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Photonics devices working in the ultraviolet and visible (UV–Vis) spectra have drawn great attention 
due to their potential applications in the optical computing, communication, and bio‑chemical sensing 
fields. Due to its wide bandgap, broadband transparency, low cost, and high thermal/chemical stability, 
gallium oxide  (Ga2O3) semiconductor has emerged as a new platform for UV–Vis nonlinear optics 
and integrated photonics. In this paper, we review the recent studies on its nonlinear properties and 
applications for photonic devices. First, we introduce its different polymorphs and growth methods. 
Second, we present its basic optical properties. Third, we discuss its optical nonlinear effects including 
two‑photon absorption, optical Kerr effect, photoluminescence, and Raman effect. Finally, we discuss 
the recent progress of photonics and optoelectronic devices based on  Ga2O3 including waveguides and 
photodetectors. With the rapid development of  Ga2O3 technologies, we fully expect more advanced 
photonic devices emerging on this exciting new photonic material platform.

Introduction
Si photonics has attracted considerable attention for integrated 
photonics applications due to their outstanding optical perfor-
mance as well as the excellent compatibility with the mature 
CMOS processes [1, 2]. However, the relatively narrow bandgap 
of Si (e.g., 1.1 eV) has fundamentally limited the optical per-
formance of Si devices in the ultraviolet and visible (UV–Vis) 
spectra, which greatly hindered the applications in frequency 
metrology [3, 4], on-chip mode-locking [5], visible light com-
munications [6, 7], and deep-brain optical stimulation [8, 9], 
where the transmission of UV–Vis spectra is required. To extend 
the working wavelengths into the UV–Vis spectra, wide and 
ultra-wide bandgap materials, such as GaN, SiC, diamond, and 
AlN, are attracting increasing interests. Recently, a new class 
of ultra-wide bandgap semiconductor  Ga2O3 has emerged with 
many excellent material properties for both electronic, e.g., 
power devices [10], and photonics applications, e.g., solar-blind 
photodetectors [11, 12].  Ga2O3 has unique properties that are 
promising for photonic applications in the UV–Vis spectra. For 
example, the wide bandgap of β-Ga2O3 (4.88 eV) [13] provides 
broadband transparency and a small two-photon coefficient 

(βTPA = 0.6 cm/GW at 400 nm) [14], which allows weak photon 
absorptions. It also has a small lattice mismatch with the III-N 
material system, which is preferable for the active integration 
of III-N lasers and detectors. To date, large-scale high-quality 
 Ga2O3 wafers and epitaxial thin films are commercially available 
at low cost, which has laid foundation for the device develop-
ment. Consequently, high-performance optical devices have 
been successfully demonstrated on  Ga2O3 materials, including 
low loss  Ga2O3 waveguide (3.7 dB/cm) and photodetectors with 
high responsibility (230 A/W).

In this article, we review the recent studies on the nonlinear 
optical properties in  Ga2O3, and discuss their potential appli-
cations for optical and photonic devices. The article is divided 
into four main sections. The first section introduces the differ-
ent polymorphs and growth methods of  Ga2O3 bulk crystals 
and epitaxial thin films. The second section presents the basic 
optical properties of  Ga2O3 including band structure, refrac-
tion index, transmission, and absorption. The third section dis-
cusses optical nonlinear effects of  Ga2O3 including two-photon 
absorption, optical Kerr effect, photoluminescence, and Raman 
effect. Finally, the fourth section will discuss the recent progress 
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of photonics and optoelectronic devices based on  Ga2O3. The 
outline is shown in Fig. 1 to help the readers understand this 
article (Fig. 2). 

Polymorphism and growth
Before we discuss the optical properties of  Ga2O3, it is very 
important to introduce the different crystals of  Ga2O3 as well as 
their growth methods, which have significant impacts on their 

optical properties. To date six polymorphs of  Ga2O3 have been 
theoretically predicted by first-principles calculations and exper-
imentally demonstrated. These polymorphs (α, β, γ, ε, δ and 
κ) have different crystallographic structures and growth condi-
tions. Table 1 summarizes their crystal systems, space groups, 
and lattice parameters. Among them, β-Ga2O3 is the most sta-
ble phase. It is the only phase that can be grown directly from 
the melt  Ga2O3, which makes it the widest-researched  Ga2O3 
polymorph for both electronics and photonics applications. 

Figure 1:  Summary of the key words and the outline of the article. This paper introduces the progress of  Ga2O3 from the material preparation and 
characterization to the nonlinear and integrated applications.

Figure 2:  Atomic crystalline structure of different  Ga2O3 phases along the preferred lattice orientation on a hexagonal substrate. Green and red atoms 
represent gallium and oxygen atoms, respectively. The yellow plane represents the growth plane. (a) Trigonal α-Ga2O3 (b) Monoclinic β-Ga2O3 (c) 
Hexagonal ε-Ga2O3. These figures were reprinted from Ref. [19], with the permission of AIP Publishing.
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Other polymorphs are the metastable phases and have not been 
reported to be grown from the melt  Ga2O3. Furthermore, Play-
ford et al. [15] reported that the δ-Ga2O3 may be a nanocrys-
talline modification of ε-Ga2O3 using neutron total diffraction 
analysis. Cora et al. [16] reported that κ-Ga2O3 is likely to be 
misinterpreted as ε-Ga2O3 if the ordered domain size falls below 
the actual resolution of the probing techniques. Other poly-
morphs are the metastable phases and have not been reported 
to be grown from the melt  Ga2O3.

β-Ga2O3, the most stable form of  Ga2O3, has a monoclinic 
crystal structure in the C2/m space group. Its unit cell consists of 
four  Ga2O3 chemical formula units with two kinds of Ga atoms 
and three kinds of O atoms. Ga(I) and Ga(II) atoms are caged in 
an oxygen atom tetrahedron and an oxygen atom octahedron, 
respectively. O(I) and O(II) are threefold coordinated, while O 
(III) is fourfold coordinated. Due to their recent success in elec-
tronics devices, there is a growing interest in the β-Ga2O3 optics 
and photonics devices. And nonlinear optical effects such as 
two-photon absorption and Kerr effect have been reported on 
β-Ga2O3 [14]. These results will be introduced in detail in the 
following sections.

In addition to β-Ga2O3, other polymorphisms, such as α and 
ε, are also attracting increasing interests for both photonics and 
electronics applications. The metastable phase ε-Ga2O3 has an 
orthorhombic crystal structure in the hexagonal  P63mc space 
group, which is a basis transformation from the hexagonal lat-
tice. The oxygen atoms layers form the close-packed stacking 
in an ABAC sequence. The gallium atoms occupy octahedral 
and tetrahedral oxygen cavities in the interlayers, forming two 
types of polyhedral layers parallel to (001). The edge-sharing 
octahedra and the corner-sharing tetrahedra connect to form 
zig-zag chains along the [100] direction. Gottschalch et al. [17] 
reported α-, κ-, β-, ε- and γ-Ga2O3 can be deposited heteroepi-
taxially by metalorganic vapor phase epitaxy (MOVPE) on vari-
ous substrates. Due to its hexagonal structure, the ε-Ga2O3 has 
less lattice mismatch with the hexagonal substrate. Furthermore, 
Yoshioka et al. [18] calculated the Helmholtz free energy as a 
function of temperature for the five different  Ga2O3 phases, and 
reported ε- is the second most stable form of  Ga2O3 next to the 
β-phase. Cho et al. [19] also reported that ε-Ga2O3, as a meta-
stable polymorphism, can be more stable by the engineering of 

the in-plane strain with hexagonal and cubic substrates. These 
results suggest that in addition to β-Ga2O3, ε-Ga2O3 can also be 
an important phase for electronic and optical applications. Due 
to their symmetry, stronger nonlinear effects can be expected 
from ε-Ga2O3, which is a topic of active investigation.

The development of crystal growth and thin film epitaxy 
techniques for  Ga2O3 has been very rapid in recent years. To 
date, high-quality bulk β-Ga2O3 single crystals can be suc-
cessfully grown at large-scale and low production cost from 
the gas phase, solution, and melt. The dominate melt growth 
methods include Verneuil method [20], optical floating zone 
(FZ) [21–23], Czochralski method [24, 25], edge-defined film-
fed growth (EFG) [26–29], and Bridgman method [30], which 
are illustrated in Fig. 3a–d. Furthermore,  Ga2O3 thin films were 
successfully grown on the substrate both heteroepitaxially and 
homoepitaxially by metal organic chemical vapor deposition 
(MOCVD) [31, 32], halide vapor phase epitaxy (HVPE) [33], 
chemical vapor deposition (CVD), molecular beam epitaxy 
(MBE), and pulsed laser deposition (PLD). For example, Yao 
et al. [31] reported the heteroepitaxially films of β-Ga2O3 grown 
on c-plane sapphire (0001) using MOCVD technique, as well as 
metastable α- and ε-phases using HVPE technique. Egyenes-
Pörsök et al. [32] reported the growth of α- and β-Ga2O3 on m- 
and c-plane sapphire substrate using liquid-injection MOCVD. 
As shown in Fig. 4, Sun et al. [34] reported the influence of 
HCl flow to the crystal phases and orientations of  Ga2O3 thin 
films on c-plane sapphire by MOCVD growth. By continuously 
increasing the HCl flow, the deposited  Ga2O3 transformed from 
β phase to ε phase at 30 sccm of flow and finally stopped in α 
phase at 60 sccm of flow. The results suggest that HCl performs 
as a catalyst to narrow the difference in free energy between 
them and help to form the thermally metastable phase. These 
successful growth and epitaxy techniques and the resulted high-
quality  Ga2O3 materials laid the solid foundation for optical 
studies on  Ga2O3 as well as device demonstrations.

Basic optical properties
Next, we discuss the basic optical properties of  Ga2O3, which 
stems from the crystal structure and electronic band of the 
material. Most of the results to date are focused on β-Ga2O3 

TABLe 1:  Summary of the properties 
of  Ga2O3 polymorphs. Polymorph Crystal system Space group a (Å) b (Å) c (Å) β (°) References

α Trigonal R3c 4.98 13.43 Marezuo et al. [75]

β Monoclinic C2/m 12.23 3.04 5.80 103.7 Zhang et al. [53]

γ Cubic Fd3m 8.24 Playford et al. [15]

ε Hexagonal P63mc 2.906 9.255 Mezzadri et al. [76]

δ Cubic Ia3 9.52 Roy et al. [77]

κ Orthorhombic Pna21 5.0463 8.7020 9.2833 Cora et al. [16]



 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
36

  
 I

ss
ue

 2
3 

 D
ec

em
be

r 2
02

1 
 w

w
w

.m
rs

.o
rg

/jm
r

Invited Feature Paper-Review

© The Author(s), under exclusive licence to The Materials Research Society 2021 4835

Figure 3:  Different growth technologies of bulk β-Ga2O3 single crystal from melt  Ga2O3. Schematic of (a) Verneuil method (b) optical floating zone 
method (c) Czochralski method (d) edge-defined film-fed growth (e) Bridgman method.

Figure 4:  HAADF STEM imaging of FIB cross-sectional samples grown under HCl flow rates of 0, 30, and 60 sccm. The increasing flow of HCl results to 
the transformation of deposited  Ga2O3 phase from β to ε and then α, (a), (c), (f ) Low-intermediate magnification. (b), (d), (g) High-magnification STEM 
images. (e) Detail at the domain boundary along the film. These figures were reprinted with permission from Ref. [34]. Copyright (2018) American 
Chemical Society.
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due to its high maturity in crystal growth and commercial suc-
cess in power devices. The basic linear optical properties of both 
β-Ga2O3 bulk crystal and epilayer are well investigated. Due to 
the wide bandgap, β-Ga2O3 provides broadband transparency 
from UV to near-infrared (NIR) spectra. The electronic band 
structures of β-Ga2O3 were studied by Onuma et al. [35], Pee-
laers et al. [13], Zhang et al. [36], and Mengle et al. [37]. Figure 5 
shows the band structure of β-Ga2O3 in the Brillouin zone. The 
minimum in the conduction band is located at Γ. The location of 
the maximum in the valance band has not been determined yet. 
However, since the dispersion of the valance band is quite small, 
its location does not significantly influence the bandgap. The 
fundamental bandgap is indirect with a magnitude of 4.84 eV. 
The Γ point, corresponding to the minimum direct bandgap, 
is larger than the indirect bandgap by only 0.04 eV (4.88 eV). 
Considering the momentum conservation, Γ–Γ direct transition 
is more likely to happen than the indirect transition since the 

latter requires the participation of phonons. Thus, in most cases, 
β-Ga2O3 can be regarded as a direct bandgap material.

Many studies were performed to explore the basic optical 
properties of β-Ga2O3 such as refractive index, transmittance, and 
near-edge absorption. For example, the wavelength dependence 
of the refractive index was measured in bulk β-Ga2O3 crystal by 
Onuma et al. [38]. The anisotropic optical properties of β-Ga2O3 
were investigated using spectroscopic ellipsometry measurements. 
As shown in Fig. 6(a), in the visible spectra the refractive index of 
β-Ga2O3 decreases with the photon energy from ~ 2.1 to ~ 1.98, 
and does not show strong anisotropy. In the UV spectra, the ani-
sotropy is distinguishable along a*-, b-, and c-axis. The value of 
the refractive index was found to be smaller than that in the sin-
gle crystal, which was attributed to the influence of the crystallin-
ity. Furthermore, the temperature dependence of the refraction 
index was also measured by Bhaumik et al. [39]. Sellmeier coef-
ficients were tabulated for different temperatures in the range of 

Figure 5:  (a) The Brillouin zone corresponding to the relaxed monoclinic β-Ga2O3. Labels indicate high-symmetry points. The red arrows show the axes 
of the reciprocal unit cell. (b) Band structure of β-Ga2O3 along a continuous path in the Brillouin zone. The minimum indirect bandgap is located at Γ–Γ 
transition. These figures were reprinted from Ref. [13], with the permission from Wiley.

Figure 6:  Spectra for (a) refractive index n and (b) extinction coefficient k of β-Ga2O3 thin film and substrate. In the visible spectra, the refractive 
index decreases with the photon energy from ~ 2.1 to ~ 1.98, and does not show significant anisotropy. Whereas, in the UV spectra, the anisotropy is 
distinguishable along three different orientations. These figures were reprinted from Ref. [38]. Copyright (2016) The Japan Society of Applied Physics.
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30–150 °C. It was found that the refractive index increased lin-
early with the temperature. The thermal coefficient of the refractive 
index was found to be at the magnitude of ∼10−5/°C and increased 
towards shorter wavelengths. The results indicate that the β-Ga2O3 
optical devices working in the UV spectra should be more sensitive 
to the temperature variations.

The transmittance and near-edge absorption spectra of 
β-Ga2O3 crystal were also measured. For example, transmittance 
spectra of bulk β-Ga2O3 crystal were measured by Zhang et al. 
[29]. A nominally unintentionally doped crystal showed an opti-
cal transmission of higher than 80% in the UV–Vis region, and 
no obvious decrease was observed in the transmission even in the 
infrared region. With the increase of Si doping, the transmittance 
reduced in the UV–Vis region and decreased sharply in the infra-
red region, which was due to the free carrier absorption.

Since β-Ga2O3 reveals significant anisotropic optical proper-
ties, the polarization dependence of the band-edge absorption was 
observed by many researchers. As shown in Fig. 6b, Ricci et al. [40] 
reported that the lowest absorption edge at 4.54 eV is for polari-
zation E||c, followed by the 4.57 eV for E||a on (010)-oriented 
sample, and 4.72 eV for E||b on ( 

−

201)-oriented sample. Addition-
ally, the ( 

−

201)-oriented sample showed stronger anisotropy than 
the (010)-oriented sample, and the absorption edge was shifted 
towards higher energy by 0.2 eV. The theoretical analysis clearly 
indicated that the shift in the b onset is due to the suppression of 
the transition matrix elements in the three top valence bands at Γ 
point. Furthermore, Mengle et al. [37] used first-principles calcula-
tion based on many-body perturbation theory to investigate the 
near-edge electronic and optical properties of β-Ga2O3. According 
to their calculation, β-Ga2O3 has the anisotropy of the absorption 
onset, which theoretically explained the large range (4.4–5.0 eV) 
of the experimentally reported band-gap values. Different from 
the bulk β-Ga2O3 with high crystal quality, the transmittances and 
absorption edges of epitaxial thin film β-Ga2O3 depend on the 
growth temperatures, post-growth heat treatments, doping con-
ditions, and substrate types [41–43]. According to Zhang et al. 
[41], the absorption edge of the films increases with the increase 
of crystallinity under different substrate temperatures. An abrupt 
edge value changing from 4.48 to 5.09 eV occurs when amorphous 
to crystalline transition is observed.

Nonlinear properties
In addition to the linear optical properties, β-Ga2O3 also shows 
several nonlinear optical effects. In this section, we review the 
important nonlinear optical effects such as two-photon absorp-
tion (TPA), optical Kerr effect, photoluminescence, and Raman 
scattering. These nonlinear optical properties could be engi-
neered for a wide range of applications such as frequency comb 
[44], supercontinuum [45], all-optical switch [46] and material 
characterization. Compared with other wide bandgap materials 

which can only be grown epitaxially,  Ga2O3 has the advantage of 
the low-cost melting growth method, which has led to large scale 
wafers with high crystal qualities. While our discussions will be 
focused on β-Ga2O3, it is important to note that the emerging 
ε-Ga2O3 has a non-centrosymmetric structure, which could lead 
to second-order optical nonlinearity. Overall, extensive research 
is still required to understand the second-order and third-order 
nonlinearities in β-Ga2O3 which are of vital importance for 
achieving high-performance optical and photonic devices.

Two‑photon absorption and Kerr effect

For integrated photonics applications, a pulse laser with high 
energy will be used to excite the nonlinear effects, which 
includes the two-photon (TPA) absorption and Kerr effect. The 
TPA process refers to the significant nonlinear absorption for 
photon energies between bandgap (Eg) and 1/2 Eg under the 
high laser intensity. The Kerr is a χ(3) process which could be 
used to engineer the dispersion and frequency comb genera-
tions [47]. Chen et al. [14] measured the TPA and Kerr effect 
on the (010) and ( 

−

201) β-Ga2O3 using the Z-scan technique. 
The experiment results were also compared with simula-
tion results obtained using an analytical model developed by 
Sheik-Bahae et al. [48]. As shown in Fig. 7. The TPA coefficient 
was measured to be 1.2 cm/GW for the (010) β-Ga2O3, and 
0.6 cm/GW for the ( 

−

201) β-Ga2O3. The Kerr nonlinear refrac-
tive index was − 2.1 ×  10−15  cm2/W for the (010) β-Ga2O3, and 
− 2.9 ×  10−15  cm2/W for the ( 

−

201) β-Ga2O3. The TPA coefficient 
also showed a strong wavelength dependence for β-Ga2O3. For 
the (010) β-Ga2O3, the TPA coefficient was found to be larger on 
E⊥ than the value on E||. In comparison, the TPA coefficient was 
smaller on E⊥. Compared with other wide bandgap semiconduc-
tors such as GaN, the TPA coefficient of β-Ga2O3 is 20 times 
smaller, and the Kerr nonlinear refractive index of β-Ga2O3 is 
4–5 times smaller, than the values on GaN. These results indicate 
that β-Ga2O3 has a high potential for ultra-low loss waveguides 
and ultra-stable resonators for integrated photonics applications, 
especially in the UV–Vis spectral range.

Photoluminescence

Photoluminescence (PL) is a nonlinear optical process that 
is closely related to the electronic structure (band structure), 
defect state, and impurities of the crystal. The luminescence 
peaks of the  Ga2O3 materials are mostly electron transitions 
from defect energy levels or impurity energy levels. The defect 
band emissions of  Ga2O3 crystal are attributed to several gal-
lium vacancies (VGa), oxygen vacancies (VO), and gallium-
oxygen vacancy pairs (VGa, VO). Luminescence spectra in 
β-Ga2O3 crystals excited above the bandgap energy consist of 
UV (3.2–3.6 eV), blue-green (2.8–3.0 eV), and red (1.6–1.8 eV) 



 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
36

  
 I

ss
ue

 2
3 

 D
ec

em
be

r 2
02

1 
 w

w
w

.m
rs

.o
rg

/jm
r

Invited Feature Paper-Review

© The Author(s), under exclusive licence to The Materials Research Society 2021 4838

broad bands. Studies have shown that the UV emission in 
β-Ga2O3 is an intrinsic recombination transition process attrib-
uted to the electrons formed by VO on the donor and the holes 
formed by VGa on the acceptor. They recombine through self-
trapping excitation, releasing UV emission bands. The blue 
emission is caused by the recombination of electrons on the 
donor and holes on the acceptor, which is due to the Vo, VGa 
and VGa–Vo vaccines. These vaccines are generated during 
the synthesis of β-Ga2O3 under the high temperature. The red 
emission may result from the change in the band structure of 
 Ga2O3 due to the incorporation of C or N from the ambient 
atmosphere. These impurities will behave as deeper acceptors, 
and recombine with the electrons captured at the Vo donor to 
release red emission [49, 50].

To investigate the origin of red emission in β-Ga2O3, Nar-
esh-Kumar et al. [51] measured PL spectra of β-Ga2O3 samples 
doped with Sn, Si, and Fe, respectively. At room temperature, 
the peak positions of the sharp lines for the unintentionally 
doped (UID) and Fe-doped β-Ga2O3 sample are at 693.6 nm 
and 689.4 nm, respectively. The sharp peaks around 690 nm are 
caused by the higher concentration of Fe compared with the 
trace level of Cr in the samples. Particularly in the Fe-doped 
sample, these red emissions might be related to  Fe3+ transi-
tions. And the peaks around 688 nm and 695 nm are related to 
the  Cr3+ impurities, which can result in a strong luminescence. 
Furthermore, PL on β-Ga2O3 also shows strong temperature 
dependence. For example, Yamaga et al. [52] reported the opti-
cal polarization from the luminescence spectra under different 

temperatures ranging from 14 to 300 K. When the tempera-
ture increases, the UV bands become week and new blue/green 
bands with two peaks become significant. The polarization 
of excitement does not change the luminescence spectra. The 
polarized Eem//c and Eem//a components dominate in the UV 
and blue/green bands, respectively, whereas the Eem//b compo-
nents of both bands are weak. In addition, Zhang et al. [53] 
investigated the temperature-dependent PL on pure phase and 
highly crystalline β-Ga2O3 substrates doped with Si and Mg 
separately at 77 K, 157 K, 237 K, and 297 K. Figure 8 shows the 
PL spectra of un-doped β-Ga2O3, β-Ga2O3:Si, and β-Ga2O3:Mg 
under 260 nm excitation. The positions and intensities of UV, 
blue-green and red emission show a strong dependency on the 
ambient temperature, which was caused by the thermal quench-
ing effect. Additionally, as the test temperature decreases, the 
PL peaks exhibit blue shifts and narrower full-width-at-half-
maximum (FWHM) values simultaneously. The PL spectral 
signal of β-Ga2O3:Si single crystal was less affected by tempera-
ture change, indicating that the Si substitution site in a β-Ga2O3 
crystal has high-temperature stability.

Typically, PL is a weak nonlinear effect and is used to char-
acterize the defects in the material. Recently, Makeswaran et al. 
[54] demonstrated strong green-emission (~ 502 nm) charac-
teristics with a ∼30-fold enhancement in selectively engineered 
nanocrystalline  Ga2O3 with control over the size, phase, and 
interface nanostructure. The strong emission of PL from  Ga2O3 
could be a promising option to further tune and engineer the 
optoelectronics performance.

Figure 7:  (a–d) Typical open and close aperture scanning curves in the TPA and Kerr effects measurements. (e) The estimated wavelength dependence 
of TPA coefficient for different β-Ga2O3 orientations. These figures were reprinted with permission from Ref. [14] © The Optical Society
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Raman scattering

The Raman scattering is the basis of the optical Raman amplifi-
cation, which has been widely used in all-optical amplification, 
comb generation, supercontinuum, and various optical non-
linear applications. The phonon vibrational modes obtained 
from the Raman and infrared spectroscopy can also be used 
to analyze the optical processes within a material. The Raman 
spectra of bulk β-Ga2O3 were studied by many groups [55–57]. 
Based on the analyses from Dohy et al. [55], Zhang et al. [50, 
53], and Kranert et al. [56, 57], the irreducible representations 
for the acoustical and optical zone center modes in β-Ga2O3 are 
Ŵaco = Au + 2Bu and Ŵopt = 10Ag + 5Bg + Au + 8Bu , respec-
tively. Fourteen representative Raman modes were observed and 
can be classified into three groups. Group 1 includes Bg(1), Bg(2), 
Ag(2), and Ag(3), which originate from the librations and trans-
lations of chains. Group 2 includes Ag(4)–Ag(6), representing the 

deformation of  GaI(OI)2 octahedron modes. Group 3 includes 
Ag(7)–Ag(10), Bg(4), and Bg(5), due to the stretching and bend-
ing of  Ga2O3.

Dohy et  al. [55] observed a noticeable broadening of 
Raman bands in the temperature range of 100–600 K when 
studying the Raman spectroscopy of a single-crystalline 
β-Ga2O3. It was interpreted as the result of a reversible low 
rate of lattice disorder caused by defects. The temperature 
dependence of the Raman bands frequencies and half-widths 
was also observed. Furthermore, Kranert et al. [56, 57] intro-
duced a formalism to model the Raman scattering intensity 
for any polarization configurations for optically anisotropic 
crystals. A simple, depth-independent effective Raman tensor 
formalism can be used for integration over a sufficiently large 
scattering depth and point out an impact of birefringence on 
Raman intensities.

Figure 8:  (a) A schematic model illustrating the estimated energy levels for selected impurities in β-Ga2O3. PL images of (b) un-doped β-Ga2O3, (c) 
β-Ga2O3:Si, and (d) β-Ga2O3:Mg substrates at 77 K, 157 K, 237 K, and 297 K. The excitation wavelength at 260 nm. These figures were reprinted from Ref. 
[45] with the permission from Elsevier.
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Zhang et al. [53] performed temperature-dependent Raman 
on β-Ga2O3 substrates doped with Si and Mg, respectively. As 
shown in Fig. 9, the shifting of Raman peaks indicates that ten-
sile/bending vibrations of  GaIO4 tetrahedrons are easily affected 
by temperature. The increase in temperature causes the FWHM 
of the Raman scattering peak to broaden. The mechanism of this 
temperature effect is attributed to the broadening of tempera-
ture-dependent phonons.

Defect transition

Important evidence of inter- and intra-conduction absorption 
of  Ga2O3 was recently reported by Arjan et al. [58]. The fea-
tures of inter- and intra-conduction transition only appeared 
in doped  Ga2O3, which indicated the mechanism involving free 
carriers. Figure 10a shows the transitions between and within 
the conduction bands of β-Ga2O3. The physical process is 
described as follows. First, free electrons undergo direct optical 
transitions under UV light between the different conduction 
bands with absorption coefficients in the range of ~ 10  cm−1. 
Second, electrons in the lowest conduction band can transform 
to a higher energy state within the same conduction band. As 
shown in Fig. 10d–f, from the first-principle calculation, intra-
conduction band absorption occurs via an indirect optical pho-
non with a ω−3 dependence in the visible to near-IR wavelength 
range. This frequency dependence markedly differs from the 

ω−2 dependence predicted by the Drude model of free-carrier 
absorption.

Arjan et al. [59] also investigated the defect-assisted recom-
bination of photoexcited carriers in β-Ga2O3. The intrinsic 
defects, oxygen and gallium vacancies, play an important role 
in the temperature-independent electron capture process, as 
well as the temperature-dependent hole capture process. The 
energy levels of different nonequilibrium charge states of gal-
lium vacancies were also analyzed at the ultrafast (sub-nano-
second) timescales [60]. Figure 10b–c show the equilibrium and 
nonequilibrium states in β-Ga2O3. These results show that the 
photoexcited electrons could effectively modify the permittivity 
and the complex refractive index of  Ga2O3, which is important 
for the design of various  Ga2O3 devices including photodetec-
tors and high-voltage and high-speed transistors.

Photonics and optoelectronics devices
Extending the working wavelengths of photonic devices from IR 
to UV–Vis has been a topic of active investigation [61, 62]. The 
wide bandgap and outstanding electronic and optical proper-
ties have made  Ga2O3 a very attractive candidate for the fab-
rication of photonic devices in the UV–Vis spectra region. To 
date, high-performance integrated waveguide and photodetector 
have been demonstrated on β-Ga2O3. In this section, we review 
the state-of-art progress in these device areas. With the rapid 

Figure 9:  Raman spectra of β-Ga2O3 (a), β-Ga2O3:Si (b), and β-Ga2O3:Mg (c) samples in temperature from 77 to 297 K. Magnified views of the Raman 
spectra in the range of 335–365  cm−1 and 610–690  cm−1 (bottom). These figures were reprinted from Ref. [45] with the permission from Elsevier.



 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
36

  
 I

ss
ue

 2
3 

 D
ec

em
be

r 2
02

1 
 w

w
w

.m
rs

.o
rg

/jm
r

Invited Feature Paper-Review

© The Author(s), under exclusive licence to The Materials Research Society 2021 4841

development of  Ga2O3, we fully expect that more advanced 
devices will emerge in the next a few years for various optical 
and photonics applications.

Integrated waveguide

Due to the broadband transparency from the large bandgap of 
β-Ga2O3 as well as its small TPA coefficient, β-Ga2O3 is prom-
ising for high-performance low-loss waveguides for integrated 
photonics applications. Wang et al. [63] reported waveguide 
properties in a β-Ga2O3 nanowire. The as-synthesized straight 
nanowires present appropriate geometries for single-mode 
optical waveguiding, as well as favorable mechanical flexibility 
for micromanipulation. The measured propagation loss of the 
nanowire at 633 nm is on the order of 10 dB/mm.

More recently, Zhou et al. [64] report the fabrication of 
low loss β-Ga2O3 optical waveguides in the UV to NIR spectral 

region (Fig. 11a–e). The β-Ga2O3 thin films were grown on sap-
phire substrates using MOCVD and were fabricated into various 
waveguide structures using nanofabrication processes. A low 
propagation loss of 3.7 dB/cm was obtained on the β-Ga2O3 
waveguide at the wavelength of 810 nm. The optimized chlorine-
based inductively coupled plasma (ICP) etching was found to 
be critical to achieve smooth sidewalls of β-Ga2O3 waveguides 
and reduce the sidewall scattering. The high  BCl3 gas flow and 
ICP power led to the high plasma density, which resulted in 
extra etching perpendicular to β-Ga2O3 sidewalls. Combined 
with theoretical simulations, various loss mechanisms from two-
photon absorption, sidewall scattering, top surface scattering, 
and bulk scattering, were discussed for β-Ga2O3 waveguides, and 
their contributions to the total optical loss were estimated. As 
shown in Fig. 11c–d, propagation losses caused by two-photon 
absorptions, sidewall scattering, and top surface scattering were 
calculated numerically. To properly model the scattering losses, 

Figure 10:  (a) Schematic of inter- and intra-conduction band absorption of light by conduction band electrons in β-Ga2O3. (b) The Ga vacancies in 
their equilibrium-3 charge state of n-doped β-Ga2O3 are depicted along with the optical excitation scheme. (c) The nonequilibrium state after the 
optical excitation. The Ga vacancies are present in different charge states, which allow optical transitions from the valence band. (d) Measured optical 
transmission of a Sn-doped β-Ga2O3 sample, which shows prominent features related to inter- and intra-conduction band absorption. (e) Transmission 
calculated assuming ω−3 dependence fits the data well over a broad wavelength range compared to that calculated assuming ω−2 (Drude model). 
(f ) Intra-band light absorption cross sections extracted from the steady state transmission measurements and ultrafast transmission measurements, 
and calculated using first principles are plotted as a function of wavelength. Figure a, d–f were reprinted from Ref. [50] with the permission of AIP 
Publishing. Figure b–c were reprinted with permission from Ref. [52].
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the volume current method was applied. Due to the ‘squeezed 
out’ effect, waveguides with smaller dimensions exhibit larger 
sidewall scattering loss, especially when the width is narrower 
than 750 nm. On the other hand, the scattering losses are also 
sensitive to wavelengths. The waveguides under UV light exhibit 
stronger scattering loss comparing with those under red light. 
This wavelength dependence is one of the main reasons for the 
dramatic increase of propagation losses of β-Ga2O3 waveguides 
at UV spectral. β-Ga2O3 waveguides are the fundamental basis 
of the optic interconnections, on-chip optical modulations and 
all other integrated photonic circuits. These results show that 
β-Ga2O3 is a promising optical material for the fabrication of 
various integrated photonic devices in the UV–NIR spectra 
region.

Photodetector

Since the bandgap of  Ga2O3 is intrinsically suitable for deep 
UV photodetection without any doping or alloying process, the 
 Ga2O3 has been widely studied for photodetector applications 
[65–74]. In this section, we will briefly review the progress on 
 Ga2O3 photodetectors.

Pratiyush et al. [67] reported solar-blind metal–semicon-
ductor-metal (MSM) photodetectors fabrication on MBE grown 
epitaxial ( 

−

201)  Ga2O3. The detectors featured high spectral 
responsivity of > 1.5 A/W at 236–240 nm at a bias of 4 V with a 
UV to VIS rejection ratio >  105. The devices exhibited very low 

dark current < 10 nA at 20 V and showed no persistent photo-
conductivity as evident from the sharp transients with a high 
Iphoto/Idark current ratio >  103.

Guo et  al. [69] reported a β-Ga2O3/NSTO (NSTO = 
 Nb:SrTiO3) heterojunction solar-blind photodetector. As shown 
in Fig. 12a–c, with zero power consumption, the photodetector 
shows a fast photoresponse time (decay time τd = 0.07 s) and 
the ratio Iphoto/Idark ≈ 20. The device also exhibits a responsivity 
Rλ of 43.31 A/W and an external quantum efficiency (EQE) of 
2.1 ×  104%. As shown in Fig. 12d–f, Kong et al. [71] fabricated a 
β-Ga2O3 Schottky structure photodetector coated by multilayer 
graphene. The graphene-Ga2O3 heterojunction device displays 
pronounced rectifying characteristics under deep UV light illu-
mination. It was also revealed that the devices were highly sensi-
tive to 254 nm UV light illumination with very good stability 
and reproducibility.

In addition to β-Ga2O3, ε-Ga2O3 were also investigated 
for photodetectors. Pavesi et al. [73] reported the undoped 
ε-Ga2O3 epitaxial films on sapphire prepared by MOCVD. 
The electrodes, consisting of Au (250 nm)/Ti (20 nm) bilayer, 
were deposited through a metal mask by thermal evaporation, 
followed by 10 min annealing at 500 °C. The time-dependent 
photo response to UV light (270 nm) under a 10 V bias voltage 
showed switching on (ton ~ 2 s) and off (t1 ~ 0.4 s and t2 ~ 2 s). 
More recently, Qin et al. [12] reported ultra-high-performance 
MSM photodetector based on MOCVD-grown ε-Ga2O3 
(Fig. 12g–i). A record high responsivity R of 230 A/W with a 

Figure 11:  (a) SEM images of β-Ga2O3 waveguide on sapphire substrate. (b) Measured propagation loss of β-Ga2O3 waveguides with different widths 
at different wavelengths. (c) Calculated TPA loss for β-Ga2O3 waveguides at different wavelengths and different input powers. (Insert: theoretical TPA 
coefficients) (d) Calculated sidewall scattering loss for β-Ga2O3 waveguides. (e) Calculated top surface scattering loss for β-Ga2O3 waveguides. These 
figures were reprinted from Ref. [64], with the permission of AIP Publishing.
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high EQE of 1.13 ×  105% at 6 V were obtained on the fabricated 
ε-Ga2O3 photodetector. A low dark current of 23.5 pA and an 
ultrahigh detectivity of 1.2 ×  1015 Jones were achieved, suggest-
ing the ability to sense the extremely weak signal. A record-high 
rejection ratio R(λ=250 nm)/R(λ=400 nm) of 1.2 ×  105 was obtained, 
indicating its high sensitivity and wavelength selectivity of light 
in the solar-blind spectra.

Summary
We review the recent studies on the nonlinear optical properties 
in  Ga2O3, and discuss their potential applications for optical 
and photonic devices. With the recent development, high-qual-
ity, large-scale, and low-cost  Ga2O3 bulk crystals and epitaxial 
thin films can be obtained from ECG or MOCVD method, 
which laid the solid foundation for their device applications. 

Fundamental knowledge has been obtained on the basic optical 
properties of β-Ga2O3 (which is the most stable form of  Ga2O3), 
including optical energy gap, transmittance, absorption, and 
refractive index. Progress has also been made on the nonlinear 
effects in  Ga2O3, including TPA, optical Kerr effect, photolu-
minescence, and Raman scattering. These nonlinear effects are 
critical for the development of advanced optical devices and 
photonic integrated circuits, which are however still not well 
understood for  Ga2O3. Outstanding device performance has 
been obtained on loss-loss waveguide and photodetectors on 
both β-Ga2O3 and ε-Ga2O3. With the rapid development of 
 Ga2O3 technologies, we fully expect that more advanced optics 
and photonics devices will emerge on this exciting new material 
platform, for potential UV–Vis applications in the optical com-
puting, communication, quantum photonics, and bio-chemical 
sensing fields.

Figure 12:  (a) Schematic illustration of β-Ga2O3/NSTO heterojunction photodetector. (b) The rise/decay edges and the corresponding exponential 
fitting (τr = 0.21 s, τd = 0.07 s) of the β-Ga2O3/NSTO photodetector. (c) I−V characteristic curves of the β-Ga2O3/NSTO photodetector in the dark 
and under 254 nm light illumination with various light intensities; the inset is the enlarged view of the fresh dark I−V characteristic curve. (d) 
Schematic diagram of the MLG/β-Ga2O3 wafer photodetector. (e) I−V characteristics of the MLG/β-Ga2O3 photodetector in dark and under 254 nm 
light irradiation, the inset shows the I−V curves on a logarithmic scale. (f ) Photoresponse of the MLG/β-Ga2O3 photodetector under different light 
intensities. (g) Schematic illustration of the MSM ε-Ga2O3 photodetector. (h) I−V characteristic curves of the ε-Ga2O3 photodetector in the dark 
at variable temperatures. (i) Barrier height reduction versus Vbi–V with temperature increasing from 300 to 500 K. Figure a–c were reprinted with 
permission from Ref. [58]. Copyright (2017) American Chemical Society. Figure d–f were reprinted from Ref. [59] with the permission from John Wiley 
and Sons. Figure g–i were reprinted with permission from Ref. [12]. Copyright (2020) American Chemical Society.
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