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Abstract
Here, niobium-doped monoclinic gallium oxide thin films of different thicknesses were deposited on p-Si (100) and quartz 
substrates by radio-frequency magnetron sputtering. All films were annealed in argon ambient. The crystal structure and 
surface morphology of the films were researched using x-ray diffraction and scanning electron microscopy. Then, their 
crystallite size was evaluated via the Debye–Scherrer formula. The results demonstrated that the films had a good crystal 
structure and a flat surface when the thickness was around 300 nm. The films’ optical properties were also investigated, and 
the results showed that all of the films’ transmittance is above 80% to ultraviolet–visible light whose wavelength is above 
350 nm. Meanwhile, the films’ optical band gap decreased as their thickness increased. The Urbach energy of all films was 
calculated by the Urbach rule, and the results indicated that the best crystal quality occurred when the thickness was around 
300 nm. The films’ electrical characteristics showed that the current was larger when the thickness was around 300 nm and 
that the contact between the Au electrode and films was Ohmic contact, independent of the film thickness and test conditions. 
These findings will provide useful information for the practical application of Nb-doped β-Ga2O3 thin films.
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Introduction

As a third-generation inorganic semiconductor, mono-
clinic gallium oxide (β-Ga2O3) shows promise for use 
in high-power  electronics1 and deep ultraviolet (UV) 
 photodetectors2–5 because of its ultrawide band gap in the 
range of 4.8–4.9 eV and the corresponding expected break-
down field, which can reach approximately 8 MV/cm3. 
Although  Ga2O3-based devices have attracted much attention 
in recent years, explorations of  Ga2O3 date back several dec-
ades. However, earlier applications primarily focused on its 
basic physical properties and chemical synthesis.6–10 From 

the 1990s to the 2010s, significant breakthroughs were made 
in the successful growth of large, high-quality bulk and thin-
film crystals. Several methods used to grow β-Ga2O3 thin 
films have been developed, such as the sol–gel method,5,11 
molecular beam epitaxy,2 the electron-beam evaporation 
method,12 radio frequency (RF) magnetron sputtering,13 
and the metal organic chemical vapor deposition (MOCVD) 
method.14 Of these, RF magnetron sputtering is simple in 
operation, good in film forming, and stable in performance. 
Additionally, it is suitable for use with semiconductor mate-
rials. In recent years, β-Ga2O3 has attracted much attention 
as a promising candidate for fabricating solar-blind photo-
detectors because of its intrinsic solar-blind band-gap of 
4.9 eV, large absorption coefficient, and high chemical and 
thermal stability. However, the application of pure  Ga2O3 
is limited because of its poor thermal and electrical con-
ductivity. Many researchers have attempted to improve the 
properties of  Ga2O3 thin films through doping technology. 
Until now, several experiments and theoretical have been 
conducted to study the properties of β-Ga2O3 films incor-
porated with various impurities.14–18 Of these impurities, 
niobium (Nb) is considered to be the best candidate for use 
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as an n-type dopant because Nb’s atomic radius is very close 
to that of the Ga atom. The ionic radii of  Nb5+ is almost the 
same as that of Ga3+. The influence of Nb doping concen-
tration and annealing atmosphere on the properties of Nb-
doped β-Ga2O3 thin films have been investigated in others 
work.19,20 The film thickness can also affect the properties of 
different kinds of thin films.21,22 However, as far as we know, 
few scholars have touched upon the properties of Nb-doped 
β-Ga2O3 films prepared with different thickness. So we 
emphasize the real necessity of exploring the properties of 
Nb-doped β-Ga2O3 films prepared with different thickness.

The quality of films which are thinner or thicker is not 
sufficient. Therefore, in this study, Nb-doped β-Ga2O3 thin 
films of different thicknesses (223  nm—629  nm) were 
deposited using RF magnetron sputtering technology. The 
films’ crystal structure and surface morphology were inves-
tigated, and their optical absorption and transmission spectra 
were also measured to study their optical properties. The 
study findings may be useful to researchers studying photo-
detectors based on β-Ga2O3.

Experimental

Here, Nb-doped β-Ga2O3 films with different thicknesses 
were directly deposited on p-Si (100) and quartz substrates 
by employing RF magnetron sputtering under Argon (Ar) 
ambient, with  Ga2O3 (purity: 99.99%) and  Nb2O5 (purity: 
99.99%) targets. Before the sputtering, methylbenzene, 
acetone, and ethyl alcohol, in sequence, were used to clean 
the substrates for 15 min; an ultrasonic cleaner was used to 
remove organic contaminants. After that, the substrates were 
cleaned with deionized water and dried in  N2 gas.

Before the samples were deposited, the quartz and p-Si 
substrates were fixed on the platform in the vacuum cham-
ber. The targets were pure  Ga2O3 and  Nb2O5. The distance 
between the targets and substrates was approximately 
30 cm. The deposition chamber was evacuated to a pressure 
of ~  10–4 Pa. Then, high-purity Ar (80 sccm) was introduced 
using mass flow controllers, and we used a throttle valve 
to keep the working pressure in the chamber at 1 Pa. The 
sputtering power of  Nb2O5 and  Ga2O3 were 40 and 80 W, 
respectively. The substrates were covered by a dam board 
before the film deposition. When the substrates reached the 
set temperature (100℃), the targets were presputtered for 
10 min before formal sputtering was conducted to remove 
the surface impurities. Then, the dam board was removed, 
and the films were deposited. In order to make the films 
more uniform, the substrates were rotated at 15 rpm. Dif-
ferent Nb-doped β-Ga2O3 thin films were prepared for 3, 
4, 5, 6, and 7 h at 100℃. All films were annealed for 2 h at 
1173 K in Ar ambient.

The samples’ surface morphology and crystal structure 
were characterized using a Hitachi S-4800 field emission 
scanning electron microscope and a Bruker D8 Advance 
x-ray diffraction (XRD) instrument equipped with Cu-Kα 
(λ = 1.5406  Å) radiation. Additionally, an ultraviolet 
(UV)–visible spectrophotometer (Shimadzu-3600) with a 
wavelength between 200 and 800 nm was used to analyze the 
films’ optical properties. The samples’ current–voltage (I–V) 
characteristics were measured via a Keithley 4200-SCS 
semiconductor characterization system at room temperature.

Results and Discussion

Figure 1a displays the scanning electron microscopy (SEM) 
image of the film that was prepared for 5 h. It can be seen 
that the sample had good contact with the p-Si substrate 
and that the interface was clear. From the cross section, we 
can clearly see the interface between the sample and the 
substrate and the film thickness was approximately 381 nm. 
If the interface between samples and substrate is not clear, it 
will cause some measuring error. Therefore, it is important 
to prepare the substrate before deposition. We measured the 
thicknesses of all the films, and the values are shown in 
Table I.

Figure 1b, c, and d illustrates the surface morphology of 
the films prepared for 5, 6, and 7 h, respectively. It can be 
seen that all film surfaces showed granular features. How-
ever, Fig. 1b shows that the surface of the 5-h film was more 
uniform and compact. As the sample thickness increased, the 
grain size gradually decreased. There were signs of cracking 
on the surfaces of the 458- and 629-nm films, demonstrat-
ing that the quality of the films deteriorated as the thickness 
increased.

Figure  2 shows the XRD patterns of all Nb-doped 
β-Ga2O3 films. It can be seen that peaks appeared around 
22°, 30°, 33°, 38°, and 44°, corresponding to the (201), 
(110), (–111), (402), and (202) planes, respectively, of the 
 Ga2O3 monoclinic phase. This demonstrated that β-Ga2O3 
was formed. Figure 3a displays the peak position and inten-
sity, and Fig. 3b shows the full width at half maximum 
(FWHM) and crystallite size of the (201) peak. It is worth 
mentioning that the intensity of the film with a thickness of 
291 nm is stronger than that of 223 nm. However, the change 
of the diffraction peak intensities is not obvious.

As seen in Fig. 3a, the intensity of the (201) peak is the 
largest when the thickness of the film is about 300 nm. As 
shown in Fig. 3b, the full width at half maximum (FWHM) 
is the smallest when the thickness of the film is about 
300 nm. Figure 3a and b indicates that the crystal quality 
of the films is the best when the thickness was 300 nm. The 
crystallite size ( D ) was calculated through the Debye–Scher-
rer formula:
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where � is the width of the (201) peak at half maximum in 
radians, � is the Bragg diffraction angle, and � is the wave-
length of the x-ray radiation. As shown in Fig. 3b, the crys-
tallite size was larger when the film thickness was 300 nm, 
and the film quality was good. The results obtained from 
the FWHM and Debye–Scherrer formula agreed well with 
the SEM results.

To investigate the optical properties of the Nb-doped 
β-Ga2O3 thin films as the thickness increased, the opti-
cal absorption and transmission spectra of the films with 

D =
0.9�

� cos �
,

Fig. 1  SEM images of the Nb-doped β-Ga2O3 films: (a) cross section; (b)–(d) morphology and surface morphology.

Table I  Thickness of the Nb-doped β-Ga2O3 films

Deposition time (hours) 3 4 5 6 7

Thickness (nm)  ~ 223  ~ 291  ~ 381  ~ 458  ~ 629

Fig. 2  XRD patterns of the Nb-doped β-Ga2O3 films with different 
thickness.
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different thickness in the wavelength region 200 to 800 nm 
were measured, as shown in Fig. 4a and b. As shown in 
Fig. 4a, the samples had a high absorption value; the absorp-
tion edge showed a slight redshift. As shown in Fig. 4b, the 
transmittance of all samples is above 80% to UV–visible 
light with a wavelength above 350 nm. The optical band 
gap is usually a crucial optical parameter for photoelectri-
cal devices. Here, the films’ optical band gap was calculated 
using the Tauc  equation23:

where � is the absorption coefficient calculated using the 
relationship � = (ln 1∕T)∕d from the transmission spectrum, 
where T is the transmittance, and d is the samples’ thickness. 
Moreover, A is a constant, h is the Planck constant, v is the 
frequency of incident photons in Hz, and Eg is the value of 
the optical band gap between the valence and conduction 
bands.

The films’ optical band gaps were determined by the lin-
ear extrapolation of (αhv)2 against the hv plot.24 Figure 5 

�h� = A(h� − Eg)
1∕2,

exhibits the typical variations of (�h�)2 versus h� for the 
films of different thicknesses. A band gap value for this 
system was given as the intercept of the photon energy axis 
and linear line. Figure 6 illustrates the variation tendency 

Fig. 3  XRD variation of (a) peak position and intensity; (b) FWHM and crystallite size.

Fig. 4  Absorption spectra (a) and transmission spectra (b) of the Nb-doped β-Ga2O3 films with different thickness.

Fig. 5  Plot of (�h�)2 versus h� of the Nb-doped β-Ga2O3 films with 
different thickness.
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of the optical band gap with the film thickness, showing 
that the optical band gap showed a slight redshift as the 
film thickness increased. Generally, different factors, such 
as grain size, carrier concentration, and deviation from the 
film stoichiometry, can cause a decrease of in the opti-
cal band gap.25 Optical band gap values are higher when 
film thickness is lower due to the amorphous states.26,27 A 
decrease in the optical band gap with an increase in thick-
ness is usually caused by a shift in energy between the 
valence and conduction bands resulting from some effect, 
such as electron impurity.28 A detailed analysis is needed 
to bring out the effect of each of these parameters on the 
value of band gap energy.

In this study, to check the films’ crystal quality, the 
Urbach band tail was also measured for the five samples. 
Various factors, such as carrier–phonon interaction, car-
rier–impurity interaction, and structure disorder, can cause 
Urbach band tail changes in semiconductors.29 Here, the 
Urbach energy (Eu) for the films was determined by the 
empirical Urbach  rule30 as  follows31:

where hv is the photon energy, E0 is the optical band gap, 
�0 is a constant, and Eu is the Urbach energy. The Eu value 
provided more details about the samples’ optical behavior. 
It was evaluated by fitting the absorption coefficient as a 
function of photon energy near the fundamental absorption 
edge.32,33 Figure 7 shows the typical variations of ln(�) ver-
sus h� for the 223-nm sample. The Eu value was obtained as 
the inverse slope of the straight line, representing ln(�) ver-
sus the photon energy. It was 0.22 eV when the film thick-
ness was 223 nm. The values of all samples were calculated 
via the same method (Table II). Figure 8 shows the relation-
ship between the Eu values and sample thickness. Gener-
ally, the Eu increased as the structural order increased.34,35 
Table II and Fig. 8 demonstrate that the structural order of 

𝛼 = 𝛼0 exp
h𝜈 − E0

Eu

= 𝛼0 exp
h𝜈

Eu

(

h𝜈 < E0

)

the films first decreased and then increased when the film 
thickness was over 300 nm, consistent with the SEM images 
(Fig. 1) and XRD pattern (Fig. 2). This indicated that the 
system quality was highest when the film thickness was 
around 300 nm.

The films’ electrical characteristics were also studied. 
Figure 9a shows the device structure, and Fig. 9b–d illus-
trates the current–voltage curves for this system. It can be 
seen that the Au electrode was in good contact with the 
samples and that Ohmic contact was formed between the 
electrode and Nb-doped β-Ga2O3 thin films, independent 
of the film thickness and test conditions. These findings 
will be useful for future work.

Fig. 6  Dependence of optical band gap on thickness of Nb-doped 
β-Ga2O3 films. Fig. 7  The Urbach plot for the film with 223 nm.

Table II  Values of Eu at different thickness

Thickness (nm) 223 291 381 458 629

Eu (eV) 0.22 0.17 0.20 0.22 0.23

Fig. 8  Dependence of Urbach energy on thickness of Nb-doped 
β-Ga2O3 films.
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Conclusion

Nb-doped β-Ga2O3 thin films with different thicknesses were 
grown by RF magnetron sputtering technology. The depend-
ence of the morphological and structural properties of Nb-
doped β-Ga2O3 films on their thickness was investigated. 
Besides, we carried out an in-depth analysis of the influence 
of thickness on the optical and electrical properties of the 
films. The film had good flatness and crystal quality when 
the thickness was around 300 nm. The average transmit-
tance of the Nb-doped β-Ga2O3 films in the visible region 
was above 80%, and the optical band gap decreased as the 
thickness increased. The films had a minimum defect density 
when the thickness was 291 nm. The contact between the 
samples and the Au electrode was Ohmic contact and was 
not influenced by the external environment. This research 
will aid in the practical application of Nb-doped β-Ga2O3 
thin films.
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