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A B S T R A C T

In this work the influence of a short-pulsed ion irradiation with a high flux (~5.5•1019 cm− 2s− 1) on structure, 
optical and photo-electrical properties of gallium oxide thin films have been investigated. The films were pro
duced by the radio-frequency magnetron sputtering method. A part of deposited films was annealed in the air 
environment (900 ◦C, 2 h) for synthesis of β-Ga2O3 phase. Obtained films were subjected to the short-pulsed ion 
irradiation (ion energy - up to 200 keV, pulse duration - 90 ns, current density on the target - up to 15 A/cm2). 
The influence of the annealing and the irradiation on spectral dependences of absorption, the bandgap width and 
the Urbach energy have been determined. It was found that irradiation leads to amorphization of crystalline 
β-Ga2O3 films and a significant change in optical characteristics. In addition, we measured the magnitude of 
surface dark and photoconductivity of the films. Also, the field and spectral dependences of the photosensitivity 
of the films were researched. As a result, it was established that short-pulsed irradiation improves the photo
electric properties of amorphous gallium oxide films. The reasons of it are discussed.

1. Introduction

Gallium oxide of monoclinic modification β-Ga2O3 has a bandgap 
width of 4.9 eV and is a promising material for various electronic and 
optoelectronic devices, including field-effect transistors, solar cell ele
ments, solar blind UV photodetectors, scintillators, and dosimetry ma
terials [1–11]. Thin films of β-Ga2O3 could be produced by various 
methods such including sol-gel, chemical vapor deposition, molecular 
beam epitaxy, pulsed laser deposition and magnetron sputtering 
methods. Considering the potential applications of such structures, ra
diation resistance and stability of optical and photoelectrical properties 
when exposed to ionizing radiation fluxes are of significant importance. 
Extensive previous studies of the effects of radiation exposure of 
β-Ga2O3-based devices by electrons, protons, and neutrons, and found 

that β-Ga2O3 has comparable radiation resistance to conventional 
wide-gap semiconductors [1,12]. Moreover, ion irradiation can be used 
to modify the photoelectrical properties of thin films. Thus, in work [13] 
it is shown that irradiation with 5 MeV protons of MOCVD grown 
β-Ga2O3 thin films increases the photocurrent, but decreases the 
photo-to-dark current ratio. At the same time, the dose rate and irradi
ation temperature can have an important effect on the accumulation of 
radiation induced disorder as was shown in Ref. [14] for the irradiation 
of β-Ga2O3 single crystals by Ni + ions in a wide range of ion fluxes (8 ×
1010–5 × 1012 cm− 2s− 1) and irradiation temperatures (25–300 ◦C).

In this paper, we investigated the effect of short-pulsed ion irradia
tion by C+/H+ ion beam with a high flux (~5.5•1019 cm− 2s− 1) on the 
structure, optical characteristics and photoconductivity of amorphous 
and polycrystalline gallium oxide films deposited on sapphire substrates 
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by magnetron sputtering.

2. Materials and methods

The deposition of gallium oxide thin films was performed by radio- 
frequency (RF) magnetron sputtering. Polished α-Al2O3 sapphire plates 
with (0001) orientation were used as substrates. The substrates have 
been subjected to ultrasound cleaning in alcohol, then dried in a com
pressed air, then mounted on a planetary substrate holder. The residual 
pressure in the chamber was 2 × 10− 3 Pa. Before the deposition, the 
substrates have etched with an argon ion beam using an ion source 
(accelerating voltage - 3 kV, ion current - 45 mA, argon pressure - 0.12 
Pa) for 15 min. Further, the film deposition was performed by sputtering 
a polycrystalline Ga2O3 target (diameter - 90 mm, purity - 99.9 %) at RF 
power of 300 W in a mixture of argon and oxygen (the flow ratios were 
20/18 sccm). The deposition time was 90 min. The thickness of the 
deposited films was 400 nm according to cross-section electron micro
scopy measurements.

A part of samples were annealed in a muffle furnace in air at 900 ◦C 
for 2 h after the deposition. The temperature in the chamber was 
controlled by a platinum-rhodium thermocouple.

The films were irradiated by ion beam using a TEMP-4M accelerator 
in the mode of the short-pulsed ion irradiation [15]. The parameters of 
the ion beam were the following: beam composition – carbon ions 
(80–85 %) and protons (15–20 %), the accelerating voltage is 200 kV, 
the ion current density on the target j = 8–15 A/cm2, the pulse duration 
is 90 ns and the flux of ions Φ is about 5 × 1012 cm− 2 per pulse. Number 
of pulses was 3, 30 and 150.

The phase composition of the materials was studied by X-ray 
diffractometry (XRD) and Raman spectroscopy methods. XRD was per
formed using a Shimadzu XRD-7000 X-ray diffractometer with CuKα1 
radiation (λ1 = 1.5406 Å) with step scanning in the range of 2θ =
10◦–90◦ in the Bragg-Brentano geometry, as well as in the grazing ge
ometry (GXRD) to suppress substrate reflections at an incidence angle of 
the beam of θ = 3◦. Identification of diffraction peaks was carried out 
using the Crystallographica Search-Match program and the PDF4+
structural database. X-ray structural analysis was carried out using the 
PowderCell 2.4 program using the PDF4+ structural database. Raman 
spectra were recorded using NTEGRA NT-MDT AFM-Raman system with 
532 nm laser and 100× objective.

Optical density spectra were measured by Avantes Avaspec 2048 
spectrometer. The spectral dependences of the absorption coefficient 
α(hν) of the films were calculated from the spectral dependences of the 
optical density using the formula α(hν) = D(hν)/d, where d is the 
thickness of the films, D(hν) is the difference between the optical density 
of the film on the substrate and the optical density of the substrate. The 
spectra α(hν) were approximated by the Urbach rule [16] in the energy 
intervals Δ(hν), in which ln α ∝ hν: 

α(hν)∝exp(hν / EU), (1) 

where EU is the Urbach energy. The bandgap width Eg’ was determined 
using approximation of the absorption spectra by the power law: 

(α× hν)∝
(
hν − Eg

ʹ)0.5
. (2) 

Induced absorption was calculated using the difference Δα(hν) =
αi(hν) – α0(hν) where α0 is absorption coefficient before and αi is that 
after irradiation. The defects concentration before N0 and after irradi
ation Ni was calculated from the spectra according to the Smakula 
equation [17]: 

N0(i) =0.87 × 1017 ×
n

(n + 2)2 ×
γ
f
× αʹ

0, (3) 

where n is the refractive index, f is the strength of the transition oscil
lator (in this work, we take f = 1 to estimate the lower limit of the defect 
concentration), and α′0 is the absorption coefficient at the maximum of 

local band centered at hν0 and half width γ. At that we used the de
pendency n(hν) calculated from the interference pattern of spectra. The 
rate of radiation defects (RDs) generation was found by the formula: 

ΔNi /ΔΦ=(Ni2 − Ni1) / (Φ2 − Φ1), (4) 

where Ni1,2 are the RDs concentrations at ion fluences Φ1,2.
The photoluminescence spectra IPL(hν) were measured using Solar 

CM 2203 spectrofluorometer in the range of hν = 1.5–3.5 eV at an en
ergy of the excitation radiation of 4.96 eV.

The measurement of surface dark σd and photoconductivity σph was 
carried out in air in a two-electrode scheme with pair of copper overlay 
electrodes with a length of 0.5 cm at spacing of 0.2–0.3 cm. Radiation 
from a mercury lamp with lines at photon energies of 4.89, 3.96, 3.4, 
3.06, 2.85, 2.27 eV, and 2.17 eV was used to excite photoconductivity, 
using broadband interference filters to highlight regions of selective 
photosensitivity of the film material.

3. Results and discussions

3.1. Influence of ion irradiation on material’s structure

Phase composition of the films was investigated by Raman spec
troscopy and XRD. After deposition, the coatings possess an amorphous 
structure (Figs. 1 and 2). Due to annealing a β-Ga2O3 phase in the 
coating was formed which is evidenced by active Ag

(3) (201 cm− 1) and 
Ag

(5) (348 cm− 1) phonon modes [18] (Fig. 1) and corresponding reflexes 
on X-ray diffraction pattern (Fig. 2). Lattice parameters are determined 
as a = 12.2343, b = 3.0317 and c = 5.8003. The crystallite size estimate 
is about 20 nm. According to the results no other gallium oxide phases in 
the coatings were formed after annealing.

Irradiation in the short-pulse implantation mode resulted in 
amorphization of the films (Figs. 1 and 2). Considering the not signifi
cant ion fluxes during experiments (up to 7.5 × 1014 cm− 2), we suggest 
that the film amorphization take place due to conjoint action of pulsed 
heating and intense radiation damage [15,19].

3.2. Optical absorption

3.2.1. Optical characteristics before irradiation
The spectra α(hν) of the deposited films are characterized by 

fundamental absorption edge at hν > 4.5 eV (Fig. 3) The bandgap (BG) of 
direct allowed transitions in the deposited films is Eg’ = 4.97–5.05 eV, 

Fig. 1. Raman spectra from sapphire substrate and samples with coatings 
before and after annealing and irradiation. Spectra have offset.
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which is close to values of crystalline β-Ga2O3 (Table 1) [20–26]. 
However, after annealing at 900 ○C in air, the bandgap width narrows to 
Eg’ = 4.77–4.79 eV. The Urbach energy for the states of growth defects 
(GDs) localized in the bandgap in the range of 4.0–5.0 eV after 
annealing, therefore, increases from EU = 0.2–0.25 eV to 0.3–0.35 eV 
due to the enhancing of interaction between defects at the overlap of 
their levels. Such change in absorption edge characteristics can be 
determined by the oxygen content of the films and is due to the coop
eration of VO vacancy levels into the subzone, as demonstrated before 
[26,27]. Moreover, the values EU = 0.5 eV and Eg’ = 4.0–4.5 eV are 
characteristic of amorphous a-GaOx films [26], that indicates a higher 
defect concentration in a film structure. α(hν) spectra of the deposited 
films has a wide absorption band in the range of 1.6–3.4 eV due to 
transitions involving local levels of intrinsic GDs (Fig. 3). The annealing 
process stimulates the transformation of local bands into a continuous 
distribution of energy levels of exponential form in the range of 1.4–4.6 
eV with an Urbach energy of EU = 1.2–1.5 eV (Fig. 3). Such trans
formation of the absorption spectrum is due to the formation of com
plexes from intrinsic vacancy defects with the participation of oxygen 
atoms (or molecules) under the influence of annealing. Decomposition 
of the spectra of amorphous films into elementary Gaussians revealed 
local bands with centers at hν0 = 2.0 eV, 2.3 eV, 2.6 eV, 3.06 eV, 4.2 eV 
and 4.65 eV and calculated concentration of GDs N = 6.6 × 1016 cm− 3, 
7.9 × 1016 cm− 3, 1.2 × 1017 cm− 3, 7.9 × 1016 cm− 3, 3.4 × 1016 cm− 3 

and 1.3 × 1017 cm− 3 respectively (Fig. 3). The absorption edge was 
calculated using Urbach rule at EU = 0.15 eV (Fig. 3). The absorption 
bands in β-Ga2O3 are usually associated with electronic transitions be
tween the local levels of anionic VO and cationic VGa vacancies and the 
bottom of the conduction band (CB) εc or the top of the valence band 
(VB) εv [20–25]. The band at 2.0 eV can be attributed to transitions from 
the donor level εc–2.0 eV of the VO + vacancy in the CB [20,21]. The 2.3 
eV band can be formed due to transitions from VB to the acceptor level 
εv+2.3 eV of VGa [20–23]. The contribution to the band at 2.6 eV may be 
made by transitions from the VB to the level εv+2.6 eV of the VGa +

[20–23]. The band at 3.06 eV is most probably formed by transitions 
from the VB to level εv+3.06 eV of the VGa [20,22]. The 
short-wavelength band of 4.2 eV is formed by transitions from the VB to 
the donor level εv+4.2 eV [1,20,22]. The near-edge band of 4.65 eV is 
due to transitions from the VB to shallow donor levels [20].

3.2.2. Influence of irradiation on film properties
The effect of ion irradiation on the characteristics of the absorption 

spectra depends on the concentration of GDs and the degree of their 
interaction when combined into complexes with a continuous spectrum 
of levels. The processes of RDs accumulation and radiation-thermal 
annealing of defects in deposited amorphous and in annealed crystal
line films are realized differently (Fig. 4).

The absorption centers in the deposited films have a less resistance to 
irradiation. Radiation-thermal annealing of GDs at doses of Ф ≤ 2 ×
1014 cm− 2 shows a decrease in absorption in the range of hν ≤ 2.5 eV, 
but an increase for levels at hν = 3–4 eV (Fig. 4a and. 5a). The increase of 
defect generation rate ΔN/ΔФ with the depth of their levels can be 
associated with the predominant generation of single RDs which are not 
bound into complexes (Fig. 5b). A slight decrease in the bandgap width 
from Eg’ = 4.98 eV–4.97 eV at low ion doses Ф = (0.15–1.5) × 1014 cm− 2 

shows the radiation tolerance of the films (Table 1). The Urbach energy 
increase from EU = 0.19 eV–0.29 eV with increasing fluence up to Ф =
1.5 × 1014 cm− 2 indicates enhanced interactions between deep levels of 
GDs and RDs. With increasing irradiation dose to Ф > 1.5 × 1014 cm− 2, a 
continuous distribution of RDs levels is formed, which leads to a nar
rowing of the BG width to Eg’ = 4.9 eV (Fig. 4a–Table 1). After irradi
ation, the local bands associated with GDs are generally preserved 
because the local bands of RDs have similar spectroscopic characteristics 
to GDs bands and their concentration is lower than the growth defects 

Fig. 2. X-ray diffraction patterns of samples before (a) and after (b) annealing, 
before (1) and after irradiation (2,3). Curves (3) were taken in GXRD mode. The 
red arrows mark the positions of the reflexes corresponding to the β-Ga2O3 
phase according to JCPDS card No. 41–1103.

Fig. 3. Spectral dependences of the absorption coefficient α(hν) of gallium 
oxide films before (1) and after (2) annealing and decomposition of curve (1) by 
Gaussians (3–8) with centers at hν0 and half-width of γ: hν0 = 2.0 eV and γ =
0.25 eV (3), 2.3 eV and 0.3 eV (4), 2.6 eV and 0.3 eV (5), 3.06 eV and 0.3 eV (6), 
4.2 eV and 0.32 eV (7) and 4.65 and 0.25 eV (8) eV. Curve (9) shows the fitting 
of absorption edge using Urbach rule with parameters α00 = 1 × 10− 11 cm− 1 

and EU = 0.15 eV.
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(Figs. 3 and 6). At the same time, the edge band at 4.65 eV shifts to 4.8 
eV. The RDs bands at 1.82 eV and 2.2 eV appear instead of the GDs 2.0 
eV band after irradiation with Ф = 7.5 × 1014 cm− 2. These changes in 
defect bands can be explained by the preferential accumulation of 

Table 1 
Electrical and optical characteristics of gallium oxide films.

Ф, cm− 2 Δ(hν), eV EU, eV Eg’, eV hν0(i), eV N0(i) × 1016, cm− 3 Ϭd, S K, a.u. IPhS, А KUV/Kvis. a.u.

Amorphous films (none-annealed)
0 4.5–5.1 0.19 4.98 2.6 

4.2 
4.8

12 
3.4 
13

2.0 × 10− 14 25–45 +1 × 10− 13 50

1.5 × 1013 4.5–5.1 0.24 4.97 2.6 
4.2 
4.8

4.3 
30 
59

5 × 10− 15 1–2 − 1 × 10− 12 12.5–20

1.5 × 1014 4.5–5.1 0.29 4.97 2.6 
4.2 
4.8

2 
59 
100

1.2 × 10− 14 100–400 +8 × 10− 11 200–500

7.5 × 1014 4.8–5.0 
2.5–4.0

0.20 
1.25

4.90 
–

2.2 
4.2 
4.8

14 
170 
260

2.6 × 10− 14 100–170 − 3 × 10− 12 200

Crystalline films (annealed at 900 ◦C)
0 1.2–4.7 

4.5–5.1
1.3 
0.33

4.77 3.6 160 2.5 × 10− 15 100–300 – 100

1.5 × 1013 – – – 3.6 140 2 × 10− 15 –(1–3) − 4 × 10− 12 10
1.5 × 1014 – – – 3.6 150 3 × 10− 15 –(2–4) − 2 × 10− 14 10
7.5 × 1015 1.8–4.8 

5.1–5.3
1.3 
0.15

5.18 3.6 140 1.5 × 10− 15 –(1–3) +1 × 10− 12 30–100

Fig. 4. Effect of short-pulsed ion irradiation on the spectral dependences of the 
absorption coefficient αi,(0)(hν) of gallium oxide not annealed (a) and annealed 
(b) films.

Fig. 5. (a) Influence of the number of irradiation pulses on the total concen
tration of absorption centers in gallium oxide films before (1–4) and after 
annealing (5) for hν = 2.6 eV (1, 5), 3.06 eV (2), 4.2 eV (3) and 4.8 eV (4); (b) 
dependence of the defect injection rate ΔN/ΔΦ in none-annealed amorphous 
and in annealed crystalline films on the energy of the band centers hν0(i) for 
fluences Ф ≤ 1.5 × 1014 cm− 2 and Ф ≤ 1.5 × 1014 cm− 2.
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anionic vacancies over cationic vacancies [20–23].
The absorption spectra of the irradiated crystalline β-Ga2O3 films and 

the kinetics of RDs accumulation indicate their higher radiation toler
ance (Fig. 4a–. 5a and 7). As shown by the change in exponential and 
interband absorption characteristics, annealing of the films stimulates 
the formation of complexes from GDs that limit RDs formation. The 
weak dependence of the rate of RDs generation on their depth is due to 
the increased fraction of the continuous spectrum of localized states 
(Fig. 5b). The rate of RDs generation decreases significantly as the 
irradiation dose is increased.

The influence of radiation-thermal annealing becomes significant at 
Ф = 7.5 × 1014 cm− 2 for RDs having shallow levels at 1.5–2.5 eV 
(Fig. 4b–. 5b and 8). Another remarkable effect of irradiation at Ф = 7.5 
× 1014 cm− 2 is the shift of the absorption edge by 0.3–0.4 eV to high 
energy area (Fig. 4b) and the increase of the BG width from Eg

’ = 4.77 
eV–5.18 eV with a corresponding decrease of the Urbach energy from EU 
= 0.33 eV–0.15 eV (Table 1). These changes in the parameters of 
interband and exponential absorption are determined by partial purifi
cation of the bandgap from shallow levels of GDs under the action of ions 
pulsed irradiation. The interaction between the levels of GDs and RDs 

localized near the absorption edge is weakened, based on the dose 
dependence of EU(Φ). The dominance of deeper levels as the ion dose 
accumulates is also observed in the interval of hν ≤ 4.0 eV, as demon
strated by the difference absorption spectra Δα(hν) = αi(hν) – α0(hν), 
where α0 – absorption coefficient before and αi – after irradiation 
(Fig. 8).

3.3. Photoluminescence

The observed 2–5 times increase in the intensity of photo
luminescence of films after annealing at 900 ◦C is explained by annihi
lation of that part of growth defects, which serve as centers of radiation- 
free recombination in the deposited gallium oxide films. This is consis
tent with the facts of annealing of local absorption bands and formation 
of complexes with a continuous spectrum of absorption levels (Fig. 3 a, 
b). A similar change in luminescence has also been observed in MOCVD 
films [28].

The photoluminescence spectra of annealed β-Ga2O3 films contain 
bands centered at hν0(i) = 1.65, 2.05, 2.5, 2.95 and 3.3 eV, which 
characterize the β-Ga2O3 films obtained with different methods (Fig. 9) 
[28–33]. Photoluminescence bands at 2.66 and 3.41 eV were 

Fig. 6. Absorption spectrum α(hν) of non-annealed films after irradiation with 
fluence of Ф = 7.5 × 1014 cm− 2 (1) and its decomposition by Gaussians (2–8) 
with centers at hν0 and half-with of γ: hν = 1.82 eV and γ = 0.15 eV (2), 2.2 eV 
and 0.15 eV (3), 2.6 eV and 0.15 eV (4), 3.06 eV and 0.3 eV (5), 3.6 eV and 0.3 
eV (6), 4.2 eV and 0.32 eV (7), 4.8 eV and 0.28 eV (8). Curve (9) shows the 
fitting of absorption edge using Urbach rule with parameters α00 = 3 × 10− 11 

cm− 1 and EU = 0.15 eV.

Fig. 7. Dependence of the RDs concentration Ni on the fluence of ions Ф in 
gallium oxide films.

Fig. 8. Spectrum of induced absorption Δαi(hν) = αi(hν) – α0(hν) in annealed 
gallium oxide films for different fluences of ions.

Fig. 9. Photoluminescence spectrum IPL(hν) of annealed gallium oxide films 
and its decomposition into Gaussians with parameters: hν0(i) = 1.67 eV, γi = 0.1 
eV (1); 2.05 eV, 0.1 eV (2): 2.5 eV, 0.23 eV (3); 2.95 eV, 0.16 eV (4) and 3.3 eV, 
0.13 eV (5). The excitation energy was hν = 4.96 eV.
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demonstrated in Ref. [24], and photoluminescence bands at 3.26, 2.98, 
2.8 and 2.67 eV were found in β-Ga2O3 films deposited by magnetron 
sputtering [29]. A strong band at 1.65 eV is identified in Refs. [30,31].

We identified the origin of some photoluminescence bands in the 
deposited films by analogy with [20–44]. The weak photoluminescence 
band at 3.3 eV can be related to the nano-crystalline component of 
β-Ga2O3 by analogy with the work [32], although other bands at 2.61 
and 3.75 eV are also exhibited in β-Ga2O3 nano-crystals [31]. In 
Ref. [34] the cathodoluminescence band of 3.25 eV was attributed to the 
recombination of free electrons with auto-localized holes. It is more 
likely that the band at 3.3 eV is associated with transitions in 
donor-acceptor pairs, where VGa defects and/or VO–VGa complexes act as 
acceptors by analogy with [20,35]. We also cannot exclude the influence 
of localization of hole auto-captured polarons (by analogy with the band 
at 3.1 eV [36]) on it. The band at 2.95 eV can be due to transitions in 
donor-acceptor pairs from donor levels to that associated with VO–VGa 
complexes [1,26,34,37–41], or to levels of VGa

1− [42]. The photo
luminescence bands at 2.98, 2.8 and 2.67 eV according to Ref. [29] are 
identified with electronic transitions involving VO vacancy levels. The 
band of 2.5 eV can be related to transitions between the levels of in
testinal Oi

0 defects considering the results of [42]. The band at 2.05 eV in 
view of theoretical calculations of [23,42] can be associated with tran
sitions between VO

0 vacancy levels. The band at 1.67 eV is probably due 
to the presence of the nano-crystalline component, but the contribution 
of transitions involving VO vacancy levels cannot be excluded [23,42]. 
This is supported by the established association of the 1.67 eV [43] and 
1.75 eV [44] bands with the recombination of electrons captured by the 
VO donor with a hole localized on the acceptor associated with the 
doping of the material with nitrogen.

In irradiated films, the photoluminescence bands due to electron 
transitions involving the levels of growth defects at 1.67, 2.05, 2.5, 2.95, 
and 3.3 eV gradually disappeared with increasing in irradiation dose due 
to the capture of electrons from the levels of GDs to nearby RDs levels. 
The accumulation of absorption and non-radiative recombination cen
ters corresponding to RDs dominates over the formation of luminescence 
centers. Kinetic parameters of induced absorption confirm this 
assumption (Figs. 5 and 7). The crystalline film after irradiation with a 
dose of Ф = 7.5 × 1014 cm− 2 shows a single short-wavelength band at 
3.74 eV, most likely due to intrinsic RDs (Fig. 10). The close in energy 
luminescence bands recorded in β-Ga2O3 crystal films at 3.75 eV [33], 
3.2–3.6 eV [20], 3.65 eV [34], and 3.8 eV [22] were identified by the 
authors with transitions involving VO levels and donor-acceptor pairs 

and/or from allowed bands and VO levels. We suggest that the 
ion-induced 3.74 eV band is formed by recombination of holes from the 
valence band with electrons at the donor levels of the radiative VO by 
analogy to Refs. [20,22]. In general, the short-wavelength shift of pho
toluminescence after irradiation is consistent with absorption shifts in 
the intervals 4.5–5.2 eV and 2.0–4.0 eV (Figs. 4b and 6; Fig. 8) and 
corresponding changes in the exponential and interband absorption 
parameters (Table 1).

3.4. Photoelectric characteristics

3.4.1. Electrical and photoelectric characteristics before irradiation
The deposited films are dielectric with the values of dark conduc

tivity σd ≈ 2 × 10− 14 S and photoconductivity σph = (6.5–9) × 10− 13 S 
and photosensitivity K = (σph–σd)/σd = 25–45. Annealing causes a 
decrease in dark conductivity and photoconductivity to σd = (2–3) ×
10− 15 S and σph = (4.0–8.5) × 10− 13 S, and an increase in photosensi
tivity to K = 100–300 and the appearance of its field dependence K(U) 
(Fig. 11a and b).

The use of post-deposition annealing for the synthesis of β-Ga2O3 and 
annealing of GDs to enhance photoconductivity is widely known [1–4]. 
Also, for this purpose, increasing the deposition temperature [45–50] 
and control of the substrate material [51,52] are often used. In this case, 

Fig. 10. Photoluminescence spectrum IPL(hν) of annealed gallium oxide films 
irradiated at fluence of Ф = 7.5•1014 cm− 2 and its approximation by Gaussian 
with parameters hν0 = 3.74 eV and γ = 0.18 eV. The excitation energy was hν =
4.96 eV.

Fig. 11. (a) Dependences of surface dark conductivity (σd) and photoconduc
tivity (σph) of gallium oxide films before and after annealing on the applied 
voltage; (b) dependence of photosensitivity coefficient K of films before and 
after annealing.
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the type and concentration of growth defects (mainly VO) play a sig
nificant role in the formation of the necessary kinetic and spectral 
characteristics of films, of course, not excluding the influence of struc
tural parameters [46,48,53,54]. The strong field dependence of the 
photosensitivity is due to field transitions between photosensitive levels 
of different depths induced by growth defect complexes. On the con
trary, the reason for greater stability of photosensitivity of amorphous 
films is the local character of optically and electrically active level de
fects (Fig. 11b). This is evidenced by absorption spectra (Figs. 3 and 4) 
and temperature dependences of σd (T) (T = 300–400 K), which are 
characterized by peaks due to thermal activation of deep energy levels 
εσ = 1.42–1.45 eV (Fig. 12). These local levels of charge carrier transfer 
centers are probably associated with defects of the acceptor type, 
namely V+(0)

Ga , which is confirmed by the positive sign of photostimulated 
currents IPhS = +1 × 10− 13 A (Table 1) [55]. Trapping of charge carriers 
excited by light to deep acceptor levels suppresses the photosensitivity 
of non-annealed films in general. During annealing, non-useful defects 
annihilate and/or are converted into complexes, which contributes to 
photosensitivity.

3.4.2. Radiation effect
Short-pulsed ion irradiation of films is inevitably accompanied by 

competing processes of defect accumulation and annihilation, which 
occurs due to rapid heating of the near-surface layers to high tempera
tures of 1300–1500 K within a short time of 10− 6–10− 5 s and subsequent 
cooling [12,16].

The change in the field dependences of σd(ph)(U), K(U), and the sign 
of photostimulated currents IPhS(Ф), showing the predominant type of 
RDs, is clearly observed in the none-annealed films (Figs. 13a and 14 and 
Table 1). A sharp decrease in the dark conductivity, photoconductivity 
and photosensitivity after irradiation of amorphous films with a small 
dose Ф = 1.5 × 1013 cm− 2 is accompanied by the introduction of 
photosensitive defects of donor type, as shown by negative sign of IPhS =

− 1 × 10− 12 A (Fig. 13a–Table 1). At the same time, the absorption 
spectra testify to the annihilation of growth defects, which correspond to 
levels distributed in the low energy range of 1.5–2.6 eV (Fig. 4a and. 5a). 
Apparently, the introduction of such RDs downgrades the ratio of 
photosensitivity in the UV and visible ranges to value of KUV/Kvis =

12.5–20 (Table 1). In the second stage of irradiation at Ф > 1.5 × 1014 

cm− 2, the accumulation of RDs clearly dominates their annihilation. 
This is expressed in the increase of dark conductivity and photocon
ductivity (Fig. 13a). Photosensitivity increases and it has a field 

Fig. 12. Temperature dependence of dark conductivity σd of gallium oxide 
films before annealing. The voltage at the electrodes is U = 100 V. The distance 
between the electrodes is 0.2–0.3 cm and the electrode length is 0.5 cm. The 
conduction activation energy εσ = 1.42–1.45 eV.

Fig. 13. (a) Dependences of the dark conductivity σd and photoconductivity σph 
from voltage in the gallium oxide films none-annealing before and after short- 
pulse ion irradiation at fluences Ф = 1.5 × 1013 cm− 2, 1.5 × 1014 cm− 2 and 7.5 
× 1014 cm− 2; (b) dependences of the dark conductivity σd and photoconduc
tivity σph from voltage in the gallium oxide films annealed at 900 ◦C before and 
after short-pulsed ion irradiation at fluences Ф = 1.5 × 1014 cm− 2 and 7.5 ×
1014 cm− 2.

Fig. 14. Effect of short-pulse ion irradiation on the photosensitivity coefficient 
K of non-annealed amorphous films.
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dependence (Fig. 14). At the same time, the ratio of photosensitivity in 
the UV and visible ranges improves to KUV/Kvis = 200–500 (Table 1). 
The type of photo-generated charge carriers changes first to hole (IPhS =

+ 8 × 10− 11 A) at Ф = 1.5 × 1014 cm− 2 and then to electron (IPhS = – 3 ×
10− 12 A) at Ф = 7.5 × 1014 cm− 2, indicating the unstable nature of the 
kinetics of donor- and acceptor-type RDs accumulation (Table 1). The 
similar increase in photocurrent was observed after neutron irradiation, 
which was attributed to an increase in the density of deep acceptors in 
the lower half of the bandgap due to VGa [49]. Prevailing accumulation 
of donor RDs over acceptor RDs at Ф = 7.5 × 1014 cm− 2 is associated 
with redistribution of induced absorption to the high-energy region 
(Fig. 4a).

In annealed crystalline films under the same irradiation conditions 
no additional post-radiation conductivity is created, and photosensi
tivity even has negative values (Fig. 13b–Table 1). This correlates with 
the enhancement of the continuous component in the absorption spectra 
(Fig. 4b). The bands at 1.6 eV, 2.4–2.6 eV, and 3.6 eV in the spectra of 
induced absorption Δαi(hν) are associated with transition between the 
RDs levels (Fig. 8). These levels can serve as charge carrier trapping 
centers, which suppresses photoconductivity. The generation of donor 
RDs prevails, as shown by photostimulated currents IPhS(Ф), but at Ф =
7.5 × 1014 cm− 2 the photoconductivity changes from electronic to hole 
(Table 1), which correlates with the short-wavelength band shift in the 
Δαi(hν) spectra (Fig. 8) and the appearance of a short-wavelength pho
toluminescence band at 3.74 eV connected with RDs, namely VO 
(Fig. 10).

4. Conclusion

The gallium oxide thin films deposited on α-Al2O3 (0001) substrates 
by reactive magnetron sputtering were amorphous dielectric with rela
tively low photo-sensitivity. Annealing the films in air at 900 ◦C forms a 
β-Ga2O3 phase in films with grainsizes about 20 nm and partially im
proves their characteristics.

Short-pulsed ion irradiation by 200 keV carbon ions and protons of 
deposited non-annealed gallium oxide thin films with fluences Φ =
(0.15–1.5) × 1014 cm− 2 slight decreases the bandgap width from 4.98 
eV to 4.97 eV, which indicates high radiation resistance of amorphous 
films. At ion fluences of Φ = 7.5 × 1014 cm− 2, the bandgap narrows 
significantly to 4.9 eV, which shows a continuous distribution of radi
ation defect levels. For annealed films at ion fluences of Φ = 7.5 × 1014 

cm− 2, the bandgap width increases to 5.18 eV while the Urbach energy 
value decreases to 0.15 eV. This phenomenon indicates a decrease in 
concentration of growth defects having the shallow levels after 
radiation-thermal effect of beam. The irradiation decreases the intensity 
of luminescence bands due to the capture of electrons from the levels of 
growth defects to the nearby levels of radiation defects.

The annealing decreases the dark conductivity and photo conduc
tivity to values of σd = (2–3) × 10− 15 S and σph = (4.0–8.5) × 10− 13 S, 
and the photosensitivity increases to K = 100–300 compared to K =
25–45 for the non-annealed films, due to the β-Ga2O3 phase formation, 
the annihilation of unstable defects and/or conversion of single defects 
into complexes. After irradiation with a dose of Φ = 1.5 × 1013 cm− 2, a 
decrease in dark, photoconductivity and photosensitivity is observed for 
amorphous and crystalline films. Conversely, at irradiation dose Ф = 1.5 
× 1014 cm− 2, an increase in dark and photoconductivity is observed, 
which shows the predominance of the accumulation of radiation defects 
over their annihilation. The photoelectrical characteristics of amor
phous films demonstrates higher radiation resistance to short-pulsed ion 
irradiation, compared to annealed films. Moreover, irradiation at a dose 
higher than 1.5 × 1014 cm− 2 stimulates an increase in the photosensi
tivity of amorphous films and a decrease the sensitivity to visible light 
due to the introduction of deep photosensitive levels of acceptor radia
tion defects in the bandgap.
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