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a  b  s  t  r  a  c  t

Co-doped  ZnO  nanostructures  synthesized  on glass  substrate  have  been  prepared  using
Pulsed Laser  Deposition  (PLD)  technique.  Scanning  Electron  Microscopy  (SEM)  and  X-Ray
diffraction  (XRD)  have  utilized  for  characterization  and  analysis.  The  structural  properties  of
lattice  constants  and  bulk  moduli  are  measured  and  calculated  using  specific  model,  respec-
tively.  The  grain  size,  strain,  stress  and  texture  coefficient  are  investigated.  The  nano  grain
size is verified  by SEM.  The  calculated  results  show  good  agreement  with  the  experimental
and  theoretical  data.

©  2016  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

Zinc oxide (ZnO) shows a large direct band gap (3.37 eV) and exciton binding energy (60 meV) as well as excellent
chemical and thermal stability that may  lead to important applications for ultraviolet devices, catalysis, piezoelectrics and gas
sensors [1–5]. Different deposition techniques are used to fabricate ZnO nanostructures including electrochemical deposition
technique [6], thermal oxidation [7], r.f. magnetron sputtering [8] and chemical bath deposition (CBD) [9]. Pulsed Laser
Deposition (PLD) offers many advantages compared with other techniques; reduced contamination due to using laser light
and control of composition of the deposited structure [10].

Recently, Zhang et al. [11] have deposited ZnO nanosheet on indium tin oxide (ITO)-coated glass substrates by galvanic
displacement deposition process. This is to avoid high temperature and electric power to let it simple and cost-effective.
The ZnO nanosheet has uniform wurtzite structure. The photoelectrochemical (PEC) cell based on ZnO nanosheet film/ITO
photoelectrode was fabricated to improve its performance using optimized solution concentration. A higher photocurrent

−2 −2
density of ∼500 �A cm under AM 1.5 G simulated illumination of 100 mW cm with zero bias potential (vs. Ag/AgCl
electrode) was obtained that ascribed to increased surface-to-volume ratio of disordered ZnO nanosheet arrays. While, Li et al.
[12] have prepared porous Zn–Sn–O nanocubes with a uniform size through a facile aqueous solution route combined with
subsequent thermal treatment. The chemical composition, morphology, and microstructure of Zn–Sn–O nanocubes, which
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ave significant effects on the lithium storage performances, were easily tuned by adjusting the calcination temperature
n preparation processes of ZnSn(OH)6 solid nanocubes. They have revealed that porous Zn–Sn–O nanocubes exhibits good
ate capability and high reversible capacity of 700 mAh  g−1 at a current density of 200 mA g−1 after 50 cycles that was great
otential as anode materials in Lithium-ion batteries. Moreover, Augustine et al. [13] have tested the chemical and biological
henomena by using surface acoustic wave (SAW) device, that was fabricated by electrospinning poly(vinylidenefluoride-co-
rifluoroethylene) (P(VDF–TrFE)) incorporated with zinc oxide (ZnO) nanoparticles. They have investigated the morphology,
omposition, and crystallinity of P(VDF–TrFE)/ZnO nanocomposites. It was found that insertion loss of the SAW devices
ncorporated with ZnO nanoparticles was much less than the neat polymer-deposited device. The mentioned device was
tilized in acoustic biosensors to detect and quantify the cell proliferation in cell culture systems.

In this work, Co-doped ZnO nanostructures on glass substrates synthesized by Pulsed Laser Deposition (PLD) at 400 ◦C
re prepared. We  also investigated the influence of laser 0.4 J/cm2 applied during the deposition process on the morphology,
tructural and hardness properties using specific model of bulk modulus of Co-doped ZnO nanostructures with different Co
oncentrations.

. Experimental

Pure ZnO powder with high purity (99.999%) (Sigma–Aldrich) and powders doped with different concentrations for Co
ere prepared. The prepared powders were pressed till 5 tons to form a target with 2.5 cm diameter and 0.4 cm thickness.

he target should be dense and homogenous as can as possible to ensure good quality of the deposits. It was  mounted
n locally design vacuum chamber and ablated by a double frequency with Q-switched Nd:YAG pulsed laser operated at
32 nm,  pulse duration of about 10 ns and 0.4 J/cm2 energy density was  focused on the target to generate plasma plume.
morphous fused silica (from Alfa Aesar) was used as substrates and grown in oxygen environment with O2 partial pressure
f 10 Pa at substrate temperature of 400 ◦C. The deposited nanostructures were grown typically 10 min  after cooling to room
emperature.

The mentioned technique has been utilized to test the overall structures of lattice constants, identification of unknown
aterials, orientation of single crystals and polycrystals, defects, stresses, etc. In this work, X-ray diffractometer (XRD)

SHIMADZU, USA) and power diffraction system with Cu-K� x-ray tube (� = 1.54056 ´̊A) were used. The XRD was  performed
etween 2� values of 30◦–38◦. The morphological features of the various nanostructures were investigated with Scanning
lectron Microscopy (SEM) (JEOL JSM-6360, USA) equipped with an energy dispersive X-ray spectroscopy detector. In the
mission mode of SEM, electrons fired from a filament (tungsten hairpin or LaB6) were accelerated with a voltage in the
ange of 1–30 kV down the center of an electron-optical column consisting of two  or three magnetic lenses. To obtain the
anostructure thickness, an optical interferometer method has been used. It is basing on light beam reflected from surface
nd substrate interference. He-Ne laser wavelength is 0.632 �m and the determined thickness is:

d = �x

x
× �

2
. (1)

here x is the fringe width, �x  is the distance between two fringes and � is wavelength of laser light. The nanostructure
hickness using the above equation is 200 nm.

. Results and discussion

.1. Characterization of Co-ZnO nanostructures

Typical SEM images of undoped ZnO and Co-doped ZnO nanostructures are synthesized on glass substrates with 400 ◦C
sing pulsed laser deposition technique, 0.4 J/cm2 laser energy and 10 Pa Oxygen pressure. The surface is very smooth and
he crystallites are very fine. No big particles can be found from SEM image. The grain size is approximately 34–67 nm.  It is
ound that the Co doping concentration has a significant influence on ZnO nanostructure surface structure. The grain size
ncreases gradually as the Co concentration increases.
Therefore, the grain size has been investigated by SEM for Co doping as listed in Table 1. The grains become densely
npacked near regularly. The SEM micrographs show the surface of ZnO nanostructures with various Co content as shown

n Fig. 1. The Co-free ZnO displays hexagonal shaped with submicron size diameter. As can be seen from Fig. 1, the diameter
f nanostructures decreases at Co (5%) concentration due to Co influences the nanostructure morphology.

able 1
easured grain size using SEM and integral breadth, shape factor, strain, stress and texture coefficient using XRD of undoped ZnO and Co-ZnO nanostructures

or  different concentrations.

Sample T = 400 ◦C FWHM (deg) Grain size using SEM (nm) Integral Breadth  ̌ Shape factor Ф Strain ı (%) Stress � Texture Coef. TC (hkl)

ZnO-pure 0.254 44 0.190 1.33 9.167 −0.0808 1.68
ZnO:Co (1%) 0.138 50 0.203 0.67 9.167 −0.0808 1.39
ZnO:Co (3%) 0.120 67 0.200 0.60 9.212 −0.0812 1.41
ZnO:Co (5%) 0.156 34 0.207 0.75 9.258 −0.0816 1.32
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Fig. 1. SEM images of undoped ZnO (a) and Co-doped ZnO nanostructures for different concentrations (b) 1% Co, (c) 3% Co. and (d) 5% Co.

Table 2
Measured interplanar spacing, lattice constants and calculated bulk modulus of undoped ZnO and Co-ZnO nanostructures for different concentrations.

Sample 2� (deg) � (deg) d (Å)a a (Å)a c (Å)a Bo
b (GPa)

ZnO-pure T = 400 ◦C 31.748 15.87 2.813 3.248 3.249d 3.222e 5.300 5.204d 5.193e 196.26 166f 156.30g 183h

ZnO:Co (1%) T = 400 ◦C 31.74 15.87 2.813 1.99c 3.248 5.216 203.26
ZnO:Co (3%) T = 400 ◦C 31.76 15.88 2.814 1.99c 3.249 5.099 213.31
ZnO:Co (5%) T = 400 ◦C 31.75 15.87 2.815 1.98c 3.250 5.210 203.50

a Measured value.
b Calculated value using eq. (5).
c Ref. [17] Theor.
d Ref. [16] Exp.
e Ref. [16] Theor.

f Ref. [16] Theor.
g Ref. [35] Theor.
h Ref. [36] Exp.

3.2. Structural properties of Co-ZnO nanostructures

The XRD patterns of undoped ZnO and ZnO:Co nanostructures with different doping concentrations are shown in Fig. 2,
the structure type is hexagonal with a strong (100) preferred orientation. No diffraction peaks of Co or other impurity phases
are found in these samples. The angle of the dominant peak corresponding to (100) plane is at 2� = 31.7

◦
for the undoped

ZnO film, and it changes as Co concentration increases. The intensity of XRD peaks is related to many factors, including
crystallization quality, density and thickness of nanostructures. The intensities of ZnO (100) peaks in XRD patterns are
different due to diverse crystallization quality and various substrate temperatures in spite of the same deposition condition
[14]. The increasing of peak intensity indicates an improvement in the nanostructures crystallinity with increasing grain
size [15].

One can see the deposition nanostructures display a hexagonal structure of ZnO. Significant changes observed in the
XRD patterns manifest them in increasing of peak intensity to correspond crystal plane (100) and a decreasing in the peak
intensity for other planes. The lattice constants and the relative intensity ratio to (100) in the diffraction pattern of undoped
ZnO nanostructures deposited under various doping concentrations are given in Table 2. The measured lattice constants are

found to be in good agreement with experimental [16] and theoretical data [16,17].

The measured (c) values are found to be decreased from 5.3 Å for undoped ZnO to 5.21 Å for Co (5%). The observed
decreasing in the c parameter may  arise from the possible introduction of Co ions into interstitial sites [18]. It is noticed
that the intensities of the characteristic peaks increase with increasing Co concentration of 3%, however, some decrease in
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Fig. 2. XRD patterns of undoped ZnO (a) and Co-doped ZnO nanostructures for different concentrations (b) 1% Co, (c) 3% Co. and (d) 5% Co.

he intensities are observed for the Co concentration of about (1%) and (5%) as shown in Fig. 2. In addition, the interplanar
pacing (d) is investigated and found to be in reasonable agreement with available results [17]. We  should emphasize that

 is directly proportional to the Co concentrations as given in Table 2.
The results of Full Width at Half Maximum (FWHM) for all samples point out that they have values close for undoped

nO and ZnO:Co nanostructures of various doping concentrations. For Co concentrations (1%, 3% and 5%), the FWHM value
s about (0.12◦–0.15◦) while for undoped ZnO, it is about 0.25◦ as given in Table 1.

The integral breadth (�) of the ZnO:Co nanostructures are obtained from XRD pattern sheets using [19,20]:

 ̌ = Area

Io
(2)

here Area is the area under peak and Io is the maximum intensity. Our results indicate that � increases with increasing of
o concentration as indicated in Table 1. Also, the shape factor (Ф) was calculated by [20,21];

 ̊ = �

ˇ
(3)

The residual strain (ı) increases for all Co doping concentration. The stress (�) is negative, so the biaxial stress is
ompressive [22]. Texture coefficient (Tc) of fabricated ZnO:Co nanostructures was  calculated using [23]:

TC (hkl) = [(I(hkl)/Io(hkl)]∑ (4)

[Nr − 1 I(hkl)/Io(hkl)]

here I is the measured intensity, Io is the standard intensity, Nr is the reflection number and hkl is Miller indices. The results
ndicate that (Tc) decreases with increasing Co doping concentration and causes an increasing in the surface roughness as
iven in Table 1.
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It is known that the bulk modulus is a reflectance of the materials hardness that it is important in different industries.
Many authors [24–29] have made various efforts to explore thermodynamic properties of solids. In these studies, authors
have examined the thermodynamic properties such as the inter-atomic separation and the bulk modulus of solids with
different approximations and best-fit relations [26–29]. It has become possible to compute with great accuracy an important
number of structural and electronic properties of solids. The ab initio calculations are complex and require significant effort.
Therefore, more empirical approaches have been developed [30,31] to compute different properties for the materials. In
many cases, the empirical methods offer the advantage of applicability to a broad class of materials and to illustrate trends.
In many applications, these empirical approaches do not give highly accurate results for each specific material, but are still
very useful. Cohen [32] had established an empirical formula for calculation of the bulk modulus B0; based on the nearest-
neighbor distance. His result is in agreement with experimental values. Lam et al. [33] had derived an analytical expression
for the bulk modulus from the total energy. This expression is different in structure from the empirical formula but gives
similar numerical results. In addition, they have obtained an analytical expression for the pressure derivative B0 of the bulk
modulus. Our group [34] had used a concept based on the lattice constant to establish an empirical formula for the calculation
of the bulk modulus. The calculated results are in agreement with experimental data and other calculations. Consideration
of hypothetical structure and simulation of the experimental conditions are required to make practical use of this formula.

The aim is to see how a qualitative concept, such as the bulk modulus, can be related to the lattice constant. It was  argued
that the dominant effect is the degree of covalency characterized by Phillips’ homopolar gap Eh [30], and one reason for
presenting these data here is that the validity of our calculations that is not restricted in computed space. Thus, we believe
that the data will prove valuable future works in this field.

An important reason for studying B0 is the observation of clear differences between the lattice constants for undoped and
Co-doped ZnO nanostructures as given in Table 2. The basis of our model is the lattice constant as given in Table 2. Fitting of
these data gives the following empirical formula [34]:

B0 = [3000 − 100�]
(
a

2

)−3.5
(5)

where a is the lattice constant (in Å) and � is a constant equals 2 for group II–VI semiconductors. In Table 2, the calculated
bulk moduli values are investigated and compared with the available theoretical results [16,35] and experimental data [36].
We may  notice that the investigated bulk modulus of undoped ZnO is in accord with other results [16,35,36] and exhibits the
same chemical trends as those found for Co-doped ZnO nanostructures as given in Table 2. Those investigated, theoretical
and experimental results for ZnO:Co concentration are the same within the error by adding estimated error 7-10% after each
calculated value of B0. Our results show that ZnO:Co nanostructure at 3% is the hardest.

4. Conclusion

ZnO:Co nanostructures were synthesized on glass substrate by PLD at 400 ◦C and 10 Pa oxygen background gas. The struc-
tural properties are found to be dependent on the laser influence. The crystal structure of the nanostructures is hexagonal.
The average grain size is investigated by SEM and found to be 34–67 nm.  SEM indicates that the average grain size increases
with increasing Co doping concentrations. It is concluded that the calculated bulk modulus for undoped and Co-doped ZnO
nanostructures of different doping concentrations is the hardest at 3% in parallel with the bigger grain size of the same
concentration.
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