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Abstract
In this study, 60-nm-thick  Ga2O3 films were deposited on c-plane sapphire substrates by atomic layer deposition process. The 
effect of annealing temperature on both  Ga2O3 material and optical response characteristics was studied by ultraviolet–visible 
spectroscopy, X-ray diffraction and semiconductor parameter analyzer. When the annealing temperature exceeds 700 ℃, the 
 Ga2O3 films exhibits a nanocrystalline β-phase. The  Ga2O3 photoconductive solar-blind photodetectors annealed at different 
temperature were fabricated. The photo-current and responsivity first increase slowly and then decrease when the annealing 
temperature changes from 400 to 1000 ℃. An ultra-high photoresponsivity of 142 A/W with detectivity of 3.77 ×  1015 Jones 
under 254 nm illumination was achieved for the  Ga2O3 film annealed at 600 ℃ for 60 min in  N2/Air mixture atmosphere, 
which is at a very high level for ultraviolet photodetectors based on  Ga2O3 thin films (< 100 nm). When the annealing tem-
perature is 600 ℃, the material is in the transition stage from amorphous to crystalline state, which leads to a high degree of 
disorder, and further results in obvious band-tail absorption effect and improves the photoresponsivity. The results provide 
important guidance for the preparation of solar-blind ultraviolet detectors with ultra-high performance.

Keywords Ga2O3 thin films · Atomic layer deposition · Annealing temperature · Solar-blind photodetectors · Photoresponse 
performance

1 Introduction

Due to its strong anti-interference ability and high-wave-
length selectivity, solar-blind DUV photodetectors have 
broad and important application prospects in many fields 
such as secure communication, meteorological watch, mis-
sile warning, ultraviolet astronomy, flame detection and 
deep space detection [1–3]. Solar-blind DUV photodetec-
tors based on  Ga2O3 material have attracted more and more 
attention because of its suitable bandgap (4.5–4.9 eV) [4], 
low-cost, excellent chemical stability [5] and strong irra-
diation hardness [6–8]. At present, there are many methods 
for the growth of  Ga2O3 films, such as mist-chemical vapor 
deposition (Mist-CVD) [9], halide vapor phase epitaxy 

(HVPE) [10], atomic layer deposition (ALD) [11], pulse 
laser deposition (PLD) [12] and so on [13]. Among these 
growth methods, the ALD process provides excellent thick-
ness control and excellent conformal coverage on substrates. 
No matter what kind of growth method, the post-annealing 
process plays an important role in the study of  Ga2O3 film, 
affecting the crystallization quality, transmissivity, surface 
topography and chemical composition [9, 14, 15]. In this 
work, 60-nm-thick  Ga2O3 films were grown on c-plane sap-
phire substrates by ALD process. The effect of annealing 
temperature on both  Ga2O3 material and its solar-blind pho-
toelectric characteristics was investigated.

2  Experimental

In this work, the ALD (Veeco, PEALD system) was used 
to deposit  Ga2O3 films on c-plane sapphire with the sample 
station temperature of 250℃. The sources of Ga atoms and 
O atoms are trimethyl gallium and ozone, respectively. The 
chamber pressure was approximately 0.28 Torr. Ar gas was 
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used as the purge gas. The typical ALD sequence is shown 
in Fig. 1. The thicknesses of  Ga2O3 films were 60 nm for 900 
cycles, which was measured by spectroscopic ellipsometry. 
The deposition rate is about 0.67 Å per cycle. These  Ga2O3 
films were annealed at different temperature in the air/N2 
mixture atmosphere for 60 min.

To study the influence of annealing temperature on 
 Ga2O3 material and  Ga2O3-based photodetectors, the 
annealing temperature was set to 400 ℃, 500 ℃, 600 ℃, 
700 ℃, 800 ℃, 900 ℃ and 1000 ℃, respectively. A UV–Vis 
spectroscopy was used to obtain the transmittance spectra. 
The GIXRD spectra of as-grown and annealed  Ga2O3 films 
were measured, with a grazing angle of 0.5°. The chemi-
cal element composition of these  Ga2O3 films was analyzed 
by X-ray photoelectron spectroscopy spectrometer using a 
monochromatic Al Kα (1468.68 eV, 160 W) X-ray source. 

High-resolution scan analyses were performed to obtain the 
spectra of C 1s, O 2s, Ga 3d, Al 2p with a pass energy of 
20 eV.

The metal–semiconductor–metal (MSM) solar-blind 
photodetectors were fabricated based on the prepared 
 Ga2O3 films. The current–voltage and time-dependent 
characteristics of these photodetectors were tested using 
a Keysight B1505A analyzer. The photocurrents were 
obtained when the 254 nm light is on with an intensity 
of 1000  µW/cm2. The wavelength-dependent photo-
response was conducted by a spectral measurement system 
(DSR-Micros-X150A-ZKDDZ).

3  Results and discussions

3.1  Characterization of  Ga2O3 films with different 
annealing temperature grown on sapphire 
substrates

Figure  2a shows the GIXRD patterns of  Ga2O3 films 
annealed at 500 ℃, 600 ℃, 700 ℃, 900 ℃ and 1000 ℃. There 
is no clear diffraction peak for the  Ga2O3 film annealed at 
500 ℃ and 600 ℃. While the samples show two obvious 
peaks in each XRD pattern after annealing at 700 ℃, 900 ℃, 
and 1000 ℃, respectively. The peaks located at 18.9° and 
31.8° are corresponding to (-201) and (-202) of β-Ga2O3 
(JCPDS no. 41-1103), respectively [16]. The diffraction 
peaks are small and broad, corresponding to the nanocrystal-
line nature of the 60 nm-thick  Ga2O3 films [17]. It is worth 
noting that the position of (-201) and (-202) of β-Ga2O3 
thin film for the sample annealed at 1000℃ shifts slightly 
to higher 2θ value, as shown in Fig. 2b. To determine the Fig. 1  The process flow of ALD  Ga2O3 films

Fig. 2  a GIXRD patterns of  Ga2O3 films with different annealing for 60 min, and b the enlarged image of XRD patterns for  Ga2O3 films 
annealed at 700 ℃, 900 ℃ and 1000 ℃, respectively
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reason of peak shift for the  Ga2O3 film annealed at 1000 ℃, 
the XPS spectra of as-deposited and annealed at 1000 ℃ 
 Ga2O3 films were measured. Figure 3 presents the XPS 
fine spectrum of Al 2p for  Ga2O3 films as-deposited and 
annealed at 1000 ℃. There is no Al 2p peak for the as-depos-
ited  Ga2O3 film, while it is obvious for the sample annealed 
at 1000 ℃. XPS is a typical surface analysis method, which 
provides information about the content and morphology of 
elements on the surface of a sample, rather than the com-
position of the sample as a whole. The information depth 
is about 3–5 nm. Therefore, the results clearly show that 
the Al diffuses into the surface of  Ga2O3 thin film from the 
sapphire substrate after higher temperature annealing [18]. 
The atomic percent of Al, Ga and O atoms for  Ga2O3 film 

annealed at 1000 ℃ were 11.95%, 35.53% and 52.52%, 
which were determined by integrating the peak areas of Al, 
Ga and O. Therefore, the Al/(Al + Ga) ratios of the  Ga2O3 
films annealed at 1000℃ are about 0.25. Thus, we conclude 
that the position shift of (-201) and (-202) of β-Ga2O3 thin 
film for the sample annealed at 1000 ℃ is mainly caused 
by the Al diffusion into  Ga2O3 films. Because the atomic 
radius of Al is smaller than that of Ga, the corresponding 
interplanar spacing (d-spacing) decreases. To satisfy the 
Bragg formula of 2dsinθ = nλ, the Bragg angle θ increases 
slightly [19].

The transmittance spectra of  Ga2O3 films annealed at dif-
ferent temperature are shown in Fig. 4. The average trans-
mittance of all the samples is above 85% in visible band. 
The samples annealed at 800 ℃, 900 ℃ and 1000 ℃ have 
more transparency in the solar-blind waveband (200–280 
nm) than other samples annealed at low temperature. For 
the direct band-gap semiconductor materials, the absorption 
coefficient α and bandgap Eg satisfies the following expres-
sion [20, 21]:

where hʋ is photon energy. The bandgap can be estimated 
by extrapolating the linear section of the plot ((ɑhυ)2 ~ hʋ) 
to energy axis. Figure 4b shows the relationship of (ɑhυ)2 
on photon energy hʋ for  Ga2O3 films with different anneal-
ing temperature. The optical bandgaps of  Ga2O3 films as-
deposited and annealed at low temperature (400–700 ℃) 
are between 4.8 and 5.0 eV. When the annealing temper-
ature of  Ga2O3 films exceeds 800 ℃, the optical bandgap 

(1)��� ∝ (h� − Eg)
1∕2,

Fig. 3  The Al 2p fine spectrum of  Ga2O3 films as-deposited and 
annealed at 1000 ℃

Fig. 4  a The transmittance spectra of all samples in the waveband of 200–800 nm. b (ɑhν)2 versus hν spectrum for  Ga2O3 films on sapphire sub-
strate
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increases obviously. The optical bandgaps of the three sam-
ple annealed at 800 ℃, 900 ℃ and 1000 ℃ are 5.18 eV, 
5.27 eV and 5.61 eV, respectively. β-Ga2O3 is a ultra-wide 
band-gap material with direct bandgap of ~ 4.9 eV at room 
temperature, while the bandgap of the isostructural θ-Al2O3 
(monoclinic crystal system) is about 7.24 eV, greater than 
the bandgap of  Ga2O3 [22]. The bandgaps becomes larger 
as the annealing temperature increases. There are two main 
reasons for the increase of optical bandgap. On one hand, 
the defects are suppressed as the annealing temperature 
increases [23], which improves the crystalline quality [24]. 
On the other hand, for the sample annealed at 1000 ℃, the 
Al diffuses into the  Ga2O3 film from the substrate, forming 
 (AlxGa1 − x)2O3 alloy [22].

3.2  Photoelectric characteristic analysis of  Ga2O3 
films with different annealing temperature

To study the effect of annealing temperature on optoelectri-
cal properties of  Ga2O3 thin films, interdigital photodetec-
tors were fabricated based on them. 5 pairs of interdigitated 
electrodes with 300 μm in length, 50 µm in width and 10 
µm in space were evaporated by e-beam evaporation equip-
ment, following the traditional lift-off techniques. The I–V 
curves in the dark and 254 nm UV illumination are shown 
in Fig. 5. When the light is on, if the energy of the photon 
is equal to or greater than the band-gap width of the semi-
conductor, the electrons in the valence band will absorb the 
photon energy and then transition to the conduction band, 
producing an electron–hole pair. Thus, the free carrier con-
centration increases rapidly and the conductivity increases 
significantly. The applied voltage sweeps from − 20 to 20 
V in steps of 200 mV. The MSM PDs of as-deposited and 
annealed at 400 ℃, 500 ℃, 600 ℃, 700 ℃, 800 ℃, 900 ℃ 

and 1000 ℃  Ga2O3 films annealed were designated as S1, 
S2, S3, S4, S5, S6, S7 and S8, respectively.

Compared with the other samples, both the dark current 
and photo-current of S4 are the largest. At the bias of 10 V, 
the dark currents of all samples except S4 is on the order 
of  10–13 A. The photo-current varies between  10–12 and 
 10–4 A for different samples at the bias of 10 V. Therefore, 
the effect of annealing temperature on the photoelectric 
properties of  Ga2O3 MSM PDs is very significant. To fur-
ther compare the performance of these photodetectors, the 
photo-to-dark current ratio (PDCR), light responsivity (R), 
detectivity (D*) and external quantum efficiency (EQE) 
were calculated at the bias of 10 V. The responsivity R can 
be calculated by the following formula (2):

where P and S are the irradiation intensity at the surface of 
the photodetector and effective radiation area of the photo-
detectors, respectively [25]. The specific detectivity (D*) is 
calculated by Eq. (3)

where q is the electron charge [26]. The EQE is obtained 
by Eq. (4)

where hʋ is referred to the photo’s energy [25]. All of the 
photo-current, dark current, R, EQE, Iphoto/Idark and D* of 
 Ga2O3 MSM PDs are listed in Table 1.

(2)R =
(Iphoto − Idark)

P × S
,

(3)D ∗=
R

√

2qIdark∕S
,

(4)EQE =
h�R

q
,

Fig. 5  The I–V curves of these photodetectors based on  Ga2O3 films with different temperature annealing a in dark and b with 254 nm UV light
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The dependence of photoelectric parameters on anneal-
ing temperature of  Ga2O3 films under 254 nm DUV illu-
mination can be obtained from Table 1. The  Ga2O3 films 
grown by ALD process in our experiment generally have 
ultra-low dark currents  (10–14–10–12 A). The photo-current 
and responsivity have the same variation trend as the anneal-
ing temperature increases. The Iphoto and R increase first and 
then decrease. Once the annealing temperature of  Ga2O3 
films exceeds 800 ℃, the photoelectric performance drops 
sharply. Combined with XPS and transmission spectrum 
analysis, we can deduce that the forming of  AlxGa1 − xO 
material greatly weakens the device’s response to 254 nm 
wavelength, because of the large optical bandgap. The high-
est values of all the above parameters except PDCR are cor-
responding to the sample S4, which is annealed at 600 ℃ for 
60 min before the device preparation. The R, EQE and D* of 
S4 at bias of 10 V are 141.66 A/W, 69, 288% and 3.77 ×  1015 
Jones, respectively. From the XRD pattern shown in Fig. 2a, 
when the annealing temperature is 600 ℃, the material is 
in the transition stage from amorphous to crystalline state. 
Therefore, the Sample 4 has a high degree of disorder, which 
results in obvious band-tail absorption effect and improved 
the photo responsivity. The responsivity, EQE and specific 
detectivity are at a very high level for UV photodetectors 
based on  Ga2O3 thin films (< 100 nm).

The wavelength dependence related with the responsivity 
for our MSM PDs with different annealing temperature at 10 
V bias was also measured at room temperature, as presented 
in Fig. 6. The photo-response spectrum cannot be obtained 
because of the extremely small photo-current for sample 
annealed at 1000 ℃. All devices exhibit considerable sensi-
tivities in the solar-blind band. For the as-deposited and 400 ℃ 
annealed samples, they have almost identical response (almost 
coincidence of curves), which indicates annealing tempera-
ture below 400° has little effect on material properties. For 
the samples annealed at 500 ℃ and 600 ℃, the photo-response 
is quite strong. However, once the annealing temperature is 
above 700 ℃, the responsivity drops rapidly. Notably, there 

is a slight blue shift in the peak wavelength for the samples 
annealed at 800 ℃ and 900 ℃. On the one hand, the annealing 
temperature affects crystal structure [18, 23], defect concen-
tration [27, 28] and material composition [22]. On the other 
hand, the shifts of peak wavelength could be caused by the Al 
diffusion into the  Ga2O3 thin film from the sapphire substrate. 
Both of them will cause the increase of bandgap, making the 
corresponding response wavelength to shift blue.

Furthermore, the time-dependent current characteristics for 
Sample annealed at 600 ℃ were tested using a timing switch 
to turn on or off the 254 nm light source. From Fig. 7a, the 
photo-current and dark-current show good repeatability and 
stability. The rise curve and decay curve can be fitted by a bi-
exponential decay relaxation equation [29]

where τ1 and τ2 represent fast and slow response time, 
respectively. For the rise process, the extracted rise times 

(5)I = I0 + Ae−(t−t0)∕�1 + Be−(t−t0)∕�2 ,

Table 1  The key parameters of PDs annealed at different temperature

Annealing temperature Iphoto (A) Idark (A) Iphoto/Idark Responsivity (A/W) EQE (%) Detectivity (Jones) Decay 
time 
(ms)

As-deposited 3.17 ×  10–6 2.15 ×  10–13 1.47 ×  107 11.74 5.7 ×  103 7.35 ×  1014 33
400 ℃ 3.35 ×  10–6 3.81 ×  10–13 8.79 ×  106 12.40 6.07 ×  103 5.84 ×  1014 26
500 ℃ 8.60 ×  10–6 7.70 ×  10–14 1.12 ×  108 31.85 1.56 ×  104 3.33 ×  1015 32
600 ℃ 3.82 × 10–5 1.19 × 10–12 3.21 × 107 141.66 6.93 × 104 3.77 × 1015 58
700 ℃ 8.72 ×  10–6 3.81 ×  10–13 2.29 ×  107 32.30 1.58 ×  104 1.52 ×  1015 38
800 ℃ 5.53 ×  10–6 3.81 ×  10–13 1.45 ×  107 20.48 1.00 ×  104 9.64 ×  1014 23
900 ℃ 3.65 ×  10–8 2.46 ×  10–13 1.48 ×  105 0.14 66.14 7.92 ×  1012 20
1000 ℃ 1.93 ×  10–10 3.19 ×  10–13 6.07 ×  102 7.15 ×  10–4 0.35 3.68 ×  1010 33

Fig. 6  The photo-response spectra of  Ga2O3 MSM PDs
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τr1 and τr2 are 0.13 s and 0.56 s, respectively. The decay 
times τd1 and τd2 have same value of τd1 = τd2 = 0.06 s for 
the decay process. Following this fitting method, the decay 
time of all samples can be obtained, listed in Table 1. The 
decay time of PDs is mainly related to the trapping effect 
of the oxygen vacancy [1, 30]. The modulation of oxygen 
vacancy has always been the focus of  Ga2O3 photodetec-
tors. On the one hand, oxygen vacancy defects improve light 
responsivity [31, 32]. On the other hand, oxygen vacancies 
can cause sustained photoconductive effect, leading to the 
slow decay time. Therefore, there is a contradiction between 
light responsiveness and response time by oxygen vacancy 
defects [1, 12, 30, 31]. In this work, the sample S4 has the 
slowest decay time and the highest responsivity. There-
fore, it can be inferred that the sample S4 corresponding to 

the  Ga2O3 film annealed at 600 ℃ has the highest oxygen 
vacancy concentration.

Compared with the previously reported solar-blind photo-
detectors based on  Ga2O3 thin films, our MSM PDs annealed 
at 600 ℃ exhibits excellent performance. The comparison 
of key parameters of MSM-type solar-blind PDs based on 
 Ga2O3 thin film is listed in Table 2.

4  Conclusion

In this work, we investigated the influence of annealing tem-
perature on  Ga2O3 thin films and their DUV photodetectors. 
The photo-current and responsivity first increase slowly and 
then decrease when the annealing temperature changes from 

Fig. 7  a The time-dependent photo-response curve of Sample S4. b The partial enlargement of the photo-response curves and the fitting curve of 
the double exponential relaxation equation

Table 2  Comparison of key parameters of MSM-type solar-blind PDs based on  Ga2O3 thin films

Photodetectors Film thick-
ness (nm)

Bias (V) PDCR R (A/W) D* (Jones) τd Dark current References

ε-Ga2O3 480 5 2 ×  103 146 1.2 ×  1013 5.2 s 455 nA [33]
ε-Ga2O3 – 10  > 5 ×  104 286 4.73 ×  1014 5.6 ms 5 pA [34]
β-Ga2O3 400 10 1.1 ×  103 2.6 1.6 ×  1012 0.26 7.63 nA [35]
Polycrystalline  Ga2O3 200 20  > 520 0.06 – 0.16 s  < 0.1 nA [36]
β-Ga2O3 600 20 1.1 ×  105 22,000 1.1 ×  1016 0.21 s [37]
β-Ga2O3 nanocrystalline 60 – – 57 6.30 ×  1011 15.2 ms – [17]
α-Ga2O3 30 10 104 0.76 – – 0.5 pA [38]
β-Ga2O3 400 20 1.1 ×  108 371 6.6 ×  1016 1.3 μs 512 fA [39]
ε-Ga2O3 900 6 5.7 ×  104 84 4.2 ×  1014 100 ms 25 pA [11]
Amorphous 950 − 40 – 5.9 ×  104 1.8 ×  1014 – – [40]
Amorphous 60 10 3.2 ×  107 141.66 3.77 ×  1015 60 ms 1.19 pA This work
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400 to 1000 ℃. The Al diffuses into the  Ga2O3 thin film 
from the sapphire substrate when  Ga2O3 film is annealed 
at higher temperature. The forming of  (AlxGa1 − x)2O3 alloy 
increases the optical bandgap, making the optimal response 
wavelength blue shift and decreasing the DUV responsivity. 
An ultra-high photoresponsivity of 142 A/W with detectiv-
ity of 3.77 ×  1015 Jones was achieved for the 60 nm-thick 
 Ga2O3 film annealed at 600 ℃ for 60 min in  N2/Air mixture 
atmosphere, which can be attribute the band-tail absorption 
effect and the higher oxygen vacancy concentration. The 
responsivity is at a very high level in the reported litera-
ture for ultra-thin (< 100 nm)  Ga2O3-based photodetectors. 
For  Ga2O3 devices, operation in space environment may 
be subjected to various irradiation, such as gamma-ray and 
charged particle irradiation, which will induce a lot of dam-
age or defects [41]. Therefore, the anti-irradiation ability of 
 Ga2O3-based photodetector is also one of our future research 
directions.
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