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a b s t r a c t

We experimentally and theoretically study how the structural and vibrational properties of zinc oxide
(ZnO) are modified upon Gallium (Ga) doping. The characteristics of Ga-doped ZnO thin films which are
synthesized by sol-gel spin coating method on glass substrates are monitored by using X-ray diffraction
(XRD) and Raman scattering measurements. For atomic-level understanding of the experimental findings
state-of-the-art density functional theory (DFT) based calculations are also performed. DFT calculations
reveal that both the substitution and adsorption of Ga atoms in ZnO are energetically possible and
substitutional doping in ZnO is the most favourable scenario. XRD measurements show that all the films
are in wurtzite structure and the crystallite size of the films decreases with increasing Ga doping. In
addition, Raman analysis show that strong vibrational modes at about 100 and 441 cm�1 are associated
with Elow2 and Ehigh2 phonon branches of ZnO, respectively. While the frequency of the Elow2 mode
downshifts with increasing Ga concentration, the Ehigh2 phonon mode is not affected by the Ga doping.
Furthermore, EGa phonon branch, stemming from the substituted Ga atoms, emerges at low frequencies.
It is also seen that the Raman intensity of the EGa peak linearly increases with increasing Ga concen-
tration. Experimental results on the vibrational properties are in good agreement with the ab initio
phonon calculations.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Metal oxide thin films have been known for many years are
attractivematerials for future technology. Zinc oxide (ZnO)which is
one of the important metal oxide materials has been extensively
studied by many researchers for decades due to its remarkable
optoelectronic properties [1e4]. It is used in a various applications,
such as solar cells, light-emitting diodes (LEDs), ultraviolet (UV)
lasers and sensors [5e12].

For tuning the physical properties of ZnO thin films, doping is
one of the efficient methods. It has been reported that doping with
various atoms such as In, Al, Cu, Ni, etc. can be used to enhance and
control the structural, electrical, vibrational and optical character-
istics of ZnO thin films [13e19]. Sharma et al. reported fabrication of
highly conductive and stable p-type ZnO via phosphorus doping
um).
[20]. Furthermore, Gondoni et al. [21] demonstrated how the cor-
relation between electrical and optical properties of Al doped ZnO
thin films can be used to evaluate energy gap, conduction band
effective mass and transport mechanisms. Yildiz et al. [22] showed
that the electron-electron interactions in ZnO is enhanced by
increasing Sn density and there is a corresponding shrinkage in the
band gap, for Sn doped films. In addition, Horzum et al. demon-
strated that the electronic defect states originating from Cu atoms
for Cu doped ZnO thin films. These films are optically inactive and
the optical band gap is formed by the band edges that belong to
ZnO crystal [23]. Ga-doped ZnO thin films were also studied
recently [24e26]. Yamada et al. deposited Ga-doped ZnO thin films
using RF magnetron sputtering method and investigated the posi-
tional distribution of electrical resistivity and crystalline lattice
constant of films [27]. Moreover, the study of optical band gap shift
in Ga-doped ZnO thin films based on the combination of experi-
mental and first-principles calculations was presented by Wang
et al. [28] The optical properties of Ga-doped ZnO films grown using
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metal organic chemical vapor deposition were investigated by Ye
et al. [29] They reported a study on the Burstein-Moss and band-
gap renormalization effects on the near-band-edge transition in
films. Although most of the studies have focused on characteristics
of doped ZnO thin films, there are few studies about Ga-doped ZnO
thin filmwhich are supported by DFT calculations. In this study, we
investigated the effect of Ga dopants on the characteristic proper-
ties of ZnO thin films. The structural and vibrational properties of
Ga-doped ZnO thin films were analyzed by XRD and Raman spec-
trometry. We proposed a feasible scenario to understand how the
Ga atoms are doped in ZnO. It is an analysis of vibrational properties
with Raman spectrum in Ga-doped ZnO thin films. Experimental
results on Raman spectrum are inadequate for understand what
kind of doping, so that they should be used with theoretical pre-
dictions. Consequently, we combined all of these results in our
study.
2. Methodology

2.1. Experimental analysis

Ga-doped ZnO thin films with 1, 3, and 5 at. % Ga contents were
deposited on ultrasonically cleaned square glass substrates by sol-
gel spin coating method. The details of the preparation of the
films were reported elsewhere [30]. The crystal structure of the
films was analyzed by means of Rigaku Miniflex 600 Table Top
Powder X-ray diffractometer. CuKa radiation source with a wave-
length of 0.154 nmwas employed and the scanning range 2q of the
diffractometer was adjusted to 5-800. Raman measurements were
performed by Horiba XploRA Raman spectrometer equipped with a
confocal microscope. To gather Raman-scattered light, a 100�
objective magnification (NA¼ 0.90) of an Olympus Bx41 trans-
mission and reflection illumination microscope (Olympus, France)
was used. The laser excitation of 532 nmwith grating 1800 grooves/
mm was employed in a spectral range of 50e700 cm�1.
Fig. 1. (a) XRD spectrum of undoped and Ga-doped ZnO thin films. (b) Substitutional
Ga instead of Zn, Ga atom in the (c) octahedral and (d) tetrahedral interstitial area of
ZnO. The green, grey and red atoms are Ga, Zn and O atoms, respectively.
2.2. Details of computational approach

First principle calculations were carried out within the density
functional theory (DFT) using the projector augmentedwave (PAW)
[31,32] potentials as implemented in the Vienna ab initio simulation
package (VASP) [33,34]. The generalized gradient approximation
(GGA) using the Perdew-Burke-Ernzerhof (PBE) functional was
utilized for exchange-correlation energy [35]. In order to consider
strong correlations between d-orbitals of Zn atoms and p-orbitals of
O atoms, the DFT þ U method defined by Dudarev was performed
[36]. Within the GGAþU approach the on-site Coulomb parameter,
U, and the exchange parameter, J, are combined into one effective
interaction parameter Ueff ¼ U� J. The plane-wave cutoff energy
was set to be 500 eV. The convergence criterion for energy was
chosen to be 10�5 eV. The total force in the unit cell was kept below
10�4 eV/Å. Pressure on the unit cell was decreased to values less
than 1 kB. For the Brillouin Zone (BZ) integration, a 24� 24� 18
G-centered mesh was used for the primitive cell. Analysis of the
charge transfers on the atomswasmade using Bader technique [37].

Phonon calculations were performed using the small displace-
ment method as implemented in the PHON code [38]. The
nonresonant Raman calculations were performed for undoped and
various concentrations of Ga-doped ZnO crystals. A displacement of
0.015 Å was applied for phonon calculations and resulting
dynamical matrix was obtained. The convergence of intensity of the
Raman spectrum and frequencies of acoustical modes with respect
to the k-point sampling and energy cutoff was carefully examined.
The k-point sampling of 12� 12� 9 was used for the Raman
intensity calculation of the primitive cell. Therefore, for the calcu-
lation of the Raman activities of each mode were determent
through the change in macroscopic dielectric tensor.
3. Results and discussion

3.1. Structural properties

In this section, we investigate how the structural properties of
ZnO are modified upon Ga doping. First we determine whether the
undoped ZnO structure is formed in wurtzite or zincblende phase.
As shown in Fig. 1 (a), undoped ZnO has (100), (002), (101), (102),
(110), (103), (200), (112), (201) and (004) peaks which correspond
to hexagonal wurtzite ZnO and these peaks match the JCPDS card
(zinc oxide, 80-0074). It is also seen from the XRD spectrum that the
preferential orientation is along the (002) plane of the wurtzite
ZnO. In order to obtain the lattice parameters more accurately the
Rietveld refinement method is used and the parameters from the
XRD spectrum are analyzed using the FullProf package. The values
of lattice parameters (a, c and c/a), refined parameters (Rwp, Rp and
c2) and the cell volume (V) obtained from XRD measurements by
Rietveld refinement analyses are given in Table 1. The size of the
crystallites with the (002) plane can be calculated using the
Scherrer's formula. Neglecting the peak broadening due to residual
stress in the films, the crystallite size is given by D¼ 0.9l/(bcosq),
where b is the amount of broadening in the diffraction peak at half
its maximum intensity in radians (where l is 1.54 Å). In addition,
the ZneO bond length is given by the following equation;

rZn�O ¼
��

a2

3

�
þ ð0:5� uÞ2c2

�1=2
(1)

where, u¼(a2/3c2)þ0.25 [39]. The calculated values of the



Table 1
The lattice parameters (a, c and c/a), refined parameters (Rwp, Rp and c2), crystallite size (D), cell volume (V), ZneO bond length (rZn�O) calculated from XRD measurements by
Rietveld refinement analyses, for undoped and Ga-doped ZnO films.

Doping (%) a (Å) c (Å) c/a Rwp Rp c2 D (Å) V (Å3) rZn�O (Å)

undoped 3.2492(2) 5.2082(2) 1.603 7.28 5.92 1.61 222.90 47.614 1.977
1 3.2499(2) 5.2086(3) 1.603 6.39 5.03 1.38 167.86 47.641 1.978
3 3.2521(2) 5.2113(2) 1.600 5.45 4.32 1.22 164.07 47.731 1.979
5 3.2585(3) 5.2175(3) 1.600 5.98 4.50 1.36 113.96 47.976 1.983
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crystallite size and the ZneO bond length are given in Table 1.
We also theoretically study the structural properties of the

undoped wurtzite ZnO crystal via ab initio DFT calculations. In the
present work, the values of Ueff terms are employed as 1 eV and
12 eV for the d-orbitals of Zn atoms and the p-orbitals of O atoms,
respectively. Therefore, as given in Table 2, the optimized lattice
parameters of undoped ZnO are calculated to be a¼ b¼ 3.244 Å
and c¼ 5.230 Å with c/a ratio of 1.61. The bond length between Zn
and O atoms along c-axis and those of the planar bonds are 1.98 and
1.97 Å, respectively. Bader charge analysis shows that the bond
between Zn and O is ionic-typewith a charge depletion of 1.2e from
Zn to O atom due to a difference in the electronegativities of Zn and
O atoms (1.65 and 3.44 for Zn and O atoms, respectively).

In order to see the doping effects on the structural properties of
ZnO, we investigate the XRD spectra of Ga-doped films (Fig. 1 (a)).
According to the XRD patterns, similar peaks are observed as in
undoped ZnO. Since Ga atoms are homogeneously incorporated
into the ZnO matrix, there is no additional peaks in the XRD
pattern. It is also observed that the intensity of diffraction peaks
decreases by doping. In addition, the preferential orientationwhich
is along the (002) plane stays unaltered with Ga doping.

While the structural phase and crystallite size can be obtained
from the XRD spectrum, the question of how the wurtzite ZnO is
doped by Ga atoms requires a theoretical investigation. In the DFT
total energy calculations performed to determine the most
favourable site for Ga atoms in the wurtzite ZnO, three different
configurations are considered: two different types of interstitial
doping (octahedral and tetrahedral) and one substitutional doping
of a Zn atom by a Ga atom. The geometric structures of interstitial
and substitutional Ga-doped wurtzite ZnO are shown in Fig. 1 (b),
(c) and (d). A 3� 3� 2 supercell of ZnO corresponding to a doping
concentration of ~ 1.4% is used. It is found that the substitution of Zn
with Ga is 48 and 57meV per atom more favourable than the
octahedral and tetrahedral interstitial sites, respectively. Thus,
based on the total energy calculations, substitutional doping of Zn
by Ga atoms is highly probable. In addition, previous studies
revealed that substitutional doping of Ga atom in the wurtzite ZnO
is more likely to occur [40,41]. Therefore, in the following we only
consider the substitutional doping.

The substitution of Znþ2 by Gaþ3creates defects and distorts the
local ordering of the crystal structure. It appears that the crystallite
size of Ga-doped films is smaller than the undoped film. As the
amount of doping increases, the crystallite size decreases due to the
increase of lattice defects (Table 1). As shown in Table 1, the cell
parameters and bond length (rZn�O) are expanded when compared
to undoped ZnO. As consistented with experimental results, it is
Table 2
Calculated lattice parameters a and c, Bader charge donated by the adsorbed atoms
(also Zn atom in the undoped structure).

Doping (%) a (Å) c (Å) Dr (e)

undoped 3.244 5.230 1.2
~ 1.4 3.247 5.245 1.0
~ 3.0 3.252 5.259 1.0
seen in DFT calculations that Ga doping enlarges the lattice pa-
rameters of ZnO. As given in Table 2, the lattice parameter of the
structure is 3.247 and 3.252 for ~ 1.4% and ~ 3% doping concen-
trations, respectively. Bader charge analysis reveals that similar to
the bond between Zn and O, the bond between Ga and O is also
ionic with a charge donation of 1.0 e from Ga to O. It is found that
the nonmagnetic structure of ZnO is unaffected by substitutional
doping of Ga atoms.

3.2. Vibrational properties

Raman spectra of undoped and Ga-doped ZnO shown in Fig. 2
possess two dominant peaks at 100 and 441 cm�1. In addition,
phonon dispersion and Raman activity analysis of wurtzite ZnO
(calculated using 3� 3� 2 supercell) are also shown in Fig. 3. The
phonon spectra of the crystal have no imaginary frequencies which
indicates the dynamical stability of the structure. As seen in Fig. 3
(b) there are 4 Raman active modes, one of which has a relatively
low intensity. The phonon modes which we calculate at 97.2 and
415.4 cm�1 correspond to the modes at 100 and 441 cm�1 observed

in the Raman spectrum and these modes are associated with Elow2

and Ehigh2 phonon modes of ZnO, respectively.
In the E2 phonon modes, neighboring ions move opposite to

each in the plane perpendicular to the c-axis. Therefore the total

displacement and net polarization are zero and Elow2 and Ehigh2

modes are non-polar modes. Elow2 mode mostly involves the vi-

brations of Zn sub-lattice, while Ehigh2 mode predominantly occurs
with motion of oxygen atoms [42]. Optical character and frequency

of these modes are illustrated in Fig. 3 (b). A strong Ehigh2 mode is an
indication of good crystallinity of wurtzite ZnO. According to Fig. 2,
as Ga doping ratio increases, this mode becomes broader and less
Fig. 2. Raman spectrum of undoped and Ga-doped ZnO thin films.



Fig. 3. (a) Phonon band diagram and corresponding (b) Raman activities of wurtzite ZnO crystal. Vibrational motion of individual atoms in some prominent Raman active modes are
also shown. The green, grey and red atoms are Ga, Zn and O and atoms, respectively.
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intense peaks and this indicates decline in the crystallinity of ZnO

with Ga concentration. It is also seen that frequency of Ehigh2 mode
almost remains unaltered with the Ga doping. The frequency of

Ehigh2 mode which is located at 441 cm�1 in undoped ZnO shows a
little shift to 440 cm�1 in 5% Ga-doped film. Similarly, DFT calcu-

lations exhibit that Ehigh2 mode slightly shifts to 415.3 and

413.8 cm�1 for 1.4% and 3% Ga doping, respectively. Since the Ehigh2
mode is dominantly related to the vibration of O atoms, the pres-
ence of Ga dopant atom negligibly changes the frequency of this
mode.

In Fig. 2, it is seen that two peaks at around 573 and 584 cm�1

are combined in a single LO mode. These peaks are ascribed to
A1(LO) and E1(LO) modes of ZnO, respectively. In A1 and E1 modes,
which are oxygen dominated, the atoms move parallel and
perpendicular to the c-axis, respectively. The neighboring ions
move in the same direction in these phonon modes and displace-
ment of the atoms causes a net polarization. Consequently, A1 and
E1 modes are split into transverse optical (TO) and longitudinal
optical (LO) phonons due to ionic character of ZneO bonds. Except
for a vague A1(TO) mode obtained at 380 cm�1, TO modes are ab-
sent in our measurements since the backscattered light is collected
along the c-axis [43,44]. The reasonwhy we see A1(TO) mode in the
Raman spectrum may be related to the polycrystalline character of
the film. For highly oriented ZnO films, when the incident light is
normal to the surface, E2 and A1(LO) modes can be monitored and
other modes are forbidden due to the Raman selection rules [44].
The existence of E1(LO) mode in all of the films can be attributed to
the deterioration of the selection rule because of the use of the
Raman microscope [7,45]. As seen in Fig. 2, the E1(LO) mode at
584 cm�1 in the undoped and 1% Ga-doped ZnO shifts towards
582 cm�1 in 3% and 5% Ga-doped samples. We also observed that
the peak width of E1(LO) mode shrinks for the Ga-doped ZnO.
E1(LO) mode is ascribed to the oxygen vacancies in ZnO [46]. In
addition, it is also seen that A1(LO) mode separates from E1(LO) as
the Ga doping ratio increases. The peak observed around 572 cm�1

for 1% Ga, shifts to 563 cm�1 in 5% Ga-doped ZnO. A1(LO) modemay
stem from intrinsic defects of oxygen vacancies and interstitial zinc
cations [47]. The calculated phonon mode spectra agree well with

the experimental results. (Elow2 , A1(TO), and Ehigh2 modes are
experimentally detected at 100, 380, 441 cm�1). However, we
calculate the energy of the E1(LO) mode quite shifted compared to
the experimental results. This inaccuracy stems from the large LO-
TO splitting of wurtzite ZnO crystal [48]. Standart DFT methods
may provide severely incorrect results in calculating high-energy
modes of a polar material like ZnO. However, in the present study
we focus on the low-frequency phonon modes, where the meth-
odology is quite reliable.

In addition to prominent modes, the anomalous Raman modes
at 275, 335 and 631 cm�1 are also monitored in Raman spectrum of

undoped ZnO. The peak at 275 cm�1 is the silent mode B1
low while

the other modes are second-order modes or multi-phonon pro-

cesses. As seen in Fig. 2, the B1
low mode remains unchanged with

Ga doping. Furthermore, it is observed that the broad peak at

335 cm�1 which corresponds to Ehigh2 -Elow2 disappears as the Ga
concentration increases. Additionally, as displayed in Fig. 2, the
mode which is observed at 631 cm�1 in undoped ZnO shifts to
624 cm�1 in 5% Ga-doped film. The samemodewas observed for Ga
and Sb doped ZnO in previous reports [49,50]. It can be related to
the defects rather than the Ga doping. The observation of some
anomalous modes in the Raman spectra of ZnO films can be
ascribed to the disorder-activated Raman scattering [51,52]. This
scattering can be stimulated by the distortion of the lattice sym-
metry due to defects or impurities [51].

In this section, Ga doping dependency of the dynamical stability
of the ZnO is also investigated. Calculated phonon eigenfrequencies
that have real eigenvalues in the whole Brillouin zone indicate the
dynamical stability of Ga-doped ZnO. The phonon dispersions of
1.4%, 3%, 6% and 12% Ga-doped ZnO are shown in Fig. 4. It appears
that the structure is dynamically stable for 1.4%, 3% and 6% doped
cases, however over-doped case of 12% leads to dynamical insta-
bility. It is clearly seen that all the mode frequencies display soft-
ening with increasing amount of doping. Since Ga doping increases
the lattice parameter, the bonds of the material weaken and this
leads to a decrease in the mode frequencies. It is found that the
large phonon band gap of ZnO between the frequencies of ~ 250
and ~ 350 cm�1 is not affected by Ga doping.

Moreover, as seen in Fig. 2 when the Ga doping increases, an

additional peak arises with a lower frequency than that of Elow2 . It is
clearly seen that the Raman intensities of the extra peak (EGa) and

Elow2 are strongly dependent on the amount of Ga doping. To further
understand the doping effect in the low-frequency regime, doping
dependencies of these two modes are examined in detail both
experimentally and theoretically. DFT calculations also revealed
that when the ZnO crystal is doped with Ga, an additional Raman



Fig. 4. Phonon band dispersions with respect to the doping amount.
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active mode appears in the low-frequency regime. Calculated
doping-dependent Raman intensity and optical character of EGa and

Elow2 are illustrated in Fig. 5. As seen in the figure, EGa is charac-
terized by a counter-phase motion of layers of four atomic thick-
ness. For the sake of comparision Gaussian fitting of the measured
Raman intensities of these twomodes are performed and shown in

the inset of the Fig. 5. The frequencies of EGa and Elow2 are measured
as 74 and ~ 99.6 cm�1 for 1% Ga doping, respectively. It is clearly

seen that the downshift in the frequency of EGa and Elow2 occurs
when the amount of Ga doping increases (Table 3). DFT calculations
Fig. 5. Doping dependency of the Raman activity of EGa and Elow2 modes. Side views of
atomic displacements of EGa and Elow2 modes are shown. The green, grey and red atoms
are Ga, Zn and O atoms, respectively. Inset: Presentation of Baseline and Gauss fitting
for EGa and Elow2 peaks.
also show a similar phonon softening trend. It is found that as the
Ga doping increases from ~ 1.4% to ~ 3.0%, the frequency of the EGa
and Elow2 decreases from 78.1 to 97.0 cm�1 to 73.2 and 95.2 cm�1,
respectively. The existence of Ga atoms in the ZnO lattice causes a

change in the vibrational frequency of the Elow2 mode. Since the Elow2
mode is associated with vibration of Zn atoms, substitutional
doping of the Zn atoms changes the vibrational frequencies of the
Ga-doped films. In order to understand the doping-level depen-
dence of the additional peak, we calculated the intensity ratio of the

two peaks, EGa and Elow2 . As seen in the inset of Fig. 5 and Table 3,
there is a significant relationship between the amount of Ga doping
and the changes in the intensity ratio of these two peaks. The in-
tensity ratio, IEGa /IElow

2
, is measured as 0.11, 0.43, and 0.65 for 1%, 3%

and 5% Ga-doped samples, respectively. We found a similar trend in
the theoretical calculations. As the amount of Ga doping increases
from 1.4% to 3%, the ratio, IEGa /IElow

2
, increases from 0.11 to 0.35. The

change in the relative intensity ratio depending on the amount of
doping can be attributed to the increase in the lattice constant. As
the doping amount increases, the lattice constant of the crystal
increases and consequently, the dipole between oppositely
vibrating atoms of interlayer modes enhances. Since the dipole
between oppositely vibrating atoms of EGa mode is larger than that

of the Elow2 mode, polarizability of the EGa mode is higher. As a
result, the Ga doping enhances the intensity of the EGa more than

the Elow2 mode. Therefore, the doping dependence of Raman in-

tensities and peak positions of EGa and Elow2 modes can be used as a
measure of the amount of doping in the material.
4. Conclusions

In this study, in order to examine the doping effects on the
characteristic properties of ZnO thin films, undoped and Ga-doped
films were grown on glass substrates by sol-gel spin coating



Table 3
IEGa /IElow

2
peak ratios of experimental and DFT results.

Doping (%) Experimental Results Doping (%) DFT Results

EGa (cm�1) Elow2 (cm�1) IEGa /IElow
2

EGa (cm�1) Elow2 (cm�1) IEGa /IElow
2

1 74 99.6 0.11 1.4 78.1 97.0 0.11
3 72 99.1 0.43 3.0 73.2 95.2 0.35
5 70 98.5 0.65
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method. The structural and vibrational properties of the films were
investigated by performing both measurements and ab initio DFT
calculations. The XRD spectra indicated that the films have hex-
agonal wurtzite structure and all of the films exhibit c-axis oriented
in the (002) plane. Ga doping induces a slight increase in the lattice
parameters and a decrease in the crystallite size of the films. DFT
calculations revealed that the most favourable configuration for a
Ga dopant atom is to substitute a Zn site. Bader charge analysis
showed that bond between Ga and O is ionic with a charge dona-
tion of 1.0 e fromGa to O. Ramanmeasurements demonstrated that
two dominant vibrational modes at around 100 and 441 cm�1 are

associated with Elow2 and Ehigh2 phonon modes of ZnO, respectively.

Strong Ehigh2 mode indicated wurtzite ZnO lattice. As the Ga con-

centration increases, it is observed that the frequency of Elow2 mode

downshifts while the frequency of Ehigh2 almost remains unaltered.

Since Elow2 mode is related to the vibration of Zn atoms, substitution
of Ga dopant atom with Zn atom might shift the vibrational fre-

quencies of the Elow2 . DFT calculations also revealed 4 Raman active
modes of ZnO at 97, 362, 383 and 415 cm�1. These phonon modes

are associated with Elow2 , A1(TO), E1(LO) and Ehigh2 vibrational
modes. The calculated phonon mode frequencies agree well with
the experimental results, except for E1(LO) at 383 cm�1 due to large
LO-TO splitting of wurtzite ZnO crystal. Moreover, we observed that
an additional peak appeared with Ga doping at low frequency
values. It was seen that while this additional peak is at around
74 cm�1 in 1% Ga-doped, it shifts to 70 cm�1 in 5% Ga-doped films.
Phonon calculations confirmed this additional phononmodewhich
is obtained at low frequency. In addition, the intensity ratio of

phononmodes of EGa and Elow2 which are obtained at low frequency
increases from0.11 to 0.65 in 1% and 5% Ga-doped, respectively. DFT
calculations also demonstrated a similar trend in Ga-doped ZnO.
Our results manifested that Raman analysis and theoretical phonon
calculations are efficient methods for understanding the effect of
doping in ZnO.
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