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Abstract Ga2O3 thin films were deposited on c-plane

Al2O3 substrates by electron beam evaporation equipment.

The effects of post anneal treatment on structure and

optical properties of Ga2O3 were investigated. The X-ray

diffraction (XRD) results of the as-grown and the annealed

samples indicated the films consisted with the mix of b-

phase polycrystalline and amorphous Ga2O3. The electron

diffraction pattern confirmed the existence of the nano-

crystal grains. AFM images revealed that the anneal

treatment promoted the film crystallization. Both Ga2O3

fims exhibited high transparency from visible light to near

infrared region. An obvious band gap broadening phe-

nomenon was observed for the annealed sample comparing

with the as-grown sample. The optical band gap of the

annealed sample was as large as 5.68 eV, which was

inconsistent with the bulk b-phase Ga2O3. Meanwhile, the

center of ultraviolet emission peak blue shifted about

0.42 eV for the annealed samples. The mechanism of the

band gap broadening effect and ultraviolet emission peak

blue shift were discussed.

1 Introduction

Recently Ga2O3 is regarded as the novel and promising

candidate for optoelectronic devices, due to its wide direct

band gap of 4.9 eV [1, 2]. As reported, the Ga2O3 film had

a variety of applications, such as ultraviolet photodetectors

[3], light emitting diodes [4], field effect transistors and

transparent conductive devices [5, 6]. Especially, it has

great potential application in fabricating solar blind pho-

todiodes [7, 8]. Thus, investigating the optical properties of

the Ga2O3 film, and analyzing the Ga2O3 crystalline

structure become necessary and important. The Ga2O3

films have been prepared by several methods such as

molecular beam epitaxy (MBE) [9], sputtering [10], pulsed

laser deposition (PLD) [11], metal–organic chemical vapor

deposition (MOCVD) [12] and electron beam evaporation

[13]. Among them, electron beam evaporation possessed

the advantages of depositing high quality films due to its

efficient, low cost, convenient and high growth rate.

As well known, thermal treatment in different gas

ambient was an effective and convenient strategy to change

the optical properties of films. Because high temperature

anneal treat could make surface absorb impurities or

change chemical composition ratio of the films, in previous

works [14], we studied the effect of annealing treatment on

the crystalline quality and optical properties in N2 ambient.

As well, high temperature provided enough energy to the

atoms on the substrate, so that it increased their surface
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mobility and made the O and Ga atoms in the right lattice

position. However, the as-grown Ga2O3 films resided

oxygen vacancies, gallium vacancies and gallium- oxygen

vacancies pairs intrinsic defects. Rich oxygen anneal

treatment could optimize the chemical composition ratio of

Ga atom and O atom. In order to further research the

influence of anneal treatment ambient on the optical band

gap of the amorphous or polycrystalline Ga2O3 films, the

as-grown films were annealed in O2 ambient at 1,000 �C

for 1 h. Then the crystal structure, photoluminescence

properties and the optical band gap of Ga2O3 were dis-

cussed in details.

2 Experiments

Using electron beam evaporation equipment, Ga2O3 films

were deposited on c-plane Al2O3 substrate. The Ga2O3

ceramic target was sintered at 1,550 �C for several hours

with high-purity (99.99 %) Ga2O3 powder. Before growth,

the c-plane Al2O3 substrates were sequentially degreased in

ultrasonic baths of acetone, ethanol and deionized water for

5 min, respectively. The substrates were not heated and

kept at about 150 mm away from the target. The back-

ground vacuum pressure of the growth chamber was about

4� 10�3 Pa before depositing Ga2O3 films. The voltage of

electron beam evaporation source was 6 kV. The samples

thicknesses were about 200 nm, which was monitored by

the films thickness monitor (CRTM-6000). In order to

investigate the film crystalline quality and optical proper-

ties affected by post thermal treatment, the as-grown

b-Ga2O3 sample was subsequently annealed at 1,000 �C

under oxygen ambient for 1 h.

The crystalline properties were investigated by Pana-

lytical Empyrean X-ray diffraction (XRD) instrument. The

photoluminescence (PL) spectra were measured by a He-Ag

deep ultraviolet laser (224 nm, 50 mW) with the Andor idus

DU420A photo detector. The optical transmission and

absorption spectra were recorded by Shimadzu UV3600

spectrometer. All the measurements were performed at room

temperature (RT).

3 Results and discussion

Figure 1 presented the XRD patterns of the as-grown and

the annealed samples. The main diffraction peaks in the

patterns can be indexed to a monoclinic structure, which is

good agreement with bulk b-Ga2O3 crystals structure pat-

terns of JCPDS-pdf, No.43-1012. No appreciable diffrac-

tion peaks corresponding to other Ga2O3 polymorphs were

observed either in the as-grown and the annealed samples.

XRD patterns indicated that both samples distributed

ploycrystalline b-Ga2O3 and amorphous Ga2O3, in terms of

the various diffraction peaks and the distinct envelope

centered at 19.0 degree. Therefore, the physical model of

the structure could be viewed as various nanocrystal grains

embedded in a matrix of amorphous Ga2O3 thin film. Next,

the electron diffraction pattern confirmed the existence of

the nanocrystal grains. To further investigate the effect of

O2 anneal treatment on the structure of Ga2O3 films, the

surface morphologies of as-grown and annealed samples

were observed by AFM images.

Figure 2 showed the AFM images of surface morphol-

ogies for a 5lm� 5lm scanning area of as-grown and

annealed samples. After anneal treatment, the surface

morphologies became rough, and the grain size enlarged.

The root mean square (RMS) surface roughness of the

as-grown and annealed samples increased, which were 4.01

and 6.30 nm. Figure 2(b) revealed that high temperature

O2 anneal treatment made the Ga2O3 films surface mor-

phology much rough than the as-grown samples. Same

with the XRD results, it again indicated that the O2 par-

ticipated in the Ga2O3 films with preferred orientation

deposition. Oxygen anneal treatment optimized the chem-

ical composition ratio of Ga atom and O atom. Hence,

anneal treatment promoted the Ga2O3 films crystallization.

The nanocrystal grains embedded in annealed Ga2O3

film were further examined using high-resolution trans-

mission electron microscopy (HRTEM). Figure 3(a)

showed the cross-sectional HRTEM micrograph of the

undoped Ga2O3/sapphire structure. The interfaces of

Ga2O3 and sapphire could be clearly identified. The inci-

dent electron beam was parallel to the ½1�100� direction of

c-plane Al2O3. The interplanar d-spacing of Ga2O3 was

about 0.44 nm, indexed to the b phase Ga2O3ð�201Þ plane.

The d-spacing of sapphire was 0.35 nm, indexed to the c-plane

Fig. 1 XRD patterns of as-grown and annealed Ga2O3 films
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Al2O3ð012Þ plane. To improve the nanocrystal grains

embedding in the Ga2O3 film, the associated selected area

of electron diffraction (SAED) pattern was presented in

Fig. 2(b). The diffuse electron diffraction rings patterns

revealed the microcrystal properties of the films.

Figure 4 showed photoluminescence spectra of c-plane

Al2O3 substrate, as-grown and annealed Ga2O3 samples.

The excitation wavelength of photoluminescence spectra is

224 nm. For annealed sample, two broad emission peaks

centered at 330 nm (3.76 eV) and 706 nm (1.76 eV) were

observed. However, it was not detected obvious photolu-

minescence in as-grown sample. Meanwhile, the near band

edge (NBE) emissions of Ga2O3 were not detected in both

samples. As reported, the broad ultraviolet (UV) emission

centered at 330 nm was caused by the localization of

recombining electrons and holes [15]. Comparing with

bulk single crystal b-Ga2O3 [16, 17], the center of UV

emission peak blue shifted about 0.42 eV for the annealed

samples. The phenomena further confirmed that nano-

crystal grains embedded in amorphous Ga2O3 thin film. As

well known, if the nanocrystal grains sizes were less than

the exciton Bohr radius, it would cause quantum effect

[18]. Generally, quantum confinement effect shifts the

energy levels of the conduction and valence bands apart,

giving rise to a blue shift in the transition energy with the

particle size decreasing [19, 20]. Same phenomenon was

also revealed in the calculated optical band gap.

The nature of the PL of Ga2O3 was still a matter of

controversy. Three mechanisms had been presented to

explain the UV emission of Ga2O3 films [21, 22]. In our

case, the UV emission was attributed to the recombination

of gallium vacancies and oxygen vacancies or gallium-

oxygen vacancy pairs, and the broad red emission was due

to intrinsic impurities. In addition, the peaks at 448 and

672 nm were the laser frequency doubling peaks. It is

reported that the NBE emissions of b-Ga2O3 of the

monoclinic phase is 265 nm (4.6 eV) and 278 nm (4.5 eV)

[23]. But in our experiment, it had not been found. In order

to estimate the energy band gap of the Ga2O3 sample, we

introduced the absorption measurement to calculate the

optical band gaps.

Fig. 2 AFM images of the as-grown and annealed Ga2O3 films a
as-grown b annealed

Fig. 3 Cross-sectional high resolution TEM images and the SEAD

patterns of annealed Ga2O3 film a high resolution TEM images

b SEAD patterns
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Figure 5 illustrated that the as-grown and annealed

samples exhibited high transparency in visible light and

near infrared region with transmittance about 80 %.

Meanwhile, the absorption edge was a slightly moved

toward short wavelength for the annealed samples. It might

be caused by increasing quantity of nanocrystal.

Ga2O3 is direct band gap materials, which optical band

gap could be deduced from absorption spectra. It exists the

relation ahm ¼ Aðhm� EgÞ1=2
, whereas ðahmÞ2 is plotted

versus photon energy hm. A is the constant, Eg is the optical

band gap, and a is the absorption coefficient. Through

linear extrapolating to zero, where absorption coefficient a
equals zero ða ¼ 0Þ, then the optical band gap value could

be obtained. In terms of the absorbing spectra of the

as-grown and annealed samples, we obtained the ðahmÞ2
versus photon energy ðhmÞ curves, as shown in Fig. 6. The

optical band gap of the as-grown sample was 4.94 eV,

which was approximately accord with the crystalline

b-Ga2O3. However, the optical band gap of the annealed

sample was increased to 5.68 eV, which was larger

0.74 eV than that of the as-grown samples. Similar phe-

nomena were also observed by Yoshihiro Kokubun et al.

[3]. Moreover, Yoshihiro Kokubun et al. detailed reported

that the band gap increased with heat treatment temperature

from 600 �C to 1,200 �C. And they still observed that the

enlargement of the band gap was consistent with the peaks

shift in the spectral response of photocurrent.

The 4.94 eV optical band gap of the as-grown sample

was good agreement with the crystalline b-Ga2O3, but the

5.68 eV optical band gap of the annealed sample was

apparently expanding. XRD patterns clearly presented that

both samples were composed of polycrystalline and

amorphous phases. The electron diffraction pattern con-

firmed the existence of the nanocrystal grains. AFM image

indicated O2 anneal treatment promoted the Ga2O3 films

crystallization. PL spectrum of annealed sample showed

obvious ultraviolet (UV) emission and broad red emission

of Ga2O3. All experiment results confirmed the presence of

the polycrystalline b-Ga2O3 and nanocrystal grains

embedding in the amorphous Ga2O3. As well known,

optical band gap could be increased by reducing the size of

nanocryatal grains. Therefore, it was attributed to the

quantum effect to broaden the optical band. The UV

emission blue shift further revealed the quantum confine-

ment effect. Thus, in PL spectra, the NBE emission was not

observed. It might be the 224 nm laser energy was not so

high to stimulate Ga2O3 NBE emission at 5.68 eV, which

was 218 nm. In addition, the resistivity of the as-grown and

annealed samples are very large and could not been mea-

sured by Hall Effect System (Accent, HL-5500).

Fig. 4 Room temperature PL spectra of substrate, as-grown and

annealed Ga2O3 films

Fig. 5 Room temperature transmittance spectra of as-grown and

annealed Ga2O3 samples

Fig. 6 Plot of ðahmÞ2versus photon energy ðhvÞ for as-grown and

annealed Ga2O3 samples
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4 Conclusion

Ga2O3 films were prepared on c-plane Al2O3 substrate by

electron beam evaporation method with subsequent

annealing treatment. XRD and electron diffraction patterns

indicated that as-grown and annealed samples were poly-

crystalline b-Ga2O3 embedded in the amorphous Ga2O3.

AFM images revealed that the anneal treatment promoted

the film crystallization. Broad UV and red emissions were

observed in PL measurement for annealed samples. The

optical band gaps of as-grown and annealed sample were

calculated to be 4.94 and 5.68 eV, respectively. The optical

band gaps of annealed was larger than that of the bulk

Ga2O3 material. It was attributed to the quantum size effect

caused by the nanocrystal Ga2O3 grains. The blue shift of

UV emission also confirmed the quantum confinement

effect.
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