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The strong ultraviolet stimulated emission and the weak deep energy level emission was obtained at room temperature. The 

mechanisms of sputtering pressure impact on growth of ZnO films was also discussed. The low energy tail emission of 

ultraviolet photoluminescence was caused by the emission of bound exciton. The effect of sputtering pressure on the growth 

of films were observed. The structural property and photoluminescence performance were studied at different pressures. 

ZnO films by magnetron sputtering on glass substrates  were fabricated with XRD FWHM of only 0.12° exhibiting preferred 

orientation along c-axis growth at the proper substrate temperature and sputtering pressure.  
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1. Introduction 

 

Zinc oxide (ZnO) has been exploited in a range of 

modern optoelctronic applications , specific in ultrav iolet  

laser with the high density storage and fast reaction in the 

informat ion storage and display taking good use in the 

submarine detection, ultravio let communications , optical 

storage, diagnostic anti-counterfeiting and detection and 

analysis of instruments and other important application 

prospects. ZnO was regarded as a wide band-gap 

semiconductor with an energy band width of 3.37ev and 

an exciton binding energy of 60mev [1-3], which  was easy 

to obtain strong excitonic emission at room temperature 

and could be an important material for ultrav iolet lasers. 

ZnO film of resonator structure was obtained by the way  

of the Molecular Beam Epitaxy (MBE) technology and the 

ultraviolet stimulated emission of diode-laser was 

observed at room temperature first time [4-8]. However, 

the film defects will seriously affect the film's electrical, 

optical and mechanical properties [9-12]. The defect of 

films have driven the significant development of the 

technology of film preparat ion and detection, etc. Hence, 

the magnetron sputtering has been use to pare ZnO films  

due to its high deposition rates , stability and reliability  

with the technical maturity and low deposition temperature, 

but the ultraviolet emission performance are affected by  

elements such as sputtering power and pressure, substrate 

temperature, oxygen/argon ratio, annealing conditions and 

etc, in  which the substrate temperature and sputtering 

pressure play a vital role in the structural and optical 

properties of films. The parameters of the fu ll width at half 

maximum (FWHM), luminescent intensity/yellow light 

and green light ratio  play a key ro le in  description of the 

micro -structure and photoluminescence performance of 

films. Using the method of magnetron sputtering, Mei has 

prepared ZnO films onto quartz g lass substrate and 

obtained high-quality crystallizat ion film when the ratio  of 

oxygen to argon was 20/70 and. In  this case, the film 

exhibited preferred  orientation along (002) with FWHM of 

0.26° [13-14]. Using this method, Zhang also had prepared 

the ZnO films when the ratio  of o xygen to argon was 3/1 

with FWHM of 0.30° and it exhib ited preferred orientation 

along c-axis at deposition temperature of 200°C [15-20]. 

Sang H B [21-24] had also done some works on the pulsed 

laser deposition of ZnO thin films of light emission. 

In this work, ZnO films were prepared on glass 

substrates with various substrate temperatures via 

magnetron sputtering at the ultravio let light/deep level 

intensity ratio of 17.36 and its XRD FWHM was only  

0.12° indicating preferred orientation along c-axis without 

annealing. And the study of substrate temperature and 

pressure effect were investigated which was crucial to  

optical properties of the films. Therefore, the evolution of 

structural and photoluminescence performance at various 

substrate temperature and pressure were measured and 

discussed. 

 

2. Experimental methods 

 

ZnO films were prepared with a magnetron sputtering 

vacuum machine based on the Atemga JGP560 made by 

the Shenyang Scientific Instrument Development Center, 
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Chinese Academy of Sciences on the ZnO target 

(purity:99.99%). The schematic process of the magnetron 

sputtering system was schematically illustrated in Fig. 1.  

Before deposition, the glass substrate have been 

ultrasonically cleaned in acetone or alcohol fo r 10 min, 

then deionized water rinsing repeatedly and drying later, 

which was put into the vacuum chamber. The base 

pressure in this system was ~2.5×10-4 Pa and the 

glass-to-film distance was 15cm with the power of 100w 

for 1.5h. In the process of sputtering, the argon / oxygen 

ratio was 2:1 and the bias voltage was 75v. The 

experiment was div ided into two groups : in the first group, 

at the substrate pressure of 1.9 Pa, the change of the 

substrate temperature was at temperatures ranging from 

25°C, 100°C, 150°C, 200°C, 250°C and 300°C 

respectively. In  the second group, at the substrate 

temperature o f 250°C, the change of the substrate pressure 

was 1.9Pa, 2.2Pa, 2.6Pa, 3.2Pa and 3.5Pa respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Schematic diagram of the magnetron sputtering system 

 

The Photoluminescence (PL) spectrum of the films  

was measured ranging from 220 nm to 700 nm with  

resolution of 0.5nm, the excitation wavelength of 220 nm 

and an excitation light source supplied by xenon lamp 

using the spectrofluorimeter of W GY-10 type. And X-ray  

diffraction (XRD, CuKα1, λ ＝ 1.54Å) was used to 

investigate the lattice structure of the films and the atomic 

force microscope (AFM, SPM9500J3, Japan) was 

employed to obtain surface morphology information. 

 

 

3. Result and discussion  

 

3.1. Relations between temperature  

    and film spectrum 

 

The substrate temperatures could directly affect the 

mobility of the adsorbed atoms on the substrate surface 

and its re-evaporating and crystallizing. Fig. 2a showed the 

structure of the prepared  samples characterized by XRD at  

various substrate temperatures. It  could be seen that all the 

X-ray diffract ion (XRD) spectra of all samples represented 

diffraction peak only  around 33.4° with the dominant 

peak(002) observed in the X-ray d iffraction spectra 

indicating preferred orientation along c-axis. The 

diffraction peaks growth with good unidirectionality and 

the diffraction intensity was enhanced from room 

temperature to 250°C as the substrate temperature 

increased and its peaks became narrower, indicating that 

the grain growth, orientation and the crystal quality were 

improved respectively. The d iffraction intensity became 

weaker at temperature o f 300°C due to the softening of the 

substrate at high temperature which led to the films had a 

low orientation degree and the diffraction peak intensity 

and the crystal quality decreased respectively. 

 

 

a) Diffraction spectra of ZnO thin films at various substrate 

temperatures 

 

b) Granule diameter and relative intensity of XRD of  

ZnO thin films at various substrate temperatures. 

 

Fig. 2. Feature of X-ray diffraction spectra, granule 

diameter and relative intensity of XRD of ZnO thin films  

         at various substrate temperatures  
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The crystallize size or g rain  sizes of the thin  film 

samples were calculated using Debye-Scherrer’s equation 

(1) [25-26] are as follows.  

 

D=0.94λ/ßcosθ                (1)  

 

Where D is the crystallize size, λ  is x-ray wavelength 

(1.5046Å), ß is full width at half maximum (FWHM) of 

the observed peak and θ is the diffraction angle. The 

average crystallize size was calculated by resolving the 

highest intensity peak.  

The Fig. 2b showed that the crystallization quality of 

the film was the best at the sputtering temperature of 

250°C with good growth of maximum diameter, and the 

intensity X-ray diffract ion achieved maximum 

simultaneously. 

 

 

 

Fig. 3. PL spectrum of ZnO thin films at various substrate 

temperatures 

 

The photoluminescence (PL) at room temperature 

were d ivided into two parts  showed in Fig. 3 the near 

ultraviolet and visible part, among which the the relative 

intensity of part near ultraviolet with the wavelength 

ranging from 374 nm to 379.5 nm which was better than 

that of visible light obviously, and the FWHM was173mev 

and the Near-UV emission has been found to be a 

composite transition from free excitons [27-30]. A peak 

came from the free exciton compound photoluminescence 

at the film band-edge and this kind of luminescence could 

only be found in the films with good crystal-quality and 

fewer defects [31-34]. According to the results of XRD 

test, it could be seen that the films had good crystalline 

quality and excellent luminescence performance without 

annealing. In addition, the band-edge emission of A' peak 

(395-398nm) was detected in samples at the substrate 

temperatures of 200°C, 250°C and 300°C respectively and 

the difference of the photon energy from A' peak had was 

126-129mev compared with the A peak, which was in  

good agreement with the ZnO acceptor binding energy of 

130mev calculated from the hydrogen-like model. 

Therefore, we thought that the A' peak (395-398 nm) was 

the results of the emission from bound excitons. 

 There was a low energy tail in A peak of the sample  

and the luminescence peaks presented asymmetrical when  

the substrate temperature was 25°C, 100°C and 150°C 

respectively, and the beam exciton was superimposed on 

the low energy d irection of the free exciton emission that 

resulted in the emission A peak was asymmetrical. The 

superimposed results showed that the free exciton (A  peak) 

shifted towards the samples without superimposition effect  

of the two  kinds of exciton emission at 25°C, 100°C and  

150°C respectively and that A peak d isplayed in  

asymmetric broadening blue-shifted obviously indicated 

that the impurit ies or defects in the film at least. On the 

other hand, the overheating caused some new defects such 

as oxygen vacancies and interstitial zinc atoms to form 

new defect states, which made the bound excitons 

increased and the bound excitons emited enhanced led to  

the A peak red-shifted. From this, the conclusion that both 

the position of the ultraviolet emission peak and the 

half-height width (FWHM) of A peak was obviously 

affected by the emission of bound excitons was obtained 

finally. 

Moreover, the bound excitons were produced by the 

that the impurity energy level trapped the free excitons. 

Therefore, the B peak (the ultraviolet light of 409-411nm) 

and the C peak (the blue light of 441-449 nm) both came 

from the donor-acceptor pair luminescence (DAP). The 

luminous intensity as the substrate temperature changing 

had the same trend with the change of bound exciton 

emission. The luminous intensity decreased as the increase 

of the substrate temperature ranging from 0°C to 250°C, 

accompanied by the disappearance of D peak at 250°C. 

However, when the temperature exceeded the 250°C, the 

intensity enhanced again. The reason was that, when the 

substrate temperature elevated to 300°C, the excessive 

temperature caused some defects in film structure such as 

oxgen vacancy, interstitial stom of Zinc. The similarity  

change trend of the A' peak and C-peak also proved that 

the the emission of bound excitons was  in  connection with  

the donor-acceptor pair luminescence (DAP). 
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Fig. 4. IA/I(B+C)/2 value of At various substrate  

temperature/℃ 

 

Fig. 4 showed the ratio of intensities of UV 
luminescence to visible light (B and C parts) at various 

substrate temperatures. As the substrate temperature 

increased, the relative intensity of UV luminescence 
showed a clear upward trend and reached the strongest at 

temperature of 250℃ . This was attributed to the fact  that 

the sputtering atoms had sufficient energy to migrate to the 
lattice site that reduced density of defects such as 

interstitial atoms or holes and dislocations and possibly of 

the free excitons captured by the defects in the transition 
process, made the UV emission enhanced and the 

luminescence performance optimized, achiev ing the strong 

UV-excited emission and weak deep-level emission (green 
or red light) at room temperature. Meanwhile, the 

maximum ratio of ultrav iolet to green light (528nm) at  

temperature of 250℃was 9.3 and the maximum rat io to 
red light (589nm) was 28. Thereafter, the intensity ratio  of 

UV to v isible light (average intensity of B peak plus C 

peak) began to decrease, which was in agreement with the 
change between X-ray diffraction (XRD) and substrate 

temperature. The preferred orientation along c-axis and the 

photoluminescence (UV) properties achieved the 
best simultaneously. 

 Moreover, a weak green peak (525-528 nm), called  

deep level emission, was produced with the disappearance 
of D peak when the substrate temperature reached 200°C,  

250°C and 300°C respectively showed in Fig. 3(b). There 

was still theoretical d ivergence to investigate the  the 
emission mechanisms of green-light was proposed by 

different scholars those who had used different types of 

electronic transition model so the further research was 
needed in the future work. Based on the work we had done 

before, the emission of green light was related to the 

oxygen vacancy was found. That was to say, as the 
substrate temperature increased, the green light enhanced. 

Meanwhile, as the oxygen components  decreased, the 

green light also enhanced indicating that when the  
temperature increased, the oxygen components might be 

decreased in our previous tests, so the oxygen atoms were 

easily resolved from the thin films  due to the increase of 
the substrate temperature, which made the  oxygen  

vacancies increased resulting the green peaks are 

enhanced. 
 

3.2. Relations between pressure and film spectrum 

 
The crystalline quality and grain orientation of the 

film were affected by many  factors such as working air 

pressure the mean free path of particles and the 
concentration of the oxygen atom on the growth surface. 

According to the experimental results and discussion 

above, maintaining the power, argon oxygen flow ratio  
and other conditions unchanged, in order to obtain better 

film growth conditions, the sputtering pressure at the 

substrate temperature of 250℃  was changed in samples 
under the sputtering pressure of 2.6Pa, 3.2Pa and 3.5Pa 

respectively, then the films were prepared. The influence 

of various sputtering pressure on the growth of ZnO thin 
films was studied, and the best sputtering pressure for film 

fabrication was found. The atomic force microscope (AFM) 

surface view and 3D atomic force microscope were 
depicted in the Fig. 5. 

 

 

a. 1.9 Pa 

 

b. 2.2 Pa 

 

c.  2.6 Pa  d.  3.2 Pa 

  

e.  3.5 Pa 

 

 

f. AFM 3D image 

 

Fig. 5. The AFM ZnO films at various sputtering 

pressure:a 1.9Pa,b 2.2Pa, c 2.6Pa, d 3.2Pa, e 3.5Pa and 

f AFM 3D images: atomic force microscope of 3.2 Pa 

indicting that the film growth was perpendicular to the 

substrate  exhibited  preferred orientation along c-axis  

            with columnar growth form 
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It could be seen that under the low sputtering pressure 

of 1.9Pa, the grains cluttered on the surface of the ZnO 

thin film were smaller to display the trend that the grains 

was likely to merge, but the boundaries between the grains 

were still obvious in  the Fig. 5a And there was no obvious 

boundaries between the grains under the pressure of 2.2 Pa 

indicating the larger grains were formed but with the 

irregular boundary in the Fig.  5b.The grains enhanced 

bigger with straightening edge under the pressure of 2.6Pa 

in the Fig. 5c The grains were compact and smoothly 

covered on the surface in  the Fig. 5d under the pressure of 

3.2Pa. It  could be seen that the ZnO films covered  

homogeneously on the surface in the Fig. 5f. under the 

pressure of 3.5Pa and the grains became smaller variously. 

And the film growth was perpendicular to the substrate 

showing the “columnar growth” form with h ighly c-axis  

preferred growth. 

The thin films growth mechanism was discussed 

carefully. That was, when the pressure was lower than 

1.9Pa, the concentration of oxygen atoms  in the spaces 

was not enough to match the amount of zinc atoms  

sputtered from the target on the film surface, so there was 

not enough atoms to form a large stable nuclei in a short 

time. There was only  the small stable nucleus formed. 

Meanwhile, the film was also prone to oxygen vacancies. 

As the sputtering continues, due to the crystal lattice 

distortion lager, the grain boundary energy existed there. 

The higher energy existed in the grain boundary helped to 

the grains had tendency of transferring spontaneously from 

the high energy stage to low stage (namely, stable state) 

and rearrangement to clusters  again. Nevertheless, the 

lower concentration of the atomic on the growth surface 

was not enough to make the grain boundary disappeared. 

When the pressure increased to 2.2Pa, the concentration of 

oxygen atoms in the spaces began to increase and the 

mis match between oxygen atoms and zinc atoms decreases , 

which was favorable to the growth of stable nuclei and the 

grains had tendency of transferring spontaneously from the 

high energy stage to low stage (namely, stable state) and 

rearrangement to clusters  again. The binding energy 

between inter of films was reduced resulting in the nucleus 

of the new large stable formed at the pressure of 2.2 pa in  

the Figure 6. As the increase of gas pressure to 2.6Pa, the 

concentration of oxygen atoms on the film surface further 

increased, whose concatenation was closer to the one of 

zinc atoms to meet the requirement of nucleation rate 

growth, and which was conductive to format ion of larger 

grains in Fig. 5c However, as the atmospheric pressure 

continued to rise (3.5Pa), the concentration of oxygen 

atom in  the space was greater than the concentration of 

zinc atoms. The excessive oxygen atoms covering the 

growth surface hindered the merger between the nuclei  

and affected the grain growth rustling in the grains became 

smaller in Fig. 5d and Fig. 5e. Nevertheless, when the 

pressure increased to 3.2Pa, the surface films tended to 

smooth, compact and the grain size became 

comparatively uniform. Based on the analysis above, it 

was speculated that the oxygen vacancy was related to the 

defects of the deep level, so the deep level emission (green 

emission, namely ) of the sample should be the weakest 

under the gas pressure of 2.6Pa. 

 

  

 

 

 

 

 

 

 

 

Fig. 6. X-ray diffraction spectra of samples under various 

sputtering pressures 

 

The results of the diffraction showed that there was 

only diffract ion peaks in (002) in all samples and the peak 

intensity of the diffraction was weaker under the sputtering 

pressure of 1.9 Pa which was not shown in the Fig. 6 and  

the peak of the diffract ion was very sharp exhibit ing the 

preferred o rientation growth of films in the single 

orientation in Fig. 6 and the FWHM of the grains became 

bigger relatively in the Fig. 7. 

 

 

 

Fig. 7. FWHM of X-ray diffraction under various sputtering 

pressures (Pa) 

 

Fig. 8.  X-ray diffraction patterns of samples 
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Using the Debye-Scherrer equation (1), the average 

crystallite size was 72.31 nm, which was in agreement  

with the estimated value of the atomic force test results 

indicating that the test results are reliab le. The full width at 

half maximum(FWHM) was only 0.12° and preferred  

orientation along c-axis  growth was superior to  test results 

reported at home and abroad by method of magnetron 

sputtering in the Fig. 8. The film was fabricated on the 

glass substrate in the case of no buffer layers and without 

annealing.  
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Fig. 9. PL spectra of ZnO thin films at room temperature  

under various sputtering pressures 

 

Fig. 9 showed the photoluminescence (PL) spectra of 

ZnO thin films at room temperature under various 

sputtering pressures. The strong ultraviolet emission PL 

from the films had been observed at room temperature in  

all samples indicat ing the good crystallization quality and  

few defects. Among which, the UV emission wavelengths 

of sample C was shortest and the other samples had  

red-shifts phenomenon (long-wave shift) in different  

degree compared with UV of c samples as the result of 

emission superposition from the bound exciton. The 

reason was that the energy of bound excitons was 130mev 

slightly lower than that of free exciton and whereas the 

bound exciton emission was related to the impurity state, 

so the defect concentration related with the bound exciton 

was relat ively small. On the other hand, the emiss ion of 

visible light from C-sample was obviously weakened. 

Namely, the deep-level emission (538nm) was the weakest. 

The ratio of ultrav iolet to deep-level luminescence was 

11.76 indicating that the deep-level of defect was the 

smallest and the grain structure integrity was relative 

complete. The conclusion was obtained easily that the 

oxygen vacancies was closely related to the green 

emission of deep level so that the appropriate oxygen 

pressure was conducive to reduce the  probability of deep 

level emission of the thin films. 

 

 

4. Conclusions 

 

In this study, a simple and an effect ive way was 

proposed to prepare ZnO films by magnetron sputtering on 

glass substrates and the films  were fabricated at various 

substrate temperature with XRD FWHM of on ly 0.12° 

exhibit ing preferred orientation along c-axis growth 

without annealing. The fo llowing conclusions can be made  

as follows: 

1. It was proposed that the low energy tail of the free 

exciton emission was caused by the excitonic emission 

superposition of bound excitons, and the ultraviolet 

light of 395-398nm (A' peak) also came from the bound 

exciton emission and its emission also affected the 

position and FWHM of ultraviolet emission peak. 

2. The B peak (the ultravio let light of 409-411nm) and 

the C peak (the blue light of 441-449nm) both came from 

the donor-acceptor pair luminescence (DAP). 

3. The structure and photoluminescence performance  

of ZnO films was affected by substrate temperature by the 

analysis of XRD and PL. The results showed that the 

orientation along c-axis growth of ZnO became better and 

the crystallite size increased when the substrate 

temperature increased from 25°C to  250°C remaining the  

sputtering pressure of 1.9 Pa constant. The intensity of 

ultraviolet emission achieved maximum at the substrate 

temperature of 250°C. The orientation along c-axis growth  

of ZnO became worse and the crystallite size got smaller 

at the the substrate temperature of 300°C. 

4. The mechanisms of sputtering pressure impact on 

growth of ZnO films  was also discussed. When the 

pressure was lower than 1.9Pa, the concentration of 

oxygen atoms in  the spaces was not enough to match the 

amount of zinc atoms sputtered from the target on the film 

surface, so there was not enough atoms to form a large 

stable nuclei in a short time . As the sputtering continues, 

the grain boundary energy existed in the grain boundary 

helped to the grains had tendency of transferring  

spontaneously from the high energy stage to low stage 

(namely, stable state) and rearrangement to clusters  again. 

Under the sputtering pressure of 2.6 Pa, the ZnO grains 

was the largest with the diameter up to 160nm at the 

substrate temperature of 250°C. At this moment, the 

wavelength of ultraviolet emission peak was shortest and 

the deep level emission was almost disappearing. The ratio  

of ultravio let to deep level luminescence was 11.76. Under 

the the sputtering pressure of 3.2 Pa, the FWHM of XRD 

peak (002) was 0.12° at the substrate temperature of 

250°C and the higher c-axis preferred orientation growth 

of ZnO was obtained. When the sputtering pressure 

continued to increase, the orientation along c-axis growth  

became worse and the crystallite size got smaller. 
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