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Abstract. ZnO is an intrinsic semiconductor suitable for many optical applications. In this 

current study homemade DC magnetron sputtering was used to grow undoped ZnO and indium-

doped ZnO (or IZO) thin films. The indium content was varied from a mole fraction ratio of 

In2O3 were 0 at% to 6 at%. The structure of IZO films analyzed by X-ray diffraction (XRD), and 

the optical properties were carried out using UV-visible and photoluminescence (PL) 

spectroscopies. The XRD results demonstrated that IZO maintained a hexagonal wurtzite 

structure with a (002) preferential orientation. The optical band gap increased with an increase 

in indium doped concentration. The PL spectrum exhibits a broadband blue emission from IZO 

films centered at 440 nm (2,82 eV), originating from the radiative recombination at the defect 

level. Interestingly, the intensity of blue emission increased with an increase in indium-doped 
concentration. 

1.  Introduction  

ZnO is one of the II-VI semiconductor materials with hexagonal close packing and has a wurtzite 

structure with P63mc symmetry. The lattice constants of ZnO are a = 3.2539 Å and c = 5.2098 Å. ZnO 

is an n-type semiconductor material with a direct wide band gap of 3.37 eV and a high excitation binding 

of the energy of 60 meV, which can provide efficient excitonic emission at room temperature. Therefore, 

ZnO is considered one of the promising semiconducting materials for a wide range of application in the 

blue and UV optoelectronics devices such as blue/UV light-emitting diodes (LEDs) [1], lasers diodes 

(LDs) [2] and photodetectors [3]. ZnO films with high intensity photoemission have been extensively 

deposited by several growth techniques, such as pulse laser deposition (PLD) [4], metal-organic 

chemical vapor deposition (MOCVD) [5], pyrolysis [6], sol-gel spin coating [7], and rf sputtering [8].  

Doping of ZnO with suitable dopant was well-known method for achieving the desired material 

properties. In general, doping in wide band gap semiconductors often caused changes in the optical and 

electric properties. For this purpose, it can be improved by a selective doping substituting Zn with higher 

valence element such as aluminum, gallium, and indium [9-12]. Studies on the photoluminescence of 

undoped ZnO films have been carried out by researchers [13-15], and they report that the ZnO has two 

emission bands, namely an ultraviolet band (360-390 nm) related to exciton and a visible band (405-700 

nm) related to structural defect. Han et al [16] reported that the characteristic of defect on ZnO could 
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determine the light emitted color. Oxygen vacancies were major defect in the hexagonal cones, 

producing green emission (~ 500 nm). This paper reports the blue emission of indium-doped ZnO (or 

IZO) films grown using homemade DC magnetron sputtering. The impact of indium-doping 

concentration on structural and optical properties was considered.  

2.  Experimental methods 

Homemade DC magnetron sputtering was used to grow undoped ZnO and IZO thin films. The stages of 

thin film growth begin with the makes of IZO targets, substrate preparation, and the growth of IZO thin 

films. IZO sputtering target of 2 inches in diameter was prepared using raw materials ZnO (99.99%) and 

In2O3 (99.99%), the total mass of the IZO target of 10 gr with a mole fraction ratio of In2O3 were 0%, 

2%, 4% and 6%, respectively. The mixture of ZnO and In2O3 was synthesized using a solid-state 

reaction, calcined at 500 °C for 4 hours, and sintered at 750 °C for 5 hours. IZO thin films were grown 

on a corning glass substrate. Substrate preparation as described in previous studies [17]. Before the IZO 

film’s growth, the sputtering reactor was vacuumed to a pressure of 1 mTorr, and then argon gas flowed 

up to pressure deposition of about 500 mTorr. IZO films were grown at a temperature of 400 °C with 

30 W plasma power for 120 min. The X-ray powder diffraction (XRD) analysis was carried out to 

investigate the crystal structure of undoped ZnO and IZO films. UV-vis spectrophotometer and 

photoluminescence (PL) at room temperature were used to analyze the optical properties of undoped 

ZnO and IZO films.  

3.  Results and discussion  

The structural analysis of IZO films were carried out using XRD with a CuK(= 1.5406 Å) as an X-

ray source. Figure 1 illustrates the XRD pattern of undoped and In-doped ZnO films. The sharp 

diffraction peaks manifest that ZnO have high crystallinity. All the XRD peaks are well-matched with 

ZnO’s standard hexagonal wurtzite structure (JCPDS, No. ICDD-00-005-0664), and no characteristic 

peak of other impurities were observed. The undoped ZnO film has 5 main diffraction peaks at 2θ = 

34,36o; 36,24o; 47,44o; 62,64o; and 67,96o corresponding to the crystal of (002), (101), (102), (103), dan 

(112) plane, respectively. The ZnO film grows to form polycrystalline structure with a dominant peak 

at the (002) plane. After doped with indium, IZO films with a concentration of indium 2 at% and 4 at% 

tended to grow in the direction of (002) plane. The full-width at half-maximum (FWHM) of the (002) 

diffraction peak gets wider when the indium concentration increases of 4%. The peak of (002) plane 

disappeared when the indium increases by 6 at% and this film appeared amorphous. All above indicate 

that the ZnO crystal’s growth orientation is obviously influenced by the incorporation of indium, there 

are the indium atoms substitute Zn atoms in hexagonal and In3+ lattices can be interstitial sites ZnO. 

 
Figure 1: X-ray diffraction patterns of undoped ZnO and indium-doped ZnO films. 
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The lattice parameters, d-spacing, and crystalline size (D) are calculated from the XRD data shown in 

Table 1. A small shift in the position of the main peak (002) to the lower side of 2 value and broadening 

of (002) peak were observed in the indium-doped ZnO samples (IZO 2 at% and 4 at%), due to larger 

ionic radius of In3+ (80 pm) than that of Zn2+ (74 pm), so that the lattice expands and the lattice 

parameters increases when indium ionic replace Zn ionic in the ZnO lattice. We have carried out the 

particle’s average crystallite size (D) for each reflection by Scherrer’s formula [18]. The average 

crystallite of IZO samples (In 2 at% of 9.45 nm and in 4 at% of 8.94 nm) are found to be smaller when 

compared to the undoped ZnO film (19.35 nm). A broadening of wurtzite ZnO peaks supports the 

decrease of crystallite sizes by increasing indium content and incorporating indium into the lattice. The 

smallest crystal size is obtained for the IZO 4 at% film (8.94 nm).   

Table 1: The parameter of crystal structure for IZO films: 0 at%, 2 at%, 4 at%, and 6at%. 

Indium Conc. 

(%)  

hkl 2 

(o) 

FWHM 

(o) 

c 

(Å) 

d-spacing 

(Å) 

D 

(nm) 

0  002 34.36 0.43 5.212 2.606 19.35 

2 002 34.32 0.88 5.218 2.609 9.45 

4 002 34.14 0.93 5.246 2.623 8.94 

6 - - - - - - 

 
UV-vis spectrophotometer analysis has been carried out to investigate the optical properties of the IZO 

films, that are the transmittance and band gap energy. Figure 2 shows the UV-vis spectra of the IZO 

films 0 at%, 2 at%, 4 at%, and 6 at%. It indicates that IZO film’s transmittance is related to the crystalline 

quality and crystalline size of each film based on UV-vis spectrophotometer data. The average 

transmittance of IZO films in the visible wavelength range can be seen in Table 1. Undoped ZnO film 

has good transparency in the visible range of about 87.2%, while the transmittance of IZO films is highly 

dependent on the concentration of indium doping and film crystallinity. When the indium’s doping 

concentration is 4 at%, the transmittance is 88.5% better than undoped ZnO. The increase of 

transmittance may due to the decrease of optical scattering caused by the densification of grains and 

reduction of grain size as shown in Table 1. However, the transmittance decreased to 78.5% when the 

doping concentration is increased to 6 at%. Hafdallah et al [19] also reported a deterioration of 

transparency with increasing indium concentration. 

Additionally, the IZO films exhibited a high absorption in the ultraviolet range from the recorded 

transmission spectra.  The high absorption in the ultraviolet range is related to the fundamental 

absorption, which can be used to determine the optical band gap (Eg) of the semiconductor. The optical 

bandgap of the IZO films can be determined by the Touc Plot [20] method, namely by linearly 

extrapolating the graph of the absorption coefficient (αhv)2 and hν (eV) as shown in Figure 3. The 

relationship between the absorption coefficient and band gap energy shown by the following equation: 

 

     αhv = A (hν - Eg) (1/2)         (1) 

 

The optical band gap of IZO films with various doping concentrations of indium can be seen in Table 

2. The optical band gap of IZO films is very dependent on the doping concentration of indium in ZnO 

film. IZO films with the doping concentrations of indium are 0 at%, 2 at%, and 4 at% have an increasing 

optical band gap are 3.19 eV, 3, 21 eV, and 3.80 eV, respectively. The increasing of the optical band 

gap with the doping impurities is mainly due to distortions in the crystal structure by the incorporation 

of doping impurities. This result is in agreement with the changes observed in the XRD pattern. The 

increase in the optical band gap value could also be due to an increase in carrier concentration or crystal 

defects associated with the Burstein-Moss effect. These results are consistent with previous studies [21, 

22]. Meanwhile, there is a decrease in the band gap in the IZO 6 at% to 3.16 eV, may be related to its 

amorphous crystal quality. 
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Table 2. The transmittance and optical band gap of IZO films. 

 

Indium 

ratio (at%) 

Average 

Transmittance (%)  

Optical Band Gap  

(eV) 

0 87.2 3.19 

2 83.3 3.21 

4 88.5 3.80 

6 78.5 3.16 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. Photoluminescence spectra of undoped ZnO and indium-doped ZnO thin films at room 

temperature.  

 
Figure 4 shows the photoluminescence (PL) spectra of undoped ZnO and indium-doped ZnO thin films 

by a 325 nm excitation at room temperature. PL spectra of the undoped ZnO film showed a weak and 

broad band PL peak extending from the UV to the visible region (340 nm to 600 nm). The characteristics 

of PL undoped ZnO film are similar to those studied by Thapa et al. [23]. It can be explained that the 

broad band PL shows the occurrence of UV emission and visible light emission from ZnO film. 

According to the band-edge emission in ZnO, the UV PL is attributed to the band gap of the ZnO film 

(~ 3.19 eV) in this study. As can be seen in Figure 4, the PL peak of this undoped ZnO film centered at 

a wavelength of ~ 457 nm will be referred to as the blue emission. This blue emission PL presumably 

Figure 2. Transmission spectra of undoped 

ZnO and indium-doped ZnO films. 

 

Figure 3. Tauc’s plot of undoped ZnO and 

indium-doped ZnO films.  

 

 

 

 

 

 = 457 nm 
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originates from electron-hole recombination mediated by defect levels such as zinc interstitials (Zni) 

present in ZnO. The presence of this defect in the ZnO film is related to the sputtering method which 

tends to produce ZnO thin films under Zn-rich conditions [23]. When ZnO was doped with indium, the 

intensity of the PL peak of IZO films increased compared to the undoped ZnO and the PL peak shifted 

towards the UV region at a shorter wavelength of 440 nm, which may be ascribed to the incorporation 

of indium. Blue emission band (440 nm or 2.82 eV) is generated by the electron transition from shallow 

donor (indium) level formed by interstitial Zn atoms to the top of the valence band. PL peaks of IZO 

film at a wavelength of 420 nm appear when the doping concentration of indium is increased to 6 at%, 

but the peak intensity is lower due to poor crystal quality. 

4.  Conclusion 

Undoped ZnO and indium-doped ZnO (IZO) films were prepared by DC magnetron sputtering. The 

structural and optical properties of IZO films depend on the indium dopant content. IZO films with 

indium of 2 at% and 4 at% have a hexagonal wurtzite crystal structure, whereas IZO film with 6 % has 

an amorphous structure. IZO films with a concentration of indium 2 at% and 4 at% tended to grow in 

the direction of (002) plane. IZO films have higher transmittance than ZnO, which is around 87.5%. The 

optical band gap of IZO film also increased with an increase in indium doped concentration. The PL 

spectra exhibits a broad blue emission from IZO films centered at 440 nm (2,82 eV) generated by the 

electron transition from shallow donor level formed by interstitial Zn atoms to the top valence band). 

The intensity of blue emission increased with an increase in indium-doped concentration. This IZO films 

prepared by DC magnetron sputtering may promise for application to the blue light-emitting device. 
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