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Table 1 Experimental results of Ga,Oj3 thin film samples at
different oxygen flow rates at 750 C
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(b) Growth rate and FWHM variation graph

3 225~600 mL/min /TR FAEK KR INMENRE XRD 3, A s K 5E 2210 K
Fig. 3 XRD patterns, growth rate and full width at half maximum (FWHM) diagram of Ga,0Oj; epitaxial films at 225-600 mL/min
oxygen flow rates
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Fig. 4 SEM cross-sectional images of Ga,0; epitaxial films grown at 225-600 mL/min oxygen flow rates

I ERANES N, RS 2 )T
WIHE 80% A, EAMEILIATE 240 nm, @Y Tauc
plot ¥ETHEAS B 17 BRTEHIE 4.9~5.0 eV Z (8], FF

(e) 600 mL/min oxygen flow rates

& e-Ga, 05 Fr Y,
2.3 BRI Ga,0; BB R REA IR RIS
e FH(00) ST S B AH (201) & TR AT 5 14



%52 55 2 S 5% ZWEHSMERL R FIMNE GayOs MR A K4 < 377 ¢

100
500 mL/min 400 mL/min
80F S —
250 mL/min
S \ 225 mL/min
g 60T F600mL/min |,
g 40l |F % % 400mLmin 7|
=] | g 60 2zsmme\;g/f
= k=] 250 mL/min '\ /
= Faol Y
20F S o[ 0 mUmIBA J 600 mimin
i o=
/i 200 220 240 260 280 300
0 / ) . ) ) ) Wavelen%lh/nm )
200 300 400 500 600 700 800 900 1000
Wavelength/nm
(a) Transmission spectrum from 200 nm to 1 000 nm
100 7
600 mL/min —/
80 - 225 mL/min —/___ Ve
250 mL/min
60 -
0 500 mL/min
3
40
20
400 mL/min
0 - L 1 1

46 4.8 5.0 5.2 5.4 5.6 5.8 6.0
hvleV

(b) Plot of (ahv) vs. hv
o is absorbance index. 7 is planck constant. v is frequency.
Kl 5 225~600 mL/min A URE N EKREMERINERER
BANFE I
Fig. 5 Ultraviolet transmission spectrum of Ga,0O; epitaxial
films grown at 225-600 mL/min oxygen flow rates

750 C, 225 ml#/min * .
. .

-
f»

L4

WEAE AN 22 5, RIFBR KB 30IEIX 4 T ¢ 4
5 B . 1E 750 CIRAFM e-GarO5 AliFH 714 5 I fil
b, #4757 900 CL N A IR K 2h JE, @il 6 B
IR, AMERE XRD WAL AR ) 2 mFe, FEAE N
B-Ga,03. H:1 18.95°4 (201) i B-GayOs, 38.40%4%
(402) Tl B-Ga,03, 59.19°42 (603) [ p-Gay0s.

@o1) (402) (603)
18.95° 3 38.40° 59.19°
900 C annealing g
2
Z
5
]
(0p4)
002 3 (006)
1(9A16)° 3994 60.06°
“ 750 C growthing LJ
1 1 1 1 1
10 20 30 40 50 60
20/(°)

Bl 6 750 CHAKHI e-GayOs FMEMIR KHT G ] XRD X Ht
Fig. 6 XRD patterns comparison of g-Ga,0; epitaxial films
grown at 750 ‘C before and after annealing

St 750 ‘CA K K] e-Ga, 05 BE N, #E(T AFM
MK B 7a BT, e-Ga,O5 BRI 2 — K% = 4]
PRIEFURFAE RSN, HERTTHTRER N 10.8 nm. M
3D SARE MR E LVE R TS 2 2 A SR EL
REGNEE, KR EEE 50~100 nm 2 7], HAE
A v FEE KT B (%) it R RS, AT A 12 A E R

x/pm

x/um

(b) B-Ga,0; epitaxial film annealed at 900 C

RMS is root mean square roughness.

7 GaO3 SMENE AFM &5 K 3D &
Fig. 7 AFM images and 3D view of Ga,0; epitaxial films



+ 378 - CRERR Sh2230)

J Chin Ceram Soc, 2024, 52(2): 373-380

2024 4F

PR =4k BpRAE KA K . AR KR B BT,
Ga,O; | & it A2 P A BE It R D, At R R M
(1T ICIERAS B R B TR 2 5 4R Fig A
VERCHIA B, TR ER T EHLIE R 2 S A% s, ik
BRAERKBRFEEHR— MR, B3RIGRERE gk 2:
WK, SSERIEATEIE EREA —EEER
VR, T S kAT A% SRR RN 5 (R P
#4900 “CiB k5 ) B-Ga, O3 B i FIFEHEAT T AFM
fEo B 7b BT UL, B-GayOs £ it 76 L3 TR A FE B
i, RMS=5.42 nm, @b R~FA2K, 7€ 50~80 nm 2
) o 2 THREDRE B2 R I AU T 2 T ™ 2 v 88 ) K
BEEAR, DRIAIR R i B vy, R I 1) S 3R A
THEZHREIATME T B A S A, AN TR
KEERR, FrCl 0 Il 7 E RS, Rl fg 2
IR . FEFERMNE, i, RimhiEm
5~30 nm, /NFERDRSE, BT BUA A S T AR ECH
EddE. WA Hit— 2N B-Ga,05/a-ALO;
HOEN PSSy A BB 22

3 £

FHAZ MBI E R F AR EAEK T
BN, R TAEKRE. ASREMERK
PAMGE R G AH A . S E . AR KRR IR
S . 76 750 C33] e-Ga,O5 4l FH i,
5 RIRA AR S, ARG TS T T RELARS R
4 10.8 nm. e-Ga,0; 7E 225 mL/min KSR & N
JEFIAKEF A 1 um/h, FE5% RN 0.141°, J@THE
KEAmE, HEGEKEET RS 3 um/h, H
51 e-GayOs 4l - {H 2 e-Ga,05 45 i i A W 2
T, amPE AR ES K&, 900 CiRK)E
133 B-Ga,O, AllAHWENE, RS2, M
T B ORI FE FE AR, IR 5.42 nm. R A H )
Mist-CVD 15 8 FIC A (1) 25 A4 2 S AR DTAR J7 VAR
R GayOs & diAH AKX A, SEHN T VAR AH 1
TRAHIIE], FEReEE R E A KB T4 . F8
TER R — D4 i 2 L . R TR SR
Falh b, KB Ga0s 2ifH#ME, NEEEHE
T ER e AR 8% L 2DEG TR 284447 K IR s a

S 30k

[1] ONUMA T, SAITO S, SASAKI K, et al. Valence band ordering in
B-Ga,O; studied by polarized transmittance and reflectance
spectroscopy[J]. Jpn J Appl Phys, 2015, 54(11): 112601.

[2] KANEKO K, UNO K, JINNO R, et al. Prospects for phase engineering

of semi-stable Ga,O; semiconductor thin films using mist chemical

vapor deposition[J]. J Appl Phys, 2022, 131(9): 090902.

[3] HIGASHIWAKI M, SASAKI K, MURAKAMI H, et al. Recent
progress in Ga,O; power devices[J]. Semicond Sci Technol, 2016,
31(3): 034001.

[4] BALIGA B J. Power semiconductor device figure of merit for
high-frequency applications[J]. IEEE Electron Device Lett, 1989,
10(10): 455-457.

[S] CHEN H Y, LIU K W, HU L F, et al. New concept ultraviolet
photodetectors[J]. Mater Today, 2015, 18(9): 493-502.

[6] ROY R, HILL V G, OSBORN E F. Polymorphism of Ga,Os and the
system Ga,0O3—H,0[J]. ] Am Chem Soc, 1952, 74(3): 719-722.

[7] WANG X, FAIZAN M, NA G R, et al. Discovery of new polymorphs
of gallium oxides with particle swarm optimization-based structure
searches[J]. Adv Electron Mater, 2020, 6(6): 2000119.

[8] KANEKO K, KAWANOWA H, ITO H, et al. Evaluation of misfit
relaxation in a-Ga,0; epitaxial growth on a-Al,O; substrate[J]. Jpn J
Appl Phys, 2012, 51(2R): 020201.

[9] AKAIWA K, OTA K, SEKIYAMA T, et al. Electrical properties of
Sn-doped a-Ga,O; films on m-plane sapphire substrates grown by mist
chemical vapor deposition[J]. Phys Status Solidi A, 2020, 217(3):
1900632.

[10] LEE S D, AKAIWA K, FUJITA S. Thermal stability of single
crystalline alpha gallium oxide films on sapphire substrates[J]. Phys
Status Solidi C, 2013, 10(11): 1592—-1595.

[11] RAFIQUE S, HAN L, NEAL A T, et al. Heteroepitaxy of N-type
B-Ga,O; thin films on sapphire substrate by low pressure chemical
vapor deposition[J]. Appl Phys Lett, 2016, 109(13): 132103.

[12] SHINOHARA D, FUIJITA S. Heteroepitaxy of corundum-structured
0-Ga,05Thin films on a-Al,O; Substrates by ultrasonic mist chemical
vapor deposition[J]. Jpn J Appl Phys, 2008, 47(9): 7311-7313.

[13] OSHIMA Y, KAWARA K, OSHIMA T, et al. Phase-controlled
epitaxial lateral overgrowth of 0-Ga,O; by halide vapor phase
epitaxy[J]. Jpn J Appl Phys, 2020, 59(2): 025512.

[14] OSHIMA 'Y, KAWARA K, OSHIMA T, et al. Rapid growth of a-Ga,03
by HCl-boosted halide vapor phase epitaxy and effect of precursor
supply conditions on crystal properties[J]. Semicond Sci Technol, 2020,
35(5): 055022.

[15] JINNO R, KANEKO K, FUJITA S. Thermal stability of a-Ga,0O; films
grown on c-plane sapphire substrates via mist-CVD[J]. AIP Adv, 2020,
10(11): 115013.

[16] XIA X C, CHEN Y P, FENG Q J, et al. Hexagonal phase-pure wide
band gap &-Ga,O; films grown on 6H-SiC substrates by metal
organic chemical vapor deposition[J]. Appl Phys Lett, 2016, 108(20):
202103.

[17] MEZZADRI F, CALESTANI G, BOSCHI F, et al. Crystal structure and
ferroelectric properties of e-Ga,Os films grown on (0001)-sapphire[J].
Inorg Chem, 2016, 55(22): 12079-12084.

[18] YAO Y, OKUR S, LYLE L A M, et al. Growth and characterization of
a-, B-, and e-phases of Ga,0O3 using MOCVD and HVPE techniques[J].
Mater Res Lett, 2018, 6(5): 268-275.

[19] CHEN S J, CHEN Z M, CHEN W Q, et al. Metal-organic chemical
vapor deposition of €-Ga,Os thin film using N,O as a precursor[J].
CrystEngComm, 2023, 25(19): 2871-2876.

[20] WEISER P, STAVOLA M, FOWLER W B, et al. Structure and
vibrational properties of the dominant O-H center in f-Ga,O;[J]. Appl
Phys Lett, 2018, 112(23): 232104.

[21] NAKAGOMI S, KOKUBUN Y. Crystal orientation of B-Ga,Os thin



H52EHE 2 S 5% ZWEHSMERL R FIMNE GayOs MR A K4 < 379

films formed on c-plane and a-plane sapphire substrate[J]. J Cryst mist chemical vapor deposition method[J]. Materials, 2019, 12(22):
Growth, 2012, 349(1): 12-18. 3670.

[22] WANG X J, MU W X, XIE J H, et al. Rapid epitaxy of 2-inch and [28] PARK SY, HAM T, KIM K H, et al. Enhanced thickness uniformity of
high-quality a-Ga,O; films by mist-CVD method[J]. J Semicond, 2023, large-scale a-Ga,O; epilayers grown by vertical hot-wall mist chemical
44(6): 062803. vapor deposition[J]. Ceram Int, 2022, 48(4): 5075-5082.

[23] FH. FUEFSHAETRINEEK RESFAD]. fi%: h% [29] fESt. Mist-CVD V& S HIE K AR PERT AE[D]. Pi%: 9%
LT RHR S, 2022. LT RHR, 2020.

XU Yu. Epitaxial growth and device research of gallium oxide by JIAO Dian. Preparation and characteristics of gallium oxide thin films
atomized chemical deposition[D]. Xi’an: Xidian University, 2022. by Mist-CVD method[D]. Xi’an: Xidian University, 2020.

[24] UNO K, OHTA M, TANAKA 1. Growth mechanism of a-Ga,O; on a [30] OSHIMA Y, VILLORA E G, MATSUSHITA Y, et al. Epitaxial growth
sapphire substrate by mist chemical vapor deposition using of phase-pure £-Ga,Os by halide vapor phase epitaxy[J]. J Appl Phys,
acetylacetonated gallium source solutions[J]. Appl Phys Lett, 2020, 2015, 118(8): 085301.

117(5): 052106. [31]1 ). WA Mist-CVD SRAMEMF%[D]. BR: FME K

[25] YASUOKA T, LIU L, OZAKI T, et al. The effect of HCI on the 2%, 2020.
a-Ga,0;5 thin films fabricated by third generation mist chemical vapor MA Tongchuan. Study on mist-CVD heteroepitaxy of metastable
deposition[J]. AIP Adv, 2021, 11(4): 045123. gallium oxide[D]. Nanjing: Nanjing University, 2020.

[26] ZHANG T, HU Z G, LI Y F, et al. Influence of oxygen on B-Ga,Os [32] ¥ HE. ZW4HB) CVD VLR AR TR & o H 25/ T ST 72 [D].
films deposited on sapphire substrates by MOCVDI[J]. ECS J Solid HK: HERHE TR, 2022,

State Sci Technol, 2021, 10(7): 075009. LUO Yueting. Preparation of gallium oxide thin films by atomization-

[27] XU Y, ZHANG C F, CHENG Y L, et al. Influence of carrier gases on assisted CVD and study on its structure and morphology[D].
the quality of epitaxial corundum-structured a-Ga,Os films grown by Chongging: Chongqing University of Technology, 2022.

Growth Characterization of Heterogeneous Epitaxial Gallium Oxide Films by Mist Chemical
Vapor Deposition

XIE Jiahui', MU Wenxiang', LI Zhucheng', LI Guangqing', LI Yang', JIA Zhitai'*, TAO Xutang'
(1. State Key Laboratory of Crystal Materials, Institute of Novel Semiconductors, Institute of Crystal Materials, Shandong University,
Jinan 250100, China; 2. Shandong Research Institute of Industrial Technology, Jinan 250100, China)

Extended Abstract

Introduction Gallium oxide crystal phase is widely used, and the metastable phase can be only obtained by means of epitaxy.
Selecting suitable growth methods and improving the heteroepitaxy level are still the problems that the academic circles have been
discussing. The mist chemical vapour deposition (Mist-CVD) method does not require a vacuum system, which is safe, economical,
simple and controllable, demonstrating a potential application for metastable phase growth of gallium oxide. The level of
heterogeneous epitaxy of various crystalline phases of gallium oxide still needs to be further improved. For instance, there is still a
problem of mixing phases during the growth process, which leads to a difficulty of regulating the crystalline phases. In terms of the
nucleation mechanism, there is a lack of process-specific research and explanatory notes. In this paper, the most suitable growth
intervals of Ga,0O; crystalline phases on sapphire substrates were explored in a vertical mist chemical vapour deposition epitaxy
furnace. The relationships among Ga,O; crystal phase modulation, crystalline quality, growth rate and growth process parameters, as
well as the optimisation of surface morphology by annealing were investigated respectively. The nucleation mechanism of the films
and the precursor droplet motion law of Mist-CVD were analyzed, and the experimental results were discussed.

Methods Heterogeneous epitaxial Ga,0; films were prepared by the Mist-CVD method in a vertical mist chemical vapour
deposition epitaxy furnace with a 2-inch commercial sapphire substrate. Gallium acetylacetonate (Ga(acac);) aqueous solution was
used as a precursor for Ga and O at 0.05 mol/L, and 1.5% HCI was used as a co-solvent. High-purity Ar (99.999%) was used as a
carrier gas with Ar flow rate of 2250 mL/min and growth pressure of 101.325 kPa, respectively, and O, was used as a dilution gas.
The growth parameters were adjusted in the growth temperature range from 600 C to 750 C and O, flow rate from 225 mL/min to
600 mL/min for 1 h.

A model D8-ADVANCE X-ray diffractometer (XRD) was used to determine the crystal structure. The elemental composition
and content of the epitaxial layer surfaces were determined using a model ESCALAB-250 X-ray photoelectron spectrometer (XPS).
In addition, the cross-sectional image and thickness of the Ga,0; epitaxial layer were characterized by a model S-4800 scanning
electron microscope (SEM). The AFM images and root-mean-square (RMS) surface roughness of Ga,0; epitaxial layers were
analyzed by a model ICON-type atomic force microscope (AFM). A LAMBDA-950 UV—-Vis spectrophotometer (UV—Vis) was used
to characterize the transmittance of the samples and calculate the forbidden band width.
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Results and discussion Based on the XRD analysis on the crystal structure of the epitaxial films of gallium oxide at 600-750 C,
there exist a and € mixed phases at 600—700 “C, and the film diffraction peaks are weak with no obvious selective orientation. This is
due to the higher lattice matching of the a phase to the c-plane sapphire substrate, which is more easily induced to grow on the
sapphire substrate at low temperatures and stabilised under lattice mismatch strain. The &-pure phase is grown at 750 ‘C with a
selective orientation. The crystalline phase of gallium oxide at higher temperatures is not explored, and pure phase films of $-Ga,0;
are expected to be obtained at higher growth temperatures due to the limitations of the current epitaxial furnace equipment with a
maximum set temperature of 750 C.

€-Ga,0; pure phase is generated at different oxygen flow rates. However, the half-height width of the diffraction peaks of the
films appears at a lower level of 0.141° and 0.150° for oxygen flow rates at 225-250 mL/min. When the oxygen flow rate exceeds
400 mL/min, the half-height widths of the samples become larger, i.e., 0.178°, 0.162° and 0.162°, respectively, and the crystalline
quality of the films decreases, but the overall crystalline quality of e-Ga,0; is better. Based on the analysis on the cross-section of the
film thickness by SEM, the growth rate of the film firstly increases and then decreases with the increase of the oxygen flow rate,
reaching a growth rate of 3 pm/h at 250 mL/min and 400 mL/min. A higher growth rate can be obtained at 250-400 mL/min.

For the &-Ga,O; samples grown at 750 ‘C, the surface of the &-Ga,O; sample shows a cluster with coarser particles and a cloudy
morphological features, and its surface roughness is 10.8 nm. From the 3D stereogram, the surface morphology shows multiple
bulge-like or hill-like bumps, and the height of the surface bumps is between 50 nm and 100 nm, and its overall height is larger than
the grain size of the film, indicating that the epitaxial film grows in accordance with the three-dimensional island-like growth mode.
The B-Ga,0; sample after annealing at 900 C is similarly characterized by AFM. The surface roughness of the thin film of p-Ga,0s
samples decreases as RMS=5.42 nm, and the grain size becomes larger, ranging from 50 nm to 80 nm. At high temperatures, the
height of the surface bumps is between 5 nm and 30 nm, which is smaller than the grain size, showing that the film densities increase
at high temperatures.

Conclusions Pure phase films of e-Ga,0; were obtained at 750 ‘C in a three-dimensional island growth pattern with a high surface
roughness of 10.8 nm at low temperatures. The growth rate of the film of e-Ga,0O; at an oxygen flow rate of 225 mL/min was 1 pm/h
with a half-height width of 0.141°. The growth rate of the film increased to 3 um/h with increasing the oxygen flow rate, and the film
was still in the pure phase of e-Ga,05;. However, the crystalline quality of £-Ga,05 was not improved, while rather deteriorated due to
the high oxygen flow rate. B-Ga,O; pure-phase thin films were obtained after annealing at 900 ‘C, and the surface morphology was
further optimized with a reduced roughness of only 5.42 nm. The pure crystalline phases of Ga,0; with a considerable thickness could
be prepared by a low-cost mist chemical vapor deposition method in a Mist-CVD equipment.
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