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A B S T R A C T   

Herein, we examine the effect of doping with Indium (In), Gallium (Ga), and Aluminum (Al) 
(group III elements) on the structural, optical, and vibrational properties of ZnO thin films. The 
characteristic properties of the ZnO films prepared by the sol-gel dip-coating method are explored 
by utilizing X-ray diffraction, optical spectroscopy, and Raman scattering measurements. XRD 
analyzes exhibit that the crystallite size reduces upon doping by Ga and Al, while it increases with 
In, and all films have hexagonal wurtzite structure. Additionally, Raman measurements indicate 
that the dominant two peaks at around 104 and 445 cm− 1 are related to E2

low and E2
high phonon 

modes of ZnO, respectively. The low-frequency mode (E2
low) is affected by dopant atoms, whereas 

the high-frequency mode (E2
high) of the wurtzite phase is not influenced by the dopant. Moreover, 

Edop-atom phonon mode appears at low frequencies and the intensity ratio, I(Edop.atom)/I(E2
low), 

decreases as the ionic radius of dopant atoms increases. UV–Vis spectra reveal that the film 
transparency, optical band gap, Urbach energy, and refraction index can be effectively tuned by 
dopant atoms.   

1. Introduction 

Zinc oxide (ZnO) is one of the mostly studied metal oxides with its remarkable optical and electrical properties [1,2]. It is widely 
used in diverse applications, such as lasers, detectors, LEDs, thin-film transistors, and solar cells with its wide band gap [3–13]. To 
develop and control the characteristic properties of ZnO films, doping with different atoms is an efficient method. So far, the doping of 
ZnO with several atoms such as Li, Ag, Cu, Ga, etc. has been extensively studied by many researchers. Nayak et al. showed that 
sufficient Li doping causes a significant reduction in the conductivity of ZnO films and also improves the orientation of ZnO crystallites 
along the c-axis [14]. Ahn et al. examined the effect of Ag content in ZnO by means of thermal analysis and showed that Ag-doped ZnO 
has p-type conduction by the electrical and structural analysis [15]. Horzum et al. demonstrated that the Cu-doped ZnO thin films have 
electronic defect states originating from copper atoms [16]. They also stated that Cu-doped ZnO films are passive as optically and the 
band edges of ZnO compose the optical band gap. In another study, Horzum et al. also investigated that how vibrational and structural 
properties of zinc oxide changed with gallium doping [17]. They observed the additional phonon mode (EGa) originating from gallium 
atoms at low-frequency values in the Raman spectrum of Ga-doped ZnO. It is also demonstrated that the intensity ratio of the peaks of 
EGa and E2

low which are located at low frequency depends on the amount of doping in the ZnO. Russo et al. reported the relationship 
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between Raman spectra and electronic properties of Al-doped ZnO films [18]. The variation on structural, optical, and morphological 
properties of ZnO with indium doping is examined by Tyona et al. [19]. They performed that indium doping improves the photovoltaic 
performance of ZnO electrodes. Among these dopants, group III elements such as Al, Ga, or In have been attracted due to the increase in 
the functionality of ZnO in device applications [20]. It is well known that the ionic radius of Ga3+ (0.62 Å) and Al3+ (0.53 Å) are lower 
than that of Zn+2 (0.74 Å), while the ionic radius of In (0.80 Å) is greater than that of Zn2+. Although many studies focus on doping of 
ZnO by various atoms, the study comparing the effects of dopant atoms on especially vibrational properties is quite rare. This study 
aims to compare the effects of Al, Ga, and In dopants on the characteristic properties of ZnO thin films obtained by the sol-gel dip--
coating method. The vibrational, optical, and structural properties of doped ZnO thin films are analysed by Raman, UV–Vis–NIR, and 
XRD measurements, respectively. 

2. Experimental 

Al, In, Ga doped and undoped ZnO thin films are deposited on glass substrates by the sol-gel dip-coating method. First, Zinc acetate- 
2-hydrate [Zn(CH3COO)2⋅2H2O] which is starting material is dissolved in ethyl alcohol (C2H5OH). Then, Diethanolamine [HN 
(CH2CH2OH]2 is added to the solution as a stabilizer in a molar ratio DEA/Zn = 1. InCl3, AlCl3, and Ga (NO3)xH2O are used as In, Al, 
and Ga sources. The amount of dopant in the solution is adjusted to be 3 wt %. Before the coating process, the solution is aged 24 h at 
room temperature. After each dipping period, the films are heated at 500 ◦C for 10 min in the air atmosphere. This process is repeated 
10 times to increase the film thickness. The structural characterization of ZnO films is performed by recording X-ray diffraction data in 
the 2θ scanning range of 25–70◦ using Rigaku Miniflex 600 Table Top Powder X-ray diffractometer CuKα radiation source with a 
wavelength of 0.154 nm. Raman measurements are carried out using Horiba XploRA Raman spectrometer. Raman-scattered light is 
collected using Olympus Bx41 transmission and reflection illumination microscope (Olympus, France) with a 100 × objective 
magnification (NA = 0.90). To enroll the Raman signals, the green laser excitation of 532 nm is used by grating 1200 grooves/mm in a 
spectral range of 50–800 cm− 1. Optical measurements are implemented by UV–VIS–NIR Shimadzu 3600 spectrophotometer in the 
spectral region 300–1600 nm. 

3. Results and discussion 

3.1. Structural properties 

To identify the impact of doping on the structural properties of ZnO, the XRD spectra are investigated. As seen in Fig. 1, the films 
have main peaks in (100), (002), (101), and weak peaks in (102), (110), (103), (112), and (201). The obtained peaks agree with the 
hexagonal wurtzite structure of ZnO and correspond to the JCPDS data card (zinc oxide, 80–0074). In addition, the preferential 

Fig. 1. XRD patterns of undoped and doped ZnO thin films.  
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orientation of the films is along the (002) and they have polycrystalline nature. As seen from the XRD patterns, the hexagonal wurtzite 
structure of ZnO remains unaltered with the addition of In, Al, and Ga atoms. The peak intensity of the XRD pattern corresponding to 
the (002) plane is observed to increase with In doping whereas decreases with Al and Ga doping atoms. This can be explained by the 
stress caused by the size remarkable difference between doping atoms involved in the film and Zn+2. Since atomic radii of Zn2+ and 
In3+ are close to each other, the stress in In-doped ZnO film is smaller [21]. Hence, the contribution of In+3 reduces the effect of ZnO 
crystallinity [22]. Similar behavior is also seen in In-doped ZnO films produced using the chemical bath storage method by Tyona et al. 
and using the sol-gel spin coating method by Bouainea et al. [19, 23]. Furthermore, the lattice parameters (a, c) and cell volume of the 
films are computed by the Rietveld method using a hexagonal structure with the space group P63mc and given Table 1. The crystallite 
size (L) is simply determined by Debye–Scherrer’s formula: 

L=
0.9λ

βcosθ
(1)  

where λ, β, 2θ, and are the X-rays wavelength, the full width at half the maximum of the diffraction peak and the Bragg angle, 
respectively. The obtained L values are listed in Table 1. 

As seen from Table 1, the lattice constants and cell volume of doped films are larger compared to undoped films. Although doping 
with different atoms increases the lattice parameters, the change in the c/a ratio indicating deviation from the wurtzite structure is 
small. The electronegativity of dopant atoms and Zn are not very different from each other and this is the reason why the change is 
small. As observed in Table 1, the crystallite size decreases in Al and Ga doped films, while it increases in In doped film. The number of 
defects in the films is described by dislocation density (δ = 1/L2). As seen in Table 1, the value of dislocation density decreases in In- 
doped film. So, this shows that the amount of defect decreases in In-doped films. Furthermore, the residual stress (σ) of doped ZnO 
films are determined by the following equation [24,25]; 

σ = − 233
(
cfilm − cbulk

)

cbulk
GPa (2)  

Table 1 
The values of lattice parameters (a, c, and c/a), cell volume (V), profile value (Rp), weighted profile value (Rwp), the goodness of fit value (χ2), the 
crystallite size (L), dislocation density (δ), the residual stress (σ) and Zn–O bond length (rZn-O) determined from XRD measurements.  

Samples a (Å) c (Å) c/a V(Å3) Rp (%) Rwp (%) χ2 L (Å) δ (10− 5 Å− 2) σ(GPa) rZn-O (Å) 

ZnO 3.249 5.208 1.603 47.61 5.92 7.28 1.61 222.90 2.01 − 0.18 1.977 
Al–ZnO 3.255 5.210 1.601 47.79 4.98 6.50 1.96 150.46 4.42 − 0.27 1.980 
Ga-ZnO 3.259 5.222 1.602 48.05 5.01 6.37 1.78 164.48 3.70 − 0.81 1.983 
In–ZnO 3.261 5.219 1.600 48.06 4.64 5.91 1.83 228.34 1.92 − 0.67 1.984  

Fig. 2. Raman spectra of undoped and doped ZnO thin films.  
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where cfilm is the lattice constant of undoped and doped ZnO films and cbulk (5.204 Å) is the stress-free constant of ZnO. The residual 
stress values of undoped and doped ZnO films are given in Table 1. The negative sign of stress (σ) reveals that the thin films are within 
compressive stress. For this reason, in our doped samples, the compressive stress is obtained in the direction c-axis. The quantity of 
stress relies on the nature of the contribution atom [26,27]. The Zn–O bond length, which is the measure of the distance between two 
neighboring Zn and O atoms at the lattice point, is calculated by the following equations and is given in Table 1. 

rZn− O =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[

a2

3
+

(
1
2
− u

)2

c2

]
√

(3)  

where u is the positional parameter related to the ratio of the lattice parameters, as given below 

u=
a2

3c2 + 0, 25 (4) 

The obtained values of rZn-O deviate from the Zn–O bond length of 1.977 Å due to the lattice distortion caused by the doping atoms 
[28,29]. The results also confirm that no other impurity phases such as Ga–O (1.92 Å), Al–O (2.7 Å), and In–O (2.1 Å) are found in any 
of the produced samples [30]. 

3.2. Vibrational properties 

Raman spectra demonstrated in Fig. 2 have prominent peaks at about 104 and 445 cm− 1 and these peaks correspond to E2
low and 

E2
high modes of ZnO, respectively. E2

low phonon branch is predominantly related to the motion of the Zn sub-lattice, while E2
high mode 

is mostly formed by the vibration of oxygen atoms. The sharp E2
high mode indicates good crystallinity of wurtzite ZnO. As seen in Fig. 2, 

the intensity of E2
high mode increases in In-doped ZnO according to Al and Ga-doped ZnO films. According to XRD measurements, 

depending on the decrease in dislocation density of In-doped ZnO film, the number of defects decreases, and the crystallinity of film 
increases. As consistent with XRD results, Raman measurements show that the crystallinity of In-doped ZnO improves. Furthermore, 
the frequency of E2

high virtually keeps unchanged by the doping. E2
high mode which is resided at about 445 cm− 1 in undoped, Al, and 

Ga-doped ZnO demonstrates a small change to 444 cm− 1 in In-doped ZnO films. Since the E2
high is strongly associated to the motion of 

O atoms, the frequency of this mode stays unaltered by the presence of Al, Ga, or In dopant atoms. Moreover, in the wurtzite crystal 
structure, the phonon mode of E2

high is affected by the residual stress [31,32]. The residual stress (σ) is calculated using the following 
equation; 

σ =
Δω (cm− 1)

4.4
(GPa) (5)  

where Δω is the variation of E2
high mode frequency between doped ZnO and the stress-free bulk ZnO. The residual stress values are 

Fig. 3. Demonstration of Baseline and Gauss fitting for EAl, Ga, In and E2
low peaks.  
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determined as − 1.93, − 1.90, − 1.89, and − 1.64 GPa in the undoped and Al, Ga, and In-doped ZnO, respectively. Here, the frequency of 
stress-free bulk ZnO is considered as 437 cm− 1. It is well known that negative residual stress indicates compressive stress. According to 
these results, the residual stress value of In-doped ZnO decreases as consistent with XRD measurements. 

As seen in Fig. 2, there are two peaks at near 576 and 588 cm− 1 in Al-doped ZnO thin film. These peaks are associated with A1(LO) 
and E1(LO) phonon branches of ZnO, respectively [33]. In Ga and In-doped films, while the frequency of E1(LO) mode remains un-
altered at 588 cm− 1, the A1(LO) mode approaches the E1(LO) mode and appears as a single LO mode. The modes of A1 and E1 pre-
dominantly stem from the motion of oxygen atoms [34]. Since the bonds of Zn–O have ionic character, A1 and E1 branches are 
separated as longitudinal and transverse optical (LO and TO, respectively) phonons [35,36]. As observed in Fig. 2, while the A1(TO) 
mode which is found at 384 cm− 1 is vague in Al-doped ZnO, it has become more apparent in Ga and In-doped ZnO. 

In addition to the main modes of ZnO, the anomalous vibrational modes are observed at 275 and 342 cm− 1. These modes corre-
spond to B1

low and multiphonon mode of E2
high-E2

low, respectively [37,38]. In Fig. 2, it is seen that the frequency of B1
low mode stays 

unchanged in Ga and In-doped films. Moreover, as the ionic radius of the dopant atom increases, the E2
high-E2

low mode shifts to 340 and 
335 cm− 1 in Ga and In-doped films, respectively. 

Furthermore, when compared with bare ZnO, an extra peak which is located at around 75 cm− 1 is observed in low-frequency values 
of Al, Ga, and In-doped ZnO. In our previous work, we have shown with Density Functional Theory (DFT) and experimental results that 
the peak we observed at low frequency (about 75 cm− 1) forms by the dopant atom Ga [17]. The frequency of this peak is obtained as 
74.69, 74.27, and 74.17 for Al, Ga and In doped films, respectively. So, a little phonon softening appears at this low-frequency peak as 
the radius and weight of the dopant atom increase. To examine the modes of low frequency, Baseline and Gauss fitting are applied to 
the low-frequency region (Fig. 3). As seen in Fig. 3, the intensity of E2

low mode increases as the ionic radius of the dopant atom in-
creases. The frequency of E2

low mode is obtained as 104.9, 105.8, and 105.4 for Al, Ga, and In-doped ZnO films. Since the E2
low peak is 

concerned with the motion of Zn atoms, the substitution of Al, Ga, and In by Zn affects the vibrational frequencies of the doped ZnO 
films. In Fig. 3, it is seen that there is an important correlation between the ionic radius of dopant atoms and the variations in the 
intensity ratio of the low-frequency peaks (E2

low and Edop.atom). The intensity ratio, I(Edop.atom)/I(E2
low), was calculated as 0.87, 0.49, 

and 0.14 for Al, Ga, and In-doped ZnO films, respectively. It is seen that the intensity ratio, I(Edop.atom)/I(E2
low), decreases as the ionic 

radius of dopant atoms increases. 

3.3. Optical properties 

The obtained transmittance spectra to investigate the optical properties of undoped and doped ZnO films are given in Fig. 4. It is 
seen that the films exhibit high transmittance and Ga doped ZnO film has 85% optical transmittance in the visible region and its 
transmittance in this region is higher than other films. The interference fringes are seen in the transmittance spectra because of the 
variation between glass substrate (s) and reactive index (n) of the film. The refractive indices of the films are obtained by applying 
Swanepoel’s envelope method to these interference fringes [39]. The refractive index of the films is determined by the following 
equations; 

Fig. 4. Transmittance spectra of undoped and doped ZnO thin films.  
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n=
[

N +
(
N2 − s2)1 /

2
]1 /

2

(7)  

N = 2s
TM − Tm

TMTm
+

s2 + 1
2

(8)  

where s, TM, and Tm are the refractive index of the substrate, the transmittance maximum value, and the corresponding minimum 
transmittance value for any λ in the envelope, respectively. The dependence of the refractive index on the wavelength is obtained by 
fitting the refractive index values experimentally found in the middle and weak absorption region of the transmittance spectrum to the 
two-term Cauchy dispersion relation n = A + B/λ2. The dependence of the refractive index n on wavelength for undoped and doped 
ZnO films is given in the inset of Fig. 5. The refractive index values at 550 nm are given in Table 2 and the obtained values are 
compatible with those given in the literature [40]. 

The absorption coefficient (α) of the films are found by the following equation; 

α=
1
d

ln
(

1
T(λ)

)

(9)  

where d is film thickness and T is transmittance. Also, the optical energy band gap of the films (Eg) is obtained utilizing Tauc equation 
[41], α = A

hv(hv − Eg)
n, which gives the relationship between absorption coefficients (α) and photon energy (hν). In Tauc equation, A, 

Eg, and n are a constant, band gap, and 1/2 for direct (2 for indirect) allowed transitions, respectively. The plot of (αhv)2 vs hv based on 
the Tauc equation for direct optical transitions is demonstrated in Fig. 5. The values of the band gap obtained by extrapolating the 
linear portions are also given in Table 2. 

Depending on the type of doping atom, the amount of doping, and the crystallite size, different mechanisms affect the optical 
energy band gap value of the samples. It was found that the band gap narrowing mechanism caused by the existence of localized defect 
states into the forbidden band in In-doped ZnO films is effective and is consistent with the results of other researchers [19,23,26,42]. 

Fig. 5. (αhν)2 vs. hν plots of the films. Inset: The variation of refractive index n with wavelength λ.  

Table 2 
The thickness (d), optical band gap (Eg), Urbach energy (Eu), and refractive index (n) values of the films were calculated from UV–Vis transmittance 
spectra.  

Samples d(nm) Eg(eV) Eu(meV) n((λ = 550 nm) 

ZnO 952 3.23 108.0 2.46 
Al–ZnO 1154 3.27 141.4 2.07 
Ga-ZnO 1089 3.25 85.2 1.99 
In–ZnO 1046 3.17 145.2 2.34  
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The Urbach energy value found for these films, which gives a measure of the disorder and width of the localized states entering the 
forbidden band, is greater than that of other doped films [43,44]. The optical energy band widening mechanism was found to be 
effective in Al and Ga doped ZnO samples with smaller crystallite sizes. Widening of the band gap values occurs due to the filling of the 
lowest state in the conduction band due to the doping effect known as the Burstein-Moss effect. The results are in agreement with 
previous studies [45,46]. 

The exponential relation between α and hν near the band edge can be explained by the Urbach rule: 

α=α0exp
(

hv
Eu

)

(10)  

where α0 , and Eu are a constant, and Urbach energy corresponds to the tail width below the band edge [47]. Rearranging Eq. (10) by 
taking the natural logarithm of both sides reveals a linear relationship between lnα and hv: 

lnα= lnα0 +

(
hv
Eu

)

(11)  

lnα vs hv plots of undoped and doped ZnO films in the region close to the band edge are shown in Fig. 6. The tail widths (Eu) of thin films 
were found from the inverse slope of the linear regions of the graphs and are given in Table 2, the defect densities of each film can be 
compared with each other. The obtained results are in agreement with those presented in previous works [23,48,49]. 

4. Conclusions 

In this study, the effect of doping with group III elements such as Al, Ga, and In on the characteristic properties of ZnO thin films 
formed by the sol-gel method is examined. The XRD spectra reveal that doped and undoped ZnO films have a wurtzite structure and the 
preferential crystallographic orientation of the films is c-axis oriented in the (002) plane. The peak intensity of the (002) plane decrease 
with Al and Ga doped films whereas increases with Indium doped film. 

Due to the small difference in radius between İndium and Zinc, In doping does not reduce the crystallinity of the film. XRD 
measurements show that the crystallinity of the film increases due to the decrease in the dislocation density of the In-doped ZnO film. 
As consistent with XRD results, Raman measurements indicate that the crystallinity of In-doped ZnO improves. Raman and XRD 
measurements reveal that all of the films are under compressive stress, due to experimental conditions and the difference in radius 
between doping atoms and Zn. Furthermore, Raman spectra show that an additional peak which is located at around 75 cm− 1 in low- 
frequency values of Al, Ga, and In-doped ZnO. Raman spectra also indicate that the intensity of E2

low mode increases as the ionic radius 
of the dopant atom increases. Since the E2

low mode is related to the motion of Zn atoms substitutional doping of the Zn atoms affects the 
vibrational frequencies of the Al, Ga, and In-doped films. It is also observed that the intensity ratio of Edop.atom and E2

low which are 

Fig. 6. lnα vs. hν plots of the films.  
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obtained at low frequency decreases as the ionic radius of dopant atoms increases. As seen from optical transmittance measurements 
while the refractive index value at 550 nm wavelength is 2.46 in bare ZnO, it shifts to 2.07, 1.99, and 2.34 in Al, Ga, and In doped films. 
The value of the optical band gap decreases from 3.23 to 3.17 eV in pure and indium doped ZnO, respectively, due to the expansion of 
crystallite size by indium doping. Similarly, the optical band gap increases to 3.27 and 3.25 eV, in Al and Ga doped films. The XRD, 
Raman, and optical results are in agreement with each other and our results manifest that structural, vibrational, and optical properties 
of ZnO film can be modified with the type of dopant atoms. 
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