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Undoped and Strontium doped ZnO thin films were deposited by pulse laser deposition
whose average crystallite size lies within the range of 38-53 nm. The deposited film's
structure showed that the films crystallized in hexagonal wurtzite structure. The band
gap was originating to be 3.31 and 3.20 eV for undoped ZnO and Sr doped ZnO thin
films, respectively due to the lattice distortion and creation of active imperfections in
the ZnO lattice. The photoluminescence emissions confirmed the presence of defects

Keywords: related to oxygen vacancies and zinc interstitials. SEM images revealed plate-like
Strontium doped Zinc oxide, morphology with hexagonal shape regardless of the sizes. The sensing results revealed
Strontium,

that ZnO doped 3% Strontium exhibited the highest response, achieving 41 % at
50 ppm ethanol at an operating temperature of 352°C. The electrical sheet resistance
per square area of undoped ZnO and Sr doped ZnO thin films was obtained to be

4.5 x 10*7% and 7.0 x 10%7 %, respectively. ZnO thin films have been studied
extensively for electronics and optoelectronic applications.
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Optoelectronic.

INRODUCTION

Due to its high potential utility in various applications,
such as electronics, optoelectronics and photonic, ZnO is
recognized as one of the most attractive semiconductors.
Zn0 has direct wide band gap (band gap energy = 3.37 V)
and large exciton binding energy of 60 meV.

ZnO is considered as a potentially attractive material
due it’s excellent oxidation capacity, low toxicity and with
good physical and chemical properties.

However, ZnO suffers from disadvantages like
absorption of visible light and low electrical conductivity
which limit its uses in some fields such as optoelectronics.
An effective strategy to overcome them is the doping
process [1]. Appropriate doping of ZnO with special
impurities and synthesis techniques could potentially
create a material with the required parameters.

Several studies have demonstrated the role of different
dopants on the physical properties of ZnO thin films. For
example, Pramod Agale et al. synthesized Sr doped ZnO
via a hydrothermal method. They reported that the highest
degradation rate constant of 0.0389 min~! for the 5 % Sr-
doped ZnO sample [2]. Muhammad Shahid Nadeem et al.
fabricated Sr-doped ZnO thin films through a sol-gel route
on a silicon substrate (100) [3]. They reported that with

increasing Sr content, the crystalline superiority is
enhanced. Alga Saeeda Javaid et al. synthesized Strontium
doped ZnO nanoparticles and Studied set out to quantify
the impact of Strontium doping in Zinc Oxide on various
properties [4]. It has been found that how Sr doping affects
ZnO films is controversial and debatable [5, 6].

Thus, we report the growth of ZnO thin film with Sr
doping on silicon substrate using pulse laser deposition
and present results of measurements of optical and
electrical properties.

MATERIALS AND METHODS

Sr doped ZnO was deposited on silicon (100) substrate by
pulsed laser deposition. We have used Sr doped ZnO (3
wt.%) sintered pellet as PLD target.

A schematic diagram of the pulsed laser deposition
setup is shown in Fig.1. To prepare the target, 3 wt% of
strontium nitrate nano-hydrate (Sr (NO3)2.9H,0) was
individually dissolved in an aqueous solution of 0.4 M zinc
acetate hexahydrate (Zn(NO3),.6H,0) and agitated for 100
min. Then, citric acid was used as a product stabilizer to
form a clear and homogenous solution. In the filtration
step, the precipitate was separated from solution by
filtration. Later, it was washed with deionized water and
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ethanol, then dried at 80 °C for 4 h and finally calcined at
550 °C for five hours. Finally, pellets of this material is
obtained by pressing the produced powder with a hydraulic
press at 5 MPa. A sintering process (at 600 °C for 2 hours)
was used to make pellets more compact.

Holder & rotator

Vaccum pumps

Fig. 1. A schematic diagram of the pulsed laser deposition setup

RESULTS AND DISCUSSION
Structural Analysis

The XRD patterns of pristine ZnO and 3 at% Sr doped ZnO
samples are presented in Fig. 2a.

All the observed diffraction peak can be indexed to
wurtzite ZnO structure, and no diffraction peaks from Sr
or other impurities are detected in the spectrum. The broad
diffraction peaks of Sr doped ZnO sample suggests that as
the Sr ion is doped, the crystalline size decreases. The
observation of a small shift in some peaks to lower angles
confirms that Sr ions occupy the Zn sites into the crystal
lattice of ZnO (Fig. 2b) [7].
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Fig. 2. (a) XRD patterns of pristine ZnO, ZnO:Sr 3% thin films,

(b) Peak shifting of (100) plane, (c) EDS spectrum of ZnO:Sr 3%

According to the composition analysis (Fig. 1c)
using EDS measurement, the peaks of Zn, O, Si and Sr
elements are observed in the Sr doped ZnO film. The
Williamson—Hall (W-H) based X-ray peak analysis
method was employed to evaluate the average crystallite
size and lattice strain from the XRD peak broadening
analysis.

The formula for the W-H method is as [8]:

B cos(0) = %’1 + 4esin (0) 1)

This formula incorporates a shape factor (k) of 0.94,
the wavelength of X-ray source (A =1.5405 A), the
diffraction angle (0), the micro-strain in the crystal lattice
(¢), and the full-width at half maxima (FWHM) of the
diffraction line (). The crystallite size and lattice strain in
the samples can be determined from the intercept and
strain from slope line plotted between 4sin(6) on the X-
axis and P cos(8) on the Y-axis and as shown in Fig. 3.
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Fig. 3. Linear fit plot of W-H method for calculating crystallite size
of (a) pristine ZnO, and (b) ZnO:Sr 3% thin films
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The average crystallite sizes calculated from W-H
method for the ZnO and 3 at% Sr doped ZnO samples were
53 £ 1 and 38 = 1 nm, respectively. However, the addition
of Sr atoms to the ZnO lattice resulted in an increase in the
lattice strain from 1.5 x 1073 to 2.6 x 103, The crystallite
size and other parameters such as lattice strain are listed in
Table 1.

Table 1
Structural parameters of pristine ZnO and Sr doped ZnO
samples.

Samples ZnO Sr doped ZnO
FWHM (101) (°) 0.165 0.323
Lattice parameter

0.3181 0.3210

() (nm)

Lattice parameter 0.5031 0.5083

(©) (nm)

Crystallite Size 53 38
(nm)
Lattice Strain
(x 10-3) 15 2.6
SEM Analysis

The surface morphologies of thin films were monitored by
employing scanning electron microscope (SEM, JEOL
JSM6490). Fig. 4 shows typical SEM images of Sr doped
ZnO0 thin film which reveals plate-like morphology with a
diameter of 1-2 um and a thickness of 50-150 hm. Most
of plates have hexagonal shape regardless of the sizes. The
SEM results indicated that no significant morphology
change was observed between Sr doped and undoped ZnO
thin films. In addition, some random agglomeration of
Zn0 particles was observed on the surface morphology of
thin films due to the strong surface energy [9] or the factors
governing the film thickness [10].

UV-vis Analysis
Optical absorption behaviour of the thin films is studied
from the room temperature UV-Vis spectra in the range of
350-550 nm. Fig. 5. shows the comparison of the
absorption spectra of undoped and Sr doped ZnO samples.
The results show that ZnO and Sr doped ZnO absorption
bands were detected in the UV region at 366 nm and 372
nm, respectively.

The band gap Eg of the samples the prepared samples
were estimated according to Tauc’s equation [11]:

(ahv)m = A(hv — E,) @)

Where hv is incident photon energy, o is absorption
coefficient, A is a constant, m equals 1/2, 2, 3/2 and 3 for
direct allowed, indirect allowed, direct forbidden and
indirect forbidden transitions, respectively, and Eg is band
gap energy. The band gap of undoped and Sr doped ZnO
samples calculated from UV-VIS study was. 3.31eV and
3.20 eV, respectively the experiment revealed that the Sr
doping decreased the optical band gap. A literature review
on the influence of Sr doping on the band gap of ZnO is
given in Table 2.

Fig. 4. SEM image of 3% Sr doped ZnO

Table 2
Literature review of the effect of Sr-doping on the band gap of
ZnO.
Sr-Zd:ged Sr-doped Sr-doped Sr doped
Sample " ZnO thin P ZnO thin
exagonal - ZnO -
- films film
nanodisks
simple
Method _of hydrothermal sol-ge'l dip wet PLD
preparation coating chemistry
route
Percentage
of Sr 0-8 % 1,2% 0-3% 3%
doping
Values of Reduction R(’gdzugctlj1 R?g l;;t'fn Tg%ul(im
Eg (eV) (3.13-2.87) 3.20) 2.98) 3.20)
Reference [2] [3] [4] This work
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Fig. 5. UV-Vis spectra of ZnO and ZnO:Sr 3% thin films
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Photoluminescence Analysis

The characteristic emission spectrum can be used to
identify the impurity levels through PL emission. The
photoluminescence spectra analysis (Fig. 6) showed two
main emission peaks; a strong broad UV emission peak
corresponds to a near band edge UV emission, and another
a broad defect related emission peak.

383 nm — Zn0O

- —— ZnO:Sr
= Ji)
® | /\\
A
20 ) \ 522 nm
e / \) SN
L] = j ~

350 400 450 500 550 600

Wavelenght (nm)
Fig. 6. Room-temperature PL spectra of ZnO and ZnO:Sr 3% thin
films

The UV emission peak at 383 nm is attributed to the
recombination of free excitons and the broad visible
emission band located at 500-550 nm is due to the
presence of defects, intrinsic defects like oxygen vacancies
and zinc interstitials [12]. The results demonstrate that
with incorporation of strontium in ZnO matrix, the
intensity of the NBE emission peak gradually decreases,
although the intensity of the DLE peaks shows opposite
trend. This shows that the doping of Sr atom in the ZnO
structure increases the probability of vacancy and/or
impurity concentration [13].

From the PL spectra, the intensity ratio of the near-
band edge emission to the deep-level emission decreased
from 6 for ZnO to 3 for ZnO:Sr thin films, indicating
enhanced charge carrier separation and reduced the
recombination of the photo-induced electron and hole pair
when Sr is doped into the ZnO structure, thereby
enhancing photocatalytic performance [14]. The electrical
conductivity of thin films can be affected by various
factors, including doping [15].

Electrical Properties

A four-point probe (also known as the Kelvin technique)
is usually used for measuring thin film resistances. The
natural log of resistivity profiles of pristine and Sr doped
ZnO thin films as a function of the inverse of the
temperature are illustrated in Fig. 7. An approximate
linearly decrease of resistivity is observed with rising
temperature, indicating the semiconducting behavior of
the thin film, because the increased thermal energy allows
more electrons to be excited to conduction band across the
band gap. As a result, the electrical resistivity decreases
with rising the conductivity value in thin films.
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Fig. 7. Logarithmic temperature dependence of resistivity with error
bars

The obtained result from the electrical resistivity
measurement noticed that after Sr doping, the electrical
resistivity of ZnO film is decreased by nearly two orders
of decade. Based on the free electron model, the
incorporation of Sr in ZnO lattice leads to an increasing in
free electrons concentration and to a decrease in films
resistivity [16]. The electrical sheet resistance of thin films
can be obtained from Rs=p/t, where, p is the electrical
resistivity in Q cm and t is the thickness of the film in meter
[17].

A measure of lateral resistance per square area of the
films with about 200 nm thickness was calculated. The
Electrical parameters of ZnO and Sr doped ZnO thin films
at 352 K are listed in Table 3.

Table 3
Electrical parameters of ZnO and Sr doped ZnO thin films at
352 K.
Q Gas response
p (Q.cm) Rs (—) (%) to 400
Sample 352K 35251(2 ppm ethanol at
352K
Zn0 8.93 4.5 x 10%7 ~11
Sr doped +7 -
710 14.01 7.0 x 10 41

Interaction between gas molecules and a metal oxide
surface provides an electrical signal based on the
adsorption or desorption of gases according to the change
of resistance. When a metal oxide is exposed to a specific
gas molecule, for example ethanol, the electric current of
the metal oxide changes. Therefore, as an electrical
characteristic of our samples, the change in the
conductivity upon exposure to ethanol (400 ppm) is
investigated.
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Fig. 8. The ethanol gas response of ZnO and ZnO:Sr 3% thin films

Gas response value can be defined by (I, —1,)/I,,
where Ig is the sensor current value under ethanol, and la
is the current value under air. Fig. 8 depicts the gas sensing
performance of the synthesized thin films. The Sr doped
ZnO thin film shows a remarkably high sensing response
as compared to the undoped ZnO film because it is known
that various dopant incorporation (here Sr doping)
increases number of free charge carriers and facilitates gas
sensing process [18,19].

CONCLUSION

In summary, Sr doped ZnO thin film prepared by PLD was
successfully deposited on Si (100) substrate. The films
were then characterized and studied for their morphology,
structure, optical parameters. The SEM shows the
construction of hexagonal shape particles. The
Photoluminescence study indicated that the Sr content
reduces oxygen vacancies and suppress non-radiative
recombination. The intensity ratio of the UV emission to
the DL emission, indicating enhanced charge carrier
separation. Sr doped ZnO displayed significantly
enhanced sensing response (about 41% at 352 °C) toward
400 ppm of ethanol gas compared to undoped ZnO sensor.
The results showed that Sr doped ZnO thin film may be
useful for some optoelectronic applications.
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