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(a) Photograph of VGF-grown Sn*": ZnGa,0, bulk crystal

(c) Laue diffraction pattern of the Sn*"-doped ZnGa, O, crystal wafer
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(b) Powder XRD pattern of the Sn*"-doped ZnGa,0, crystal
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(d) X-ray rocking curve of the Sn**-doped ZnGa, 04 crystal wafer
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Fig. 1 Sn*-doped ZnGa,O, crystal photograph, powder XRD, Laue diffraction and rocking curve diagram



+ 1996 - CREFR Eh22 4D

J Chin Ceram Soc, 2025, 53(7): 1993-2000

2025 4F

22 XSt

Wit X LR HL T B (XPS) X R B 44 AT Snt*
B340 ZnGayO, fh A 40 2 41 BRI R T T4 1 3
1T 79T B2 R 171X 2 Mg Zn 2p. O s
F1 Ga 2p REMIFEANIEIEREIE . XPS J6HE R H =
PREGHAT T LA o XPS Sl A I 21 b3 R 46 B
Gy RS e ASN ) HA T R, R EAFE M2l EER
Fo ZnGayO4 FEM R IAAE R H T A K s
Penl NI, 7EE 2 H, SRA XPS 4B H o FH R e
JiE, ¥ C 1s W4 & Relfl 2 75 284.8 eV N Hifar
5%,

Kl 2a~F 2¢ 7Sl R 7R T KRB AR ZnGarO4 fh A A
Sn* B4 10 ZnGa,0, fi Ak Zn 2p. O 1s 1 Ga 2p
) XPS . Zn 2p- O 1s Fl Ga 2p MIZE A REXIH C 1s
HEHATRHE. 72K 2a 1, Zn 2p XPS i ERXFFR U4
W, @i EE, v 2 MR RE, 25
A AR A A B g 5 AT )\ T AR AL S Zn™ A0
5%, WA 5 0T DU TH AT s Zn* o KB,
LR, RIBIHI ZnGa,04 F A Sn* 4524 1)
ZnGayO, FRARIEIFR I H T /- B B RS A LM, H
K HR Sy Zn® AL T DU AR S5 . ZnGayO4 S
RERIEIREAE St B2 GBI/, Gt HA R
TNHARSL SR Zo” W TSN 10%. XL
St IRIB N KT R 16 ST 3R B R P SR /N o

K 2b JEoR T RABIRIN ZnGa,0, A A1 Sn*' 15
Z& (11 ZnGa 04 iK1 O 1s XPS i, A4 Sn*
B4R ZnGa,O4 iR O 1s XPS /R T £
53 DTHR TR R 0 SR 1) B 06 o e I 43 e UL 5 A 2

Jei, O 1s g4y R 2 ANE, F0§ O XN A4,
REZLI N 530.5eV. —"NEIE On KL & RESE &,
215 532.1 eV. I NJEIESH A DL EE
PN = Y S S (Y NP RA S IS G|
(1) ZnGar Oy di A, 5 U 3 L2 o v i A Kk
FEF B NSRS AR i Ow/(Or + On) LU 1155
FHIE A S R, KBTI ZnGa04 SR
EAL A 29.25%, T Sn* B 241 ZnGaO, &
REIE AL N 29.78%. 1E ZnGa,04 fifk 1,
AL DAE NI, SISO F, B n Y
BT . W RS G AR Sn* 45 44
(1] ZnGayOq i 1A (¥ L 25 1 BEAR A 5 43 A A= e i 2 v
IR TR

FEE 2¢ H1, Ga 2ps;, S I AE X 98 BARST
FREGIR, BB Ga® 4347 T 2 Rl AS [ A e A7 34 85
B2 5t SIS A IS, Ga 2ps, WY Ty 2 AN
ST A TS S 0 PO E VAR RN IR ERE AN
TR S50 Ga®™, 4545 BB AR & U 5 437 F- DY T
A A Ga® M, LI ER R, BEE Sn*Ti
B2, AL 5 Ga® Fr 6 3% BF R AR, 77 DY T 44
A7 25 00 G fy W 55 F5E AR I8« £E 2R S S5 R
JNTE AR 500 Ga®™ o Ll (0 B AR GE % 2 i Zn® 5 4R
HONTHARAL ST SR, B 2a FTon it Zn 2p 6
Wk, Zn® FE DY T AR\ T AR A B 0 20 A AL IS A
A, XERPATEEZHRT Sn™ B BT Ga’ i
JUTHARAL 5, Sn*™ A — Pk BE it X, @t 7
ZnGa,O, i 54 Ga® (i VAR AL SRt 1 A
i B 338 T 4 5 A ) n B T LR R

— Sn:ZnGa,O,

Peakl
Peak2

— 7ZnGa,0,

Peakl
Peak2

— Sn:ZnGa,O,

Peak1
Peak2

— Sn:ZnGa,O,

Intensity
Intensity

Peak1
Peakl
cak2 Peak2

Intensity

— ZnGa,0, — 7ZnGa,0,

Binding energy/eV

(a) Zn 2p XPS spectra

1016 1018 1020 1022 1024 1026 1028 524 526 528 530 532 534 536 538 1112 1114 1116 1118 1120 1122 1124
Binding energy/eV

(b) O 1s XPS spectra

Binding energy/eV
(c) Ga 2p XPS spectra

B2 #i54 ZnGa0, H I XPS i
Fig.2 XPS spectra of the Sn*"-doped ZnGa,0, crystal
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x/%
Sample Zn Ga O Sn
Sn: ZnGa,Oy-1 15.90 30.65 53.31 0.14
Sn: ZnGa,04-2 15.84 30.36 53.56 0.25

x is mole fraction.
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Sample Carrier type n/em™ w(em>V7 sy p/(Q-em)
UID ZnGa,O, n 1.39x10" 41 0.011
Sn: ZnGa,0,-1 n 2.65x10" 33 0.008
Sn: ZnGa,0,-2 n 3.32x10" 30 0.006
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(a) Band gap width of ZnGa, Oy crystals
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(b) Optical transmittance spectrum of ZnGa, O, crystals
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Fig. 3 Band gap width and transmission spectra of undoped
and Sn*"-doped ZnGa,0, crystals
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Extended Abstract

Introduction  Ultra-wide bandgap (UWBG) semiconductor materials have attracted extensive attention in the fields of
optoelectronics, sensing systems, and high-power devices due to their high critical electric field, high-temperature resistance, and
excellent photoelectric properties. In this paper, high-quality Sn*'-doped ZnGa,O, crystals with a volume of approximately 10 cm’
were successfully obtained by the VGF method. The crystal structure of the grown Sn*': ZnGa,0, crystals was detected by single
crystal X-ray diffraction (XRD), and their crystal quality was studied by high-resolution X-ray diffraction (HRXRD). In addition, the
optical and electrical properties of the grown Sn*': ZnGa,0, crystals were investigated by UV-Vis spectroscopy, XPS, and Hall
measurements. The results show that the optical properties are affected by the Sn*" concentration, and it is demonstrated for the first
time that the electrical properties of ZnGa,O, single crystals can be controlled by the concentration of doped Sn*'. The carrier
concentration of the grown Sn*'-doped ZnGa,0, single crystal at room temperature is higher than that of previously studied ZnGa,O,
single crystals (1.39 x 10" cm’3) and Sn4+—doped B-Ga,0; (3 % 10" — 3 x10" cm’3). The improved photoelectric properties of
ZnGa, 0, crystals after Sn*" doping are expected to find applications in high-power devices and optoelectronic devices.

Methods ZnGa,0O, bulk single crystals doped with Sn*" were grown by the VGF method. High-purity (99.999%) Ga,0s, ZnO and
SnO, powders were used as starting materials. The three powders were mixed for 80 h at a speed of 40 revolutions per minute, and
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then the mixed powders were cold-pressed into blocks at a pressure of 2000 bar and calcined in air at 600 ‘C in an alumina crucible
for 16 h. Subsequently, ZnGa,O, bulk single crystals doped with Sn*" were grown in a crucible with an inner diameter of 60 mm and
a height of 60 mm. The furnace was heated to 1900 Cat a rate of 250 ‘C/h in an atmosphere of argon and 12% oxygen, and
maintained at this temperature for about 2 h. Then the furnace was cooled slowly at a rate of 2-3 °‘C per minute. Sn*" doped
ZnGa,0, bulk single crystals were obtained.

Results and discussion XRD analysis indicates that the Sn*'-doped ZnGa,O, crystal maintains a pure spinel phase without any
impurity phases, and the lattice constant slightly increases due to the introduction of Sn*". The high-resolution X-ray diffraction
(HRXRD) results show that the full width at half maximum (FWHM) of the rocking curve of the crystal is only 82 arcsec, indicating
excellent crystal quality. X-ray photoelectron spectroscopy (XPS) analysis confirms that Sn** mainly enters the octahedral sites of the
lattice by replacing Ga®*. X-ray fluorescence spectroscopy (XRF) analysis indicates that Sn*' is successfully doped into the crystal,
but the actual doping concentration is lower than the theoretical value due to the volatility of SnO,. Optical performance tests show
that Sn*" doping slightly reduces the optical band gap of ZnGa,O, crystals and increases the absorption in the near-infrared band,
which is related to the increase in carrier concentration. Hall measurement results show that Sn** doping significantly increases the
carrier concentration of the crystal (up to 3.32x10" em™) and reduces the resistivity (0.006 Q-cm), outperforming undoped ZnGa,0O,
and Sn*'-doped B-Ga,O; crystals.

Conclusions In this study, high-quality Sn*'-doped ZnGa,0, single crystals with a volume of 10 cm® were successfully grown by
the vertical gradient freezing (VGF) method. The obtained Sn*"-doped ZnGa,0, crystals showed no significant shift in diffraction
peaks and a full width at half maximum (FWHM) of the rocking curve as low as 82 arc seconds, confirming the extremely high
quality of the single crystals. X-ray fluorescence spectroscopy (XRF) and X-ray photoelectron spectroscopy (XPS) analyses
respectively confirmed the contents of Zn, Ga, O, and Sn elements, as well as the fact that Sn*" were mainly incorporated into the
ZnGa,0, crystal by replacing Ga** at octahedral sites in the spinel structure. With the increase of Sn* doping concentration, the
optical band gap of ZnGa,O, crystals decreased to 4.58 eV and 4.56 eV, respectively. The introduction of Sn** did not cause
significant changes in the cutoff absorption edge at about 275 nm, but increased absorption in the near-infrared wavelength range,
which was related to the increase in carrier concentration. Hall measurements verified the effect of Sn*" doping on the electrical
properties of ZnGa,O, single crystals. The results indicated that the introduction of Sn*' significantly increased the carrier
concentration of ZnGa,0, crystals (2.65x10'°-3.32x10" ¢m™) and decreased the resistivity (0.006-0.008 Q-cm). These properties
were superior to undoped ZnGa,0, single crystals and Sn*"-doped p-Ga,0; single crystals. Overall, the Sn*"-doped ZnGa,0, crystals
grown in this study demonstrated significant application potential in power devices and solar-blind detection, and are expected to play
a key role in the development of future high-power and high-frequency electronic and optoelectronic devices.

Keywords zinc gallium oxide; vertical gradient freeze method; stannum-doped; electrical property; ultra-wide bandgap semiconductors



