function of the incident photon energy. The complex dielectric
constant is defined as; ~e ¼ e1 þ ie2 and real (e1) and imaginary (e2)
parts of the dielectric constant are related to n and k values
throughout the following formulas [30]:

e1 ¼ n2 � k2
; and e2 ¼ 2nk ð9Þ

Fig. 9 shows the variation of e1 and e2 with the investigated
photon energy for the fabricated ZnO nanorods. According to
Fig. 9, e2 have very small values for whole range of investigated
photon energy. This is due to the low value of the extinction coeffi-
cient which attributed to highly thickness of the pellet sample
(0.557 mm), i.e., highly absorption coefficient. Moreover, Fig. 9
declares that both of the real and imaginary dielectric spectra have
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Fig. 8. The dependence of n on the investigated wavelength for the fabricated ZnO
nanorods.
non-monotonic variation especially e1 variation that is more pro-
nounced than e2. This trend can be explained by existence of some
interactions between photons and electrons within the sample are
produced in this energy range [33].

In order to more details about the optical transitions in the
studied ZnO nanorods sample, one can apply the Wemple and
Didomenico (WD) model [34,35] which depend on a single oscilla-
tor description of the frequency-dependent dielectric constant.
According to this model, the relation between the refractive index
(n), and E0 which is the single oscillator strength (an average of the
optical band gap) below the band gap expressed as:

n2 � 1 ¼ E0Ed

E2
0 � E2 ð10Þ

where Ed is the dispersion energy, which is a measure of the inten-
sity of the inter band optical transitions and E is the incident photon
energy. So, E0 and Ed can be determined from plot the relation

between ðn2 � 1Þ�1 versus E2. Fig. 10 shows the plots of ðn2 � 1Þ�1

versus E2. Using the best straight line fitting with R2 ¼ 0:98 both
of E0 and Ed values were calculated and found to be 3.36 eV and
12.75 eV, respectively.

Electrical characterization of the fabricated ZnO nanorods

In order to investigate the electrical conduction mechanism of
the synthesized ZnO nanorods, the temperature dependence of
the electrical conductivity was studied throughout the tempera-
ture range 300–425 K as shown in Fig. 11. This figure declares that
the sample has the typical behavior of a semiconductor as its
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Fig. 10. Plots of ðn2 � 1Þ�1 versus E2 for the investigated ZnO nanorods sample.
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electrical conductivity increases with increasing temperature. The
electrical conductivity at room temperature, rRT , was found to be
6:7� 10�8 X�1 cm�1. This value is in the order with that obtained
for ZnO nanoparticles pellet sample prepared by heating of zinc
acetate in organic solvent (3� 10�8 X�1 cm�1) [36]. Whilst, this
obtained value of rRT for the studied ZnO nanorods sample is less
than that obtained for ZnO single crystal (rRT ¼ 10�3 X�1 cm�1)
reported by Huston [37]. Moreover, the electrical conductivity as
shown in Fig. 11 was varied from 6:7� 10�8 to
3� 10�7 X�1 cm�1 in the investigated temperature range (300–
425 K) which is less than that recorded for ZnO nanoparticles pow-
der pellet prepared by arrested precipitation method (1:25� 10�7

to �10�6 X�1 cm�1 in the temperature range 413–447 K) [38].
Here it is quite appropriate to mention the fact that, the lowest val-
ues of the r for the sensitized nanorods sample may be attributed
to grain boundaries interfaces which play important roles in deter-
mining the electrical conductivity. In other words, the grain
boundaries of nanocrystalline material are in a disordered state
which increases the possibility of existence of dislocation defects
leading to dangling bonds or other interfacial defects. These defects
can act as traps, localized states, between the conduction and
valence bands [39].

The function lnr ¼ f ð1=TÞ, shown in Fig. 11, indicates two dis-
tinct regions of conductivity indicating different mechanisms of
conduction and satisfying the thermally activated conductivity for-
mula [40]:

r ¼ r0exp
�DE
kT

� �
ð11Þ

where r0 is the pre-exponential factor, k is the Boltzmann constant
and DE is the thermal activation energy for the electrical conductiv-
ity. The calculated values of DE for the obtained two regions of
Fig. 11 were found to be DEII ¼ 0:287 eV and DEI ¼ 0:096 eV. As
being acknowledged, the electrical conduction through ZnO film is
mainly by electrons due to oxygen vacancies and Zn interstitial
atoms [41]. For the first region (I), the relatively lowest value of
activation energy (DEI ¼ 0:096 eV) suggested that the conduction
may be due to electrons excited from the shallow donor levels in
the band gap of the ZnO semiconductors. Also, the lowest value of
the activation energy in the second region (DEII ¼ 0:287 eV) than
that reported for microphase ZnO (0.5–0.55 eV) and nanophase
ZnO of particle size 60 nm is 0.57 eV [42] is attributed to the high
density of defects [38].
Conclusions

ZnO nanorods of wurtzite phase have been successfully synthe-
sized by rapid microwave-assisted hydrothermal route for a short
reaction time of 30 min. The crystal structure of the obtained pro-
duct has been verified by XRD and TEM as well as FE-SEM analyses.
The calculated particle size value via Debye Scherrer formula as
well as Williamson Hall plot confirms that the investigated ZnO
sample has nanostructure form. The band gap of the prepared
ZnO nanorods has been calculated and was found to be 3.17 eV.
This value is smaller than the band gap of the bulk ZnO (3.37 eV)
which may be due to the high density of the chemical defects
and/or vacancies present in the intergranular regions leading to
reduce the band gap energy. The estimated values of the refractive
index (2.3–2.66) are comparable with that of other reported work.
The dependence of the real and imaginary parts of the dielectric
constant on the investigated wavelengths range has been studied
and proved to exhibit a non-monotonic behavior. The sensitized
ZnO pellet sample shows relatively low electrical conductivity
(6:7� 10�8 to 3� 10�7 X�1 cm�1) in the investigated temperature
range (300–425 K). These small values of electrical conductivity
can be attributed to disordering in the grain boundaries which help
increase the density of traps, localized states, due to dislocation or
other interfacial defects. The electrical conductivity mechanism of
the investigated sample is controlled by thermally activated pro-
cess with low values of activation energy.
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