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This paper presents the homoepitaxial growth of phase pure (010) b-Ga2O3 thin films on (010)

b-Ga2O3 substrate by low pressure chemical vapor deposition. The effects of growth temperature

on the surface morphology and crystal quality of the thin films were systematically investigated.

The thin films were synthesized using high purity metallic gallium (Ga) and oxygen (O2) as

precursors for gallium and oxygen, respectively. The surface morphology and structural properties

of the thin films were characterized by atomic force microscopy, X-ray diffraction, and high resolu-

tion transmission electron microscopy. Material characterization indicates the growth temperature

played an important role in controlling both surface morphology and crystal quality of the b-Ga2O3

thin films. The smallest root-mean-square surface roughness of �7 nm was for thin films grown at

a temperature of 950 �C, whereas the highest growth rate (�1.3 lm/h) with a fixed oxygen flow

rate was obtained for the epitaxial layers grown at 850 �C. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4948944]

Ga2O3 is a wide bandgap semiconductor material

(Eg� 4.9 eV at room temperature) which exhibits high trans-

parency in the ultraviolet (UV) and visible wavelength

regions. Ga2O3 is estimated to have a high breakdown field

(8 MV/cm) due to its very large bandgap. Among the five

known phases (a, b, c, d, and e), b-Ga2O3 is most thermody-

namically stable. Recently, renewed interest in this material

has arisen due to the successful growth of large area, single

crystalline b-Ga2O3 substrates with excellent structural qual-

ity, and controllable doping. These advancements have

opened up applications for b-Ga2O3 as solar blind photodetec-

tors and high power devices, as well as potential substrates for

GaN light emitting diodes. More advantageously, high quality

single crystalline b-Ga2O3 substrates can be synthesized by

melt based methods including the edge-defined film-fed

growth (EFG),1,2 floating zone,3–8 and Czochralski9–12 meth-

ods. The substrates obtained through these methods are

expected to be scalable and low cost.13

Recently, b-Ga2O3 thin films have been heteroepitaxially

grown on foreign substrates such as Al2O3, Si, GaAs, ZrO2:Y,

and MgO by molecular beam epitaxy (MBE),14–16 metal

organic chemical vapor deposition (MOCVD),17–21 mist

chemical vapor deposition (CVD),22 CVD,23,24 pulsed laser

deposition (PLD),25–27 and radio frequency magnetron sput-

tering.28–30 Homoepitaxial growths of b-Ga2O3 thin films on

(100), (010), and (001) substrates by MBE, MOCVD, and ha-

lide vapor phase epitaxy (HVPE) were also reported.31–37

However, challenges associated with the growth kinetics by

conventional epitaxy such as MBE and MOCVD have limited

the growth rate (�1 lm/h).38 The fastest growth rate reported

to date was �25 lm/h for the b-Ga2O3 homoepitaxial layer on

(001) substrate by HVPE.37 Metal-semiconductor field-effect

transistors (MESFETs),39 metal-oxide-semiconductor FETs

(MOSFETs),40 and Schottky barrier diodes (SBDs)37 using

homoepitaxial Ga2O3 thin films grown by MBE and HVPE

have been demonstrated. Very recently, we reported the het-

eroepitaxy of b-Ga2O3 on sapphire substrate with growth

rate of 1.1 lm/h,24 as well as the synthesis of b-Ga2O3 rods

on SiC substrate41 by low pressure chemical vapor deposi-

tion (LPCVD).

In this paper, we report the synthesis of single phase

b-Ga2O3 homoepitaxial layer on (010) b-Ga2O3 substrate by

LPCVD. The advantages of LPCVD technique include low

cost, high reproducibility and scalability, good uniformity of

film thickness, and homogeneity of the deposited thin films.

The growth of b-Ga2O3 homoepitaxial layers on (010) b-Ga2O3

substrates were reported previously by ozone MBE and plasma-

assisted MBE (PAMBE).33,34,36 However, the reported growth

rate was relatively slow (<0.7 lm/h). For practical high power

device applications, film growth with reasonable growth rate

and high material quality is crucial. In this paper, we report the

homoepitaxial synthesis of b-Ga2O3 with a growth rate of

�1.3 lm/h. Growth temperature dependences of surface mor-

phology and crystal quality were investigated.

The homoepitaxial growths of b-Ga2O3 thin films were car-

ried out in a custom-designed CVD system. The growth studies

reported here were carried out on commercial (010) b-Ga2O3

substrates synthesized by the EFG growth method.1 The disloca-

tion density of the substrate was estimated to be <107cm�2.

High purity gallium pellets (Alfa Aesar, 99.99999%) and ox-

ygen were used as the source materials and argon (Ar) was

used as the carrier gas. To investigate the effect of growth

temperature on the crystal quality and surface morphology of

the Ga2O3 thin films, several experiments were conducted by

varying the growth temperature in the range between 780 �C
and 950 �C.
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The structure, crystal quality, and surface morphology of

the b-Ga2O3 thin films were characterized by using field emis-

sion scanning electron microscopy (FESEM), atomic force mi-

croscopy (AFM, Bruker NanoMan), high resolution X-ray

diffraction (HR-XRD, Rigaku Smartlab with Cu Ka1 radiation),

transmission electron microscopy (TEM, FEI Tecnai F30), and

Raman spectroscopy (laser beam of 532 nm). The cathodolumi-

nescence (CL) spectra were measured in an ultra-high-vacuum

chamber, with the electron beam spot size normally is around

100 lm and the energy density is typically kept between 40 and

1000 W/cm2. To avoid contribution from the substrate to the lu-

minescence spectra of the epitaxial films, the CL measurements

of the films were carried out with beam energy of 3 keV, which

limits the peak of the rate of energy loss to a depth of less than

50 nm.

Figure 1 shows the cross sectional FESEM image of the

b-Ga2O3 TEM sample, which was grown at 850 �C for 40

min. From this image, the thickness of the homoepitaxial layer

was estimated to be 0.86 lm, which corresponded to a growth

rate of �1.3 lm/h. For comparison, recent reported growth

rates for b-Ga2O3 homoepitaxial thin films grown on b-Ga2O3

substrates were 0.05 lm/h (MBE, (100) native substrate),32

0.48 lm/h (MOVPE, (100) native substrate),35 0.125lm/h

(MBE, (010) native substrate),33 0.7 lm/h (MBE, (010) native

substrate),34 and 5–25 lm/h (HVPE, (001) native substrate),37

respectively.

To understand the effects of LPCVD growth tempera-

ture on the surface morphology of b-Ga2O3 homoepitaxial

layer, a number of experiments were carried out. Figures

2(a)–2(e) show the AFM images of 5 � 5 lm2 scan for epi-

taxial layer surfaces grown at different growth temperatures

between 780 and 950 �C. The surface roughness of the epi-

taxial layer showed a strong dependence on the growth

FIG. 1. Cross sectional FESEM image of TEM sample prepared by FIB.

The sample was prepared from a b-Ga2O3 homoepitaxial layer grown at

850 �C. The b-Ga2O3 epi-layer thickness is �0.86 lm.

FIG. 2. Surface AFM images (5 lm

� 5 lm) of b-Ga2O3 homoepitaxial

layers grown at different growth

temperatures.
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temperature. The general trend indicated that the layers

became more homogeneous with the increase of growth tem-

perature. All the layers were composed of multi-step arrays

resembling terrace-like morphology (similar to that of the

substrate). The feature size became smaller with the increase

of the growth temperature. The lowest surface RMS rough-

ness was 7.02 nm for the epitaxial layer grown at 950 �C.

This may have been due to the reduced film growth rate with

the increase of growth temperature as a result of the forma-

tion and desorption of Ga2O.38 Ga2O is formed at a higher

temperature due to the reaction of excess Ga with Ga2O3 sur-

face oxides. Note that precise control of surface roughness is

important as it limits the surface roughness dependent com-

ponent of field effect mobility.

The crystal quality of the b-Ga2O3 homoepitaxial layers

was characterized by HR-XRD. Figure 3 shows the HR-XRD

reflections of the b-Ga2O3 (010) substrate and b-Ga2O3 homo-

epitaxial layer grown at 900 �C and 950 �C. Both symmetric

and asymmetric (grazing angle) reflections are shown. The

high incident angles for the (020) and (-22-1) reflections pene-

trate all the way through the film and into the substrate for

few microns. The (-42-2) reflection was taken at a grazing

incidence angle of �1.5�. Using the dynamical scattering

theory, the penetration depth of this reflection was calculated

to be �0.7 lm, indicating most of the signal was from the top

film. No peaks associated with other phases (a, c, d, and e) of

Ga2O3 were detected in the diffraction spectra. This is a good

indication that the film has grown homoepitaxially on the sub-

strate and has only b phase. Assuming the b angle to be fixed

at 103.83�, the calculated lattice constants for the substrate

were: a¼ 12.1774 Å, b¼ 3.0373 Å, and c¼ 5.7968 Å. The

grown film was under slight compressive strain evidenced

from the shift in the film peak to the left in the Bragg reflec-

tion. The calculated compressive strain is 0.11%. For the film

grown at 950 �C, a film peak is not observed in the (-42-2)

reflection, which may be due to film decomposition at the

higher growth temperature.

Figure 4 shows the XRD rocking curves of (-42-2)

reflection of b-Ga2O3 homoepitaxial layer synthesized at

growth temperature of 900 �C and 950 �C. The XRD rocking

curve full width at half maximum (FWHM) of (-42-2) peak

for the layer grown at 900 �C and the substrate were 40 and

�20 arc sec, respectively. On the film grown at 950 �C, the

film peak is not observed and the substrate rocking curve

matches the other sample since they are taken from the same

substrate material. The recent reported XRD rocking curve

FWHMs of b-Ga2O3 homoepitaxial layers grown on (100)

and (001) b-Ga2O3 substrates by MBE and HVPE are 72

(Ref. 32) and 60–78 arc sec,37 respectively. The reported

XRD rocking curve FWHM of these homoepitaxial layers

was limited by the quality of their corresponding sub-

strates.34,37 The small value of the FWHM of the homoepi-

taxial layer demonstrates a high quality epitaxial film with

very low dislocations and strain.

The crystal quality and interfacial structure of the

b-Ga2O3 homoepitaxial layer grown at 850 �C were further

investigated with cross sectional TEM and HRTEM as well

as the selected area electron diffraction (SAED) pattern.

Figure 5(a) shows the cross sectional TEM image of the

homoepitaxial layer. From the HRTEM, the interface

between the grown layer and the substrate is undifferentiable

along the cross section indicating the layer is epitaxially

grown on the substrate. Figure 5(b) shows the SAED pattern

of the layer taken along the [-20-1] zone axis. The SAED

pattern confirms that the synthesized thin film is single crys-

talline monoclinic b-Ga2O3. The lattice-resolved HRTEM

image of the homoepitaxial layer is shown in Fig. 5(c). The

lattice planes were well aligned along the growth direction.

From the HRTEM image of Fig. 5(c), the lattice fringes with

marked interplanar distances of 0.15 nm and 0.21 nm, which

correspond to d-spacings of monoclinic b-Ga2O3 (020) and

(-112) planes, respectively.42

Room temperature Raman spectra of the b-Ga2O3 (010)

substrate and a homoepitaxial layer grown at 850 �C are

shown in Fig. 6. b-Ga2O3 has a monoclinic structure and

belongs to the C2h space group.43–46 The low frequency

modes 168.98 and 199.83 cm�1 are attributed to the vibration

and translation of tetrahedra-octahedra chains. The mid fre-

quency modes 320.21, 346.77, 416.60, and 480.86 cm�1 are

related to the deformation of Ga2O6 octahedra. The high
FIG. 3. XRD patterns (2h scan) of b-Ga2O3 (010) substrate and b-Ga2O3

homoepitaxial layer grown at 900 �C and 950 �C.

FIG. 4. XRD rocking curves of (-42-2) reflection peak of b-Ga2O3 homoepi-

taxial layer grown at 900 �C and 950 �C.
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frequency modes 629.94, 658.21, and 766.17 cm�1 represent

the bending and stretching of GaO4 tetrahedra. By compar-

ing the Raman spectrum of the grown film with that of the

substrate, the low frequency Raman modes are more promi-

nent in intensities than the remaining modes in mid and high

frequency modes. A negligible shift of the Raman peak posi-

tions for the epitaxial layer comparing to those of the sub-

strate is within the measurement tolerance limit. Thus, the

grown epitaxial layer is under no significant strain which

corroborates our conclusion from the XRD measurements.

Only allowed b-Ga2O3 modes are observed in the Raman

spectra indicating the absence of other Ga2O3 phases. These

results suggest that the as-synthesized b-Ga2O3 homoepitax-

ial layer is phase pure and of high crystal quality.

The room temperature CL spectra of the b-Ga2O3 homo-

epitaxial layers grown at 900 �C and 950 �C are shown in

Fig. 7. The peak near �4.9 eV corresponding to band to band

recombination is absent for both samples. The CL intensity

for the homoepitaxial film grown at 950 �C is higher than

that of the film grown at 900 �C, suggesting that the thin film

grown at 950 �C has lower concentration of non-radiative

recombination centers and thus indicating improved optical

quality. The relatively broadbands in the blue-UV emission

range (2.9–3.5 eV) are attributed to the self-trapped excitons

and donor–acceptor pair transitions. Oxygen vacancies (VO)

or Ga interstitials introduced the donor levels and VO – VGa

pairs acted as the acceptor centers.47 Further optimization of

the growth conditions is still required to advance the material

quality with controllable electrical transport properties aim-

ing device applications. Recently, we demonstrated the

effective n-type doping in b-Ga2O3 thin films grown by

LPCVD. The details of the doping procedure and material

properties will be reported in a future publication.

In summary, we have demonstrated the synthesis of

homoepitaxial b-Ga2O3 layer with high purity and high

structural quality on b-Ga2O3 (010) substrate by LPCVD.

Our studies show that the growth temperature is a crucial pa-

rameter for controlling the growth of b-Ga2O3 thin films by

LPCVD. We obtained b-Ga2O3 homoepitaxial thin films

with RMS surface roughness of �7 nm and growth rate of

�1.3 lm/h for the thin films grown at 950 �C and 850 �C,

respectively. The demonstration of the homoepitaxy of

b-Ga2O3 thin films with high material quality and reasonable

FIG. 5. (a) Cross sectional TEM image of b-Ga2O3 homoepitaxial layer grown on b-Ga2O3 (010) substrate at 850 �C. (b) SAED pattern of b-Ga2O3 homoepi-

taxial layer taken along [-20-1] zone axis. (c) HRTEM image of b-Ga2O3 homoepitaxial layer showing the lattice fringes.

FIG. 6. Micro-Raman spectra of b-Ga2O3 (010) substrate and b-Ga2O3

homoepitaxial layer grown at 850 �C.

FIG. 7. Room temperature CL spectra of b-Ga2O3 homoepitaxial layers

grown at 900 �C and 950 �C.
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growth rate is important for b-Ga2O3 as a potential candidate

for future device applications in high power devices and so-

lar blind photodetectors.

Part of the material characterization was performed at

the Swagelok Center for Surface Analysis of Materials

(SCSAM) at CWRU, and at the Lurie Nanofabrication

Facility (LNF) at the University of Michigan. The Raman

spectra measurements were performed at Dr. Philip Feng’s

Laboratory at CWRU. Research at NRL was supported by

the Office of Naval Research.
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