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Sk, RILETHRIA TIRE NS BRI SNRAE T R E B TR
= T A

BTN REERBESE L RPN T Nb:B-GaxOs f R A SRy
o RELZOEIEE T RIE G K LS Nb BRRENFEmMEE, X2HaT
HRTRENA S SEREAN Vo MTEREERE K, Vo Tl Vo-Vea HIM B/,
SHE AT R RE R . REZBRESIEOLTS) MK T — AN RS
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Abstract

Gallium oxide (8-Ga»03) crystal is a new direct-band-gap semiconductor material. It
has a bandgap of ~4.9 €V, a high breakdown field of ~8 MV/cm, and can be grown in
bulk form from melt. In recent years, it has showed great prospects in the field of
Gax0s3-based electronic devices and deep ultraviolet optoelectronic devices, and
gallium oxide has become one of hot topics in scientific res‘earch.

In most application fields, the electrical properties of Ga>Os substrates are of critical
importance. In this thesis, Nb and Ta are chosen to explore novel n-type conductivity
based on previous research and theoretical calculations. The main conclusions are as
follow:

1. High-quality $-Ga;Os single crystal was grown by the optical floating zone
method. The rocking curve showed that half-width is only 83 arc sec. And the surface
roughness of the crystal is only 0.15 nm after fine polishing.

2. f-Ga0s single crystals with different Nb doping concentrations were grown by
the optical floating zone method. The electrical properties of the crystals were studied.
The results showed that the electrical resistivity can be varied from 3.6x10? Q-cm to
5.5x107 Q-cm by increasing the NB doping concentration, and the related free carrier
concentration increase from 9.55x10' cm™ to 1.8x10' ecm™. It is evident that Nb can
be an effective n-type dopant. The transmission spectrum of Nb:$-GazO3 was measured.
The transmittance of Nb-doped f-Ga»O;3 crystals in the infrared region (IR) region
diminishes with the increasing Nb concentration.

3. The defects of Nb:5-Ga,03 crystals were studied by photoluminescence spectra,
thermoluminescence spectra and deep level transient spectroscopy. The blue
photoluminescence decreases with the increasing Nb concentration, because the
increase of carrier concentration leads to the formation of Vo increases. Therefore, the
concentration of Vo and Vo-Vaga decrease and blue emission decreases. The Deep level

transient spectroscopy (DLTS) measurement was performed and a defect state was

I



Abstract

detected at Ec-0.70 eV, which should be oxygen vacancies, and the concentration is
5.59%10"cm3. And the defect was detected by thermoluminescence spectra.

4. p-Ga,03 single crystals with different Ta doping concentrations were grown by
optical floating zone method, and the electrical and optical properties were studied. The
carrier concentration in Ta:$-GayOs3 single crystals increase with the increasing doping
concentration, and the mobility decreases due to ionization scatting. The transmittance
of Ta:3-GaxOs crystals in the IR region decreases with the increasing Ta concentration.
Like Nb-doped 8-Ga,Os3 crystals, a defect state was detected at Ec-0.73 by DLTS and
the concentration was 3.67x10' ¢cm™. In the Raman spectra the intensity of the Raman
peak at 770 cm™! is almost zero due to Ta doping, and 310-480 Raman peaks increased.
It suggests that Ta is easier to substrate Ga in [GaOg] octahedron according to the

Raman characteristics of 5-Ga20s.

Key Words: $-Ga,03, Nb:S-Gax0Os3, Ta:f-Ga;0s, optical floating zone method
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ERAROABERE, WHEMEM. KR, Wik, ERSERIETERNS
MR TRANTERE &Y, fAgrSECETERIER, THER, H=
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FERNEERE, BT 48V EMBEREDERMFAFERINTFIZRM
BRI FE AL, i m, FETE s & i) BT 84U R A RO R R
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1.2 p-GaxOs ¥R ME IR
12.1 p-Ga203 BUZ5H)

FMEIE ov fv s O ¢ AFAFRRENERIES, BHEEGRRNE
1.1 iR, Hh s R -Gax0s M EA BIF IR E P, 2R BT 900 °C
W, RAE pHAETRETE, Hik, RABEREEKHEAERREGEE .

300°C 18, 870°C F [
600 °C F o=
C

300 °C N

1.1 ARSEMEMEZRBIERR

Figure 1.1 Relationship of different Ga20O3 structures

B-Gax0s & T B A5 R 451 (C2/m) , RS ¥ Na=12.23 4, b=3.04 4, c=5.80
A, p=103.7°11. B-GarOsff bR HIINE 1 25T, FAMEZE1.2(a) LRI,
BRA-GaOs A RHEK .. EWMHETAHMR, ERELMAEAERNAFEKGaR
TFREARRAKWOB T A8 F UMM T HEFT A, Gar HABETY
F H B DU T AL, Gad i A B T R m B s i\ IR R E, T HE
O AL TR NEAR— AU R R A L, SO AL T —A )\ TR A0 A 10 T
R A E, B0 AL T EA N EARF —ANEE A o A R A mT b
F A PN AR I\ EHR R B A DY T A S5 M R, o [GaOs) )\ TEHA44 B SR BE
Vb7 I HES, 1 LL[GaO WU A AHERE, BT “ &L A" 41 (n
B1.20)FTR), LA FI T8 T 10 E B3,



(a) AL (b) b i 77 L

1.2 B-GayOs F B Z5 TR

Figure 1.2 f-Ga;03 crystal structure

12.2 p-Ga203 FIEAR MR

B-Ga:0; BE— R TEEFEWN, HERR TRENTISSBITRER, I
BE—ERNSEME. BERZEERELN 48 eV, RIKEIEALAT 260 nm £F,
MEE ST WS KA 3B L R AT LUK B 80%LA EP), B-Gax0s B LA S R HE,
BN S~6 Eh, MMERES, FAM&R. SUERE RIFNLERENE, ¥
BTAAESHBWE . & 1.1 23 p-Gar0s AR IR LR 45

£ 1.1 p-Gax0s B i B e 1
Table 1.1 Physical properties of 8-Ga;Os
H g i 4 a=1223 A, b=3.04 &, c=5.80A, p=103.7°
BHRE (eV) Eg=4.8~4.90
& (°C) 1850010
HE (g/em™) 5.88H
B R H (K 0a=1.4x10"%, ay=0tc=4.2x 107 (T=300K)!"2!
HFIEEE (cm?Vish) 50~3000131
B 3BT 5 (mo) m =028
BANEHER 9.9~10.2113)

123 p-Ga:03 BEMIEKT IR
B-Gax03 HIKE f4 1850°C, iR TR SR, FFHA(100)F(001)PiMig
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T, BEEAE KRR A 5 A AT A, B AR B S A KRB IR
HAET, SABERNEKTEIEAFRE, SEEMRNE. THEMIX =07
AT R BRI

(1) B-Gax03 BB HIE IR K

V%X % (Floating zone method) 3& & 4 K /N1 f-GaxO3 Hpilr, BUAME, £
KA, RSN —MAeERKTE, RHELEREERARNRE,
R VR X VR A AR B e 18T

VX EET AR — R B XA, HAEKREFERENE 1.3 fim. —H&
EREAR R FRIR SR X 3, B AR AR T AT R B 1]
Wl —BIEX, X IRESHME AP, NRERE. B8R TE3)
ERERF &, aEim B BREEKRENEER SR ATER
1%, BEE A/ R SRS R A, SRR RBHHRIE SRR A K E RS A
SRR

FIEXEA KR f-Ga0s BB R, WHPFRGRM, BERTRA
Dot 1 38+t

i fecd rod

eHisoidal mirvor
“halogen lamp.

 wioltdi Zope
“drystal
et rod

~eontralled atmoiphere

Coguartztube

1.3 BEXEEKEEFER

Figure 1.3 Schematic drawing of floating zone method

(2) B-GaxOs B & {218 (EFG) R K
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Sk (EFG) BDih 2 (R e MR LR R R A K ER, HAKEEFRHME 14
FiR . ERE— AN TFE SRR E BN ER B E A, RSB T I H9 TR AR 1 B
5T A RAEBIIAR, XA AT DA% SRR 2 H 5 T f TR B S A 41
Bl HIm N E AR D T B1E RIRE SR AE T B E TR, ﬁﬁﬁi—lﬁlﬁlﬁ&‘ﬁo
RG22 SEE TR VR Bl A fom SR 5 M B R TR 4
fREE R, AEEEN LR, ZEIUEHEEESEIRRETT, EEEBH
BAMRETER. dIrieiRhn, BRI H TR k.

‘i} Growth direction

~ Grucible
Y

— Die
Ga,0; melt

RF coil

1.4 58 (EFG) A KA R K

Figure 1.4 Schematic drawing of EFG process

SEFEERENERGRRRE, EEEARTEAREI T EE R
BRAEKKRE. BAXZFAMRHESEEEKKRT p-Gax0s B, 2008 4F
Aida HIPYMEQITIRIET 2 HTHREER . 2014 EHABENFIERTH Akito
Kuramata POZAKH T 4 BFHIRARE f-Ga20s B8, 3 X WL RRIZMLE
iR FWHM) (U 17 8%, A% ELAE 10°-10%em™ 28], 2 B ATFRER
RobsR. RESFNEAERSES (B 1.52). 2014 £ 10 A, 2 T~ 4 3K
SRS R CEARLIRH; #ik 2016 4, 6 ETHREAEFHELEE T
AT RSE (B 1.50), XEUH T BBEREKKRT . BREEIME R ARIT
HTEZ —
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(b) FHIE 6 TR

A 1.5 S#k (BFG) £ KRR B-Gax0s Héa

Figure 1.5 Photographs of EFG-grown -GaxO3 substrates

(3) B-Gax03 B ) Czochralski ($241) vhAEK

$EHI (Czochralski) ¥ /& J.Czochralski 7E 1918 FRBAN, AAEAKE AT
BHEAN—FE, BARNEKERNE 1.6 iR, £a80RS T, BEE
Frm At LB dR, T REBIERHE RIS A, SR ST 10 218 A B3R Ko AT,
SR, R . WRE. HRENATZNE, AKmad. XARE

AR AR AT LR M A 4K R e B Y A

et Begnkd ”‘\
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4 e

R AR 2
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G0 00

B 1.6 REEEKSKREEE

Figure 1.6 Schematic drawing of Czochralski method
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ERFN AR RE; 2014 6, FEILEM EBEEE CORRRATLR
T, BP0 f-GaxOs REMIRTIREE] T 2 3872, 2016 4, ZATAEK
2 PR f-GaxOs il 1 kg, AT ERIZERE™.

13 SHHEENERF[HNNA

B-GaxO3 FI2E75 55 fE =ik 4.8eV, H SiC(3.3eV) Fl GaN(34eV)iEE. B 1.7
ERTARESEM S F RN TEARME, 7T -Ga0s KW EHF1%
JEfEIL 8 MV/em, AHET SiC K GaN B 2 5L B, (URTE&NIAERY, ZEAE 1
HEHEET, f-Gax0s #F 19 F@EFA SiC f1 GaN BHHER— M EH. £ 1R
. ATE FER DN (Baliga) RAE R ER & H € Ko SR T RSB AT HE
BRI . WK 1.2 PRI LB R, B-Gax0s HEFIMER S, £ikEE (SiC) K 10 %
EH, BME(GaN) 19 4 5 AL, XEWEMFH f-Ga0: THHlMThEREMHKAE
BN SEBFEAE SN RERER. FHik, MIEARRE, fAKETE
BRI LSRR, Hob, p-Gax03 5 SiC F GaN #Mith, B—AMEHZF L
WEEEEREARK KR T MAENES, AEEMEHAEG SIC & GaN BHE
RTINS REERM BEBERINEK RS, FETRIECEAE, W=
WALIIRTRCRE, EHERREEE TSR SN . Hik, f-Ga0s HERLEFA
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Figure 1.7 Breakdown field strength and on-resistance of different semiconductor materials
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% 1.2 f-GayOs R LSRRI HHER

Table 1.2 Properties of 5-Ga;Os and other semiconductor materials

kL Si  4H-SiC GaN  £RIF  p-Gax0s
TR Eg(eV) 1.1 3.3 3.4 55 4.8~4.9
BT #E p(em?Vs) -~ 1400 1000 1200 2000 300
HEF G EE ExMV/em) 0.3 2.5 3.3 10 8
XA EREEL ¢ 11.8 9.7 9.0 5.5 10
BRI euBy3 1 340 870 24664 3444

REFGREDERMG BRIERE, E&MRR RS ORI 14k
AR . p-GaxOs THERFMFFEE N REE (FET) MH fFES 2 %
E (SBD) W28, RN XA &R 3R E (MESFET) M & &B- 2 k4-

A SR BB E (MOSFET).

2012 45, HA(EBEEPANE Appl. Phys. Lett bARRIMEEAR B H T
EHAENE R R FIER S B S8 & 48 (MESFET)P. S3FRH Mg &
IR AR MBE SMEA KK Sn BREHERE, RESMTILRRME, &0
MPERE MR IRAL, 1V R E RN, HBNEHFHRERIE 250 V,
REMEIES A, AF 5 paA/mm, ST LURARRS R # SiC M GaN #=14+
AL NIXBLE, SR RSN RMESE 7 & EFEK®

Si“implanted

-~ m~Ga,0. channal (0.3 pm} -

UID Ga,0, buffer {0.9 ym}

Fe~-doped semi-insulating
B-Ga,0, {010} substrate

1.8 IR EEHIAY B-Gar0s £ MOSFET 4544 )7 3 K]

Figure 1.8 Schematic cross section of 8-Ga>Os filed-plated MOSFET
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2016 £E, HZH Man Hoi WongPISE 5 T H —Fi T IR E MK p-Gax03 £
MOSFET 21, B 1.8 R 7 HEWRIEE. XSRS RAMMERRNS
1, 153 MOSFET 2 fIE Vo BB T 755V; R ERER Ga0: MA XK
HEE SR DI RO B, R AR C i 10°, JFERS T HFNR
SEME, 7E 300°CH #REE B AR R ISAT

SR Y RS 2 — R (SBD) B R EIRIE, 2015 4E Higashiwakil? 554k
BT SN SASNE KK (001) ' S-GaxOs 2 SBD, 45 BRI ) o 2F HLU R I
F 500V, S@EHEHEER 2.4 mQ-em?. 2016 4, M Odal¥1SE4RiE b S HHUTAR
K1 SBD | F AT FHEERIXL 855V, FHEHEMEARA 0.1 mQ-cm?. 2017
4F Jiancheng Yang®&E3T Sn 5240 (-201) I Gax0s #1EAMEE Si B 7% i il {F
HEEEWEFERERE, HRAGEFEE Ve SBEREBMERE R, &&
Ak 1600V, SHEREUERE 1024 MW-cm?. AERHGE, EEARALERE
A DA R AMER AR S S AR BTIR N, SRSk BB Se I T R A R O 56
EE TR

BEE AR B ENRE, ENEDREBERET S LR SARBERN
AL, 1848 H A E £25 (FUJIKEIZAI CO. LTD.) KAR M 2016 iR 2017 £EhR

(F—RINREFEHERTIZHE), FENEERIIT P BRI T 2018
ERE, 2020 FAF] 10 Z BT HIE. FE, #XT SiC Th&RF A4
It REE B AE 2023 SER I, P 2025 MMM TUTHER GaN Th& 4 SR8
B (W% 1.3).

13 FERUFFFEHERTGHE

Table 1.3 Global market survey of third-generation power semiconductors

2016 4 2025 T 52016 FEHE
SiC DhE ¥ 3k 205 1ZH 7 1410 1ZH T 6.9 fi
GaN D31k 141ZH 7T 450 {Z.H 7 32.1 f%
B-Gax03 & F 1A b 700 1Z.H T -

it #£21941¢H; #2560 {ZH T 23117 15




AHERBNBREEELEERA

1.4 SHHBERZIMEMZRAXH

B T {ESh R B LR, BRSBTS A H T i BN T
5, FEAREEIMREEE SME IR M.

EANFIBARERR . B PR EMISE E EEZNNA . FHl2 TIERE
7E 200-300 nm [9 H B R IMRMEE, HERGBHERN REER. TR,
BEasTE I R L S BB R N KSR, AR T RER, BOETAHE
HEE o

HAl, HEL/MRNEZZFERIMERE GaN, BT GaN HERR /MR
BRH T & ALAH AlGaN MREREAR, HiAkREm. MEEEIRIE L
WALTF 260 nm A, X HELRIMRIRILER RBEENE, EHERIMNRIE
FHE AR R N T BRI B, MINENER R RIEthE —E
M9 . FEEA BB ST H, F ZhangBPUi@ 45 Al mDE 2 58 9 5
E 7eV; T HFRISSEERMEREPS Al £KAIGa)n0s B, " LUKEH
BEERTTE] 5.3 Ve

2007 4E, Yoshihiro KokubunPUEHRE T MRS BIRIIERE, 454
BRI AT WL E B A IHHI L. 2008 42, Takyaoshi Oshimal?4
{E p-GaxOs ¥ & L HIMEH TR E M HE X/ H RO RENER, KN RR KX
BT 8.7 A/W. HJE IRILH SRR I AR ERE MG BRI 25 Rk 18 27,
HOL-BE T EL, 6L R R LA (B 2A A AR R, B T — N
SHREEER 14, |

F 1.4 FEEEIMRM R 68

Table 1.4 Summary of Ga>Os deep ultraviolet detectors and performance

Material Method [ Responsivity | Light-to-dark Ta(s) |Ref
(A/W) current ration

[-GaxOs/sapphire | MBE 1.5 >10° 3.73 [33]

[-GaxOs/sapphire | PLD 0.903 ~10° ~3 [34]

B-GaxOs/sapphire | MOCVD | 26.1 ~10* 0.18 [35]

B-GaxOs/sapphire | MOCVD | 36 328 - [36]

B-GayO3 nanobelt | - 851 ~10° <0.3 [37]
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F1E &

FEEULE BB AR SR TR, UL H AR K FEPIR A B E B R ER
W TEREARRFNE. HABNARST 2014 4E 10 A7E CEATECJAPAN 2014 |
FEom T B DAEAEE it R AGE AMEIIEE (B 1.9), RIF T SIS AR
FERE., X R EOR: SR E MRS EA R HI M AT R .

1.9 EMERERRIRM AR

Figure 1.9 Ga,Os-based ultraviolet detector

1.5 ARBEMELSHIRAS

22 PR, B-GaxOs B S E R, WEAFIERIEE, BIEE 5 H&T
HAAEAR 1% 2 0 A, BRI T R MR IR THS ST EH
KEGRIFAE H. FEEAEBEAD, BT HiRAE p BRI, Sk
AT AT ERSSEMAE n BBRABREITF, £T n M g-Ga0;
MEHGE 2 84 D28 R & k. n B f-GarOs B IEIR TIRE EL IR
M35 ke B2k E A B RK SR B A 3 S L P . SR TIR R =, X B R A RO RK
G i R AR (G281 2 £ 5038 Pl PR AT T, B8 1R 1 EL VR D rEL R TR 4 K 1
I, RS R N BB N R TR, AT IR R IR . BRI I8 T
WRESTT Gar03 EBSERIHI %A Gax0s M EHKSEhR R A H AR EEHKE .

St SRR, —ETUESBARREL SE. EANR 0 BB
2, EAEEMT —SEIBTR, Varley!'H lyonslU% N Ext £ MARBRIT
T T ETE, SR Ga AT Siv Ges Sn. C EAREUR O JRTH
F. ClE&#HEENEREE S BB RIILIE RRY, Sn* Si*H Ge*'H
FB2 0] LALE B-GarOs s (A BRI F % B R0 n B =1 Pl AR sEin = B 2013

FERZR T IEESEITE Nb, Ta. W R Mo 575E M n BBRICR . 2016 4F,
1



AR RENE RS B RERA

H.Peelaers*145i@ it 55— R M E TidiES B E T (B35 W, Mo. Re #1 Nb) #
et B-GarOs BEEEMERERIREMT (B 1.10), 45 RE/R Nb B i Re ke n
M, FAEREREERIK.

@ & | _ B 4

4t ‘*A”Iaajetz‘a 4 b _
> 5 "
2 2t - 2 2t
e >
o o
g 0+ o) 0+
& @
é 2T ‘m@a.zeim_ é 27
£ | £
5 47 5
. y e

5

~8 ) 3 z -8 - ; t

0 2 4 0 2 4

Fermi level (eV) Fermi level (eV)
1.10 W,Mo,Re,Nb & X (a) YA A [Ga(D)]FT (b) 7SECAL[Ga(ID] I e = E

Figure 1.10 Formation energy diagrams of substitutional W, Mo, Re, and Nb on Ga sites

F 1S5 HHT Ga Fl—EBInRENRMMANEAEL THE TR A
TTEEARPAIUESY, MEEAMEN N7 T35 Ga'HE FEp e EaR,
KEEN, MiZBEEDHEN Ga¥ IR L.

% 15Ga B TEMBETEE

Table 1.5 The ionic radius of Ga and doping ions

Atom Valence R4 R6 Average AR/Rga(%)
Ga 3+ 47 62
Si 4+ 26 40 -40
Sn 4+ 55 69 +14
Ge 4+ 39 53 -16
Nb 5+ 48 64 +3
Ta 5+ - 64 +2

g ERTR, AT ERTEE RN f-GaxOs HH S RMBITIKE, @it

v

N

TIELEIUE Nb L HFBRITER Ta REHIH n B HETE,
AL R AR FEEP AL JUAJTH:
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(1) 4 p-GarOs B A K R A R E I 7T

(2) Nb B2 f-GaxOs B MAEK R MRETT T RANERERXEFERARSG R
W LR Nbif-GaxO3 Hu%, FTEBATUARG AT, LR, SeFER K
e AR A R R B TIT 5T

(3) Ta B4 p-GarxOs LB AEK R HMREIT A RANFEXEEKAFAS
IR I Ta:p-GaxOs Bk, FEXTHBEATYIMSG P, B B e ae

W,
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SABRRENBREREERFEETR

B2 E RENRESRMERE

2.1 B-GayOs BRHIEK
2.1.1 RFFXZEER

KRR f-GaOs B EAEF AR EEKH &N, BERERBHE
K B-GarO3 H—Fhk W%, 7E 1.2.3 Wt HAKERE RN H. FXIE
HLHmHorR, ERaFEELn (aser) « FmAIN#H (radio frequency) « T 3&
5 (electron bombardment) « EEIINH (electric arc) « 88 T-1& I (plasma) « HE T
# (electrically heating) F%2# I #4i% (optical heating) « A< SE58 T FH B IX
>4 Quantum Design A & 47, -5y IRF01-001-00 (1 2.1 fiR), ZEXH
KAEENEGRET. SR HEE, &&ERERA 2100 °C.

B 2.1 Se A KPR K P BRI

Figure 2.1 Photographs of optical floating zone furnace

FENHFEX AR SENEES, FrEgkE e LA B, TR LR
Frdh. PIANAM AT R IEPTLMER S B I L L, EMRERER A T RELEE
T 50 Doy, A — iR E AR ST AT aakE A, AR o
WEXER R MRENBX . BE L THTRER T, O LI s
REUEIRCEEIL AP

(R R K R, BhER&H —ERE. BREES KRBT
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B2 E RENHESRIETE

FRE. RN EARYS, SERRIEERKSRDEREN . WREKIE
REAALS, TLURE T RE AR R T el R R AR
| y_zzr_i&

Vi rap,
oA o RERIER, r NEKREIER, o HEBEEE, pr hEK
RARRIBEE, v ARHEIOT MRS, o NRERERERSL,
fEAKERES, BRERTREERT R, EEEFERREKIME
ST PHR AR TR E B L&A —ERFIN, TUSE THER

0451,
L=28 -2 2
\ pg

Heh. y REBENRERS, p RRBGHEE, g AEMEE.

AR Q) ATLAE W, BkRER 8K, BEBD, BETRATFNE
K, HRERE R EEE S RERE. FERANE, ERAXBHEHEL
A KT R IR RO SRR R . MR A S RSB R R, EIRREN
2%,

R SR b T RAT 8 AR R Bl R , fEIR R S R B
Wik R . SRR AT IR K )P BT AT LA B RN 120 pm. — &
BT, BWMAEROAE, ARNSGERES EFHITREEG S, HITH
BT ARk AR E AT EEBRT, LTI ERE
20-30 rpm 4, EEEAIREEAR T RFEEFEXNEE, MEEAENSER
WP RES A, ARTFSEREK. FTUEREEKIERES,
ERYEAL & H AT T AT R

(1)

2.12 B-Ga20s BEMIEKTZ

B-GazO3 BB E KRBT EAFERENTE. #&FEeHEEXRERK
LR

BT S s 20t S eGSR, S I At AT RE S B
SR —ANEE LA ERIRA . R T RN R 2 S R T B R I RA L
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SABERENBREHEEREERR

AR LN 99.9999% 1 = 21 A 45 R

R Xk, W3R R R 2w SRR &, Bk i
fo AR R R 2, 7ERERHE Z I T AR R DR, b o R B I I AR
SEMESE . MARRIERGEEPREER, XreafmE R ERE R E], 7
LIRETTERE R ER IR, FERH & RE TN SAHMER R 2. FikE
W& EEEER, EF - NEENESLE

TEARSISH, MR R G & H DT RAE: FORARE | BREFR R, 2.
ST R R SE A AT Jh i peds .

e, ISR BIFREER, BMARMMZAmERERES, IMANIE A
BRANTE/K 2.8, FEEREEHLPEREE 12 h, ZRJEHN 90 °C MEAE T 3 h lHE 84
Ko BREER E B8 FR S IR BB RS A TS B R R TR A
TR KL&R BT, APEILES, REFdEmESTAE, il — 1M ERK
£ 12 mm, K 80~100 mm HEHREE. BB mlroHERE, (RN
RLABEIRE, FEEHEHAAES . RERHEERARERFENF, 7 210 MPa
MO 77 FAREE 2 A i BHE IR SE . & R BT BRI RHE, R 2R T
—ERERE, HENEEERKENAE, B EILBIK, FEE—DBAD IR
Hbed, RESEESAATHT, BEEE 1450 °C, R 20 he BREG ST
THAKFENEER S, BERKY 7-8mm, KEZ 70-90 mm.

SRJE (R X Ao R R AT R AR, (8 (010) @Al B-GaxOs B
ENM G 3 EARIEERERY, RELEKFTETLEAANRNSE, &
LW FBANR TR, AKR, AKEERNS mmh, ETFEFLL 12 pm
G R BEAT M BE R « R TT IR, B 3 R AbE 56 R AR
WX, R AR AR, REFEEXIRE. REEE0 RN E EE
KRG, MEERERFRIEE TRMKR, BB EEIEFELE TR, 5%
TRAREE T BRI, SRS TR P B FE B o



525 ARRIRIE SR &

22 tEmivElE
22.1 E@irIE

K E— R REDR B SSRARERT RIS . BT &R
BRI, FENE—E 7 MR ETIEIT R R HRAR &

P T [ s s X D B SRR BT [ 5 R bt £ S R A 2 P o8t &8 SR AT R A VIR
B TR ER i AR TE BT AR B T T B R, R T A DI B R e TR iR
P I PR B B R A AR B T BLTE 1 1) R, — SR A ] 2.2 FR & NIA 2Y)
FIREIE . EIFIERE SN TR LSRR, VBEEARER, IFEEEE
fbIEI &R .

AKHE f-Ga0s B EEHREEH (100) T, FHERIGETIENIEE am
PIEIGAR, BAYIEIH AR 5X5X 1 mm® 24 K75 7 (100) HEALE SR H
T8 00 o P B A 2 AR O B3 2 ) B A 6 A AN SR B SR I R

2.2 £RIAELEENL

Figure 2.2 Photograph of diamond wire cutting machine

222 @i

DI & T — IR TR ZE AR ER AT R o SR IE R R AR T
MR EM TREA, HENETERENREEEEXS— MR uE. &
PRIIEET DA 3 SR AR AR T A, TR BN K S236 BT 78 5 A 3R T b3 FE AP
B HER

17



ANERENB RS BEEREETR

SAEET HMENRFERAE R T 26, BT ERZMETZ.
BT IR B HR IS E AR R T 10 1 SR BEAT 3R AE, RIE R ss R
R w5 E w0.125 SZFREISENIATTERE, IR i 2040 1S
REHATERN T, HELABRREERERMR & ERIR, JECAERERE kR
Bk, WRRERDS, BHERESSEOVEEHTIIRER, EREHTZ. &
JERAEE RIS, HBEE—% pH ENEMESAR Si0: BRI A F 08
W, IR S pH E. SUREBREESE, BEARWEME. aE.
BERSHSHE SEOMLE, MELyM, BdEImms, KEmEm
AR f-Gar0s E s

23 EBEHRIERE
23.1 @IEYMEERERIE
23.1.1 X SHERATHT
X STEATH AR X SLRTE SRR P AT RN AT M R 450 0 BT RO
Ao HAfF X FHER RS ERAT REERHNE, & DRERNDR
MEEM(E B, AEMRNGEHE: X HEORRE AR MR R AR R R —
K sE s HEIAT S A RBCR /DI E 7, REBIERREMTEEN—ME IFE.
X & AT R B E] LA AR A 2 (Bragg) KRR

2dsin@=ni, n=(1, 2,3,......) 3)

He: JREMEERE, 0 RN ABEH A XA A, n RITHEE A&
X H&MEK. AN X FENEKSRENEREEEAREESR, bRk
& et TERL T M R EATE, EILR DRI AT & = /) 2 A A 5 L
SRR

25 S B SR 9 2 H A Rigaku A F 477 H9 81504 Ultima IV 6 X 5 R A7,
1032 F Cu B8 Ko 3859, WK 1.54060 A, 0-20 FAFEHI, & fEFIEHIR
Zr B9 40kV F1 40 mA . = 439 X ST XRATHMY A S 9 PHILIPS X Pert-MRD,
TSR Cu BE Kai, ¥ 2=0.1540598 nm, &&HSFFE L 0.0001°.

18



H2E RENHESRESTE

2312 XFREHIER

S B R P T LB B R A A GG I E LA e BB R
T B AR RO ST SR S A A SR LR R, a ALl R & vl AT LLd
B TR R ISR s (A R THT Y A B S5 M AT SR B 1 40

AW T CT02210USB Y 519 B BE Xt B f GREEBEAT T3
2, JBURTEHY 100 15,

F{m

b::

23.13 REFAERIKE (AFM)

BT 1 B AR IR R R (STM) I E BRI S E B =4 E
G ERA EMEE . BRA STM M B EREH TR SRR R T 1 7L 7
FOBRE B, TSR T40R B SR R R TR .

A 526 S F 5N KA 2R A A TR A B A 1925 FM-Nanoview6800 J&
FhHEME, HTEFRNES, HEAEEAVER

2314 BEEASETERERTLILE (CP-AES)

F RS A S B TR R BT 9% 18V (Inductively Coupled Plasma Atomic Emission
Spectrometry, ICP-AES) /&1 id S B B3R & 77 AR S 58 T R UK DL TR SR 34T
BT RECES RS, AT TE RN EENE &S, FRENREE
TR E M

KL RAEE PE ATAEFEHE SN Plasma-400 BB EEH THET
RS AV IR AR 45 2% 0 R AU o T B — 58 K/ e
FAH/INHRSR, VERRE R h R AT IR

232 @iFEEIERERIE
2321 RUE/IESEE
M T3 (Absorption Spectrum) 2 RHESE — B b XA R AR
URT 2R b . LA R R G MRS 1 -
L/I=e" “

Her: BOANSHERSRE, LABESERA L KA BUSHOGISRE, o AR
RS 2 5 3B BTG R R KD s E S A G, & R E iR 5 A SR .
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MR RERB RS B2 R EETTR

— MRV, A A B3 B e AR s AT DL B A AL .
ARSZIGHEN Y 2 EE PE A £/ HA-5 8 Lambda 750 e {3 il
EW, MERTEE Y 200-2000 nm.

2322 BAhRSHE

WL T S E R R TR EEH SR, RET 4 TFiRs 5530,
F A2 G IE T DR R R o FIRENBE R S B B R A M R R B T4
MR EA B ORI RL 20, ERT DR RBEAT 2 AT

22506 % I ) 2 25 Renishaw A F 47717 inVia BIEOER 26, Bok
B A 488 nm, BAENKAEELAN S mW. JEHR T 58 mmx50 mm, Yelisk
SUEM 1800/mm, R BSLIEHAHFEN 1.5 em?, MKTEE 100 2] 1000 cm™,
R TT AR RE B0 h BUERHER) 520 em™!.
2323 IS

SR [ e N, M5E R G5B B B R ST A AR A Y T 2, S
EFEMBER AT T RAGER . IANFBOCR SR SR %, BF2RE
BAFEMBADS, &d—BRE, WERFEAS, FE—EkKmit.

ALE KA A JASCO ARIAEFHHISH FP-6500/6600 6 HE (X X 5l i
ST RSN AT ARSI, TR E R ER, BURWMKN 265 nm, WETE
&4 300-700 nm.
233 mikEFEMERERIE
2331  ERMR

G v o A ) R M BRI (58 F 1 7 vk 9 Y4B €8 7% (Van der Pauw) , 1A
FERVIF AN A 7= v gl vz N P T 35 ST 5 1 P BEL 28 (9 00 58 o VIS A B8k v DA SR
AL FEARFE S 0 B ER, W T B B B TR R S 1910 2 B T0 R — NI 1 5 7
BURT. B 2.3 EoRi2 DY 77 BRI R S AR K R B
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F28E MmERHESRIETE

B 2.3 475 AR i Vi fE 22 il s i =

Figure 2.3 Schematic diagrams of Van der Pauw measurement

MR BN . B BRI H AR P, X P ANVRRE F R R I T 1
FEARE]: 1. 2 eARIEE AR, 3. 4 BREERE, B3 R=Vi/li2; 2. 3 BIRIE
WA, 1. 4 BIREEEE, 518 Re=Vi/ln, WESTEEEAXTTUFEEE
HLBH Rs:

exp(-7R,/ Ry)+exp(-7R,/ Ry)=1 (5)

TR 4 Pl L 0 T DA 5 A A E:

p=Ryd (6)

ARSI KA BIO-RED A A7 K54 HL5500 /R RN, HEn#s

HRE R 032T, MREEAER.

2.3.3.2 REEFEEASIE (DLTS) L

ORI, AR R RS 3T A SRS AR ORI R . A RIEA
A F AR AR BRI BRAE S R B BE R T SRR RES, i AR N B
THFMAERR. KB, mRESMHETEFERIINT XLEREE
FBalt, EE SR BRI, Ll BRGNS AR
HIRL A E AR

AT, Rl S R IR BE R A PR S (A SR i A F O — M7 VR R VR AR
ZiBrA51E (DLTS) o DLTS SIREIEA B2 R —ERaEH PGt h O ET
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H 4k pn 45 HEREELE R MOS £y aE mR X, MA@ SMn—A K/
A5 K I 0 ik AL, A BB TP O ERORAE R BOR T A ORI R, X
ALIRRE A BRI AR K, SR AR I S A A B IR A RS AL, SRTE
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3% 4 G0 BRMNEKKERETA

Fg3E 4 p-Ga:0s BRRNEKE MR

3.1 4l p-Gar,Os BB @HyE i€

i FI 4B A 99.9999% (6N) (KA ALER (Gax03) ¥iok, $5HE 2.1 TR 77 4
K. B 3.1 2EKHN A-Ga0s i, KEAN 40mm, HRELD 6mm, &
G AT EEYN.

B 3.1 4 B-GarO3 B RIR

Figure 3.1 Photograph of pure -Ga>Os single crystal

FXERTHRIZREEREERER, BEAR S E—EekfafisN 7y, AT
R SRR SRS, EAREERRAT “EH” TZ. BT8R KWL d
REBRAR S, £KGE, HEAE7E 1000°CTIB A 10h. REH & AIEE (100) E
PIBIRR T, BB AU S AR AT A 4 I L

32 XEHENRERMZ%

X SRR IR AR 242 7] DL R SR RAE B R 5o B, IR & B ORAT S IR
B e BRI N e (PWHM) , — Bk YL, LRl WS ENRE
RREF o

I TR T 4 -Gax0s B4 (100) T HIXU MIBER ML, 45 RN 3.2 fias.
XU R AE H 2R ETE SRR, L m % R 83 INFP, p-Gar0s A TZER, WH
NI, R RAETE R
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3
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6 (degree)

3.2 5-Gax0; B (100) RIS SRIRIZM L

Figure 3.2 X-ray rocking curve of f-Ga;Os single crystal [(100) plane]

33  mAEPEUE

AR R R FIES TG, SRR A B EERRW. RE N RIGRE—
R AE A KT RIS, BEARIEEA:

() RN GRS, &5 ESRREREY;

(i) AfkAEKEES, BT/AEHENESFERESARE, UREE
SR EI A S

(i) eEKERET, FRXKEBESELR, SBWRTN ALK, NS
BUALEE I HHIN

(iv) FEERERET, AKAT—ERTE, B3ERMEKNATRE, A
-5 SR BE R H 3

MR IEEKEMERESRES, 24— SabE. ¥ LA R
BRYUIRGREA, DL a ARSI RIALES . SRSCRB G — RAE RIS 4, BRIy
FXVER AT R AR, BEIERFUEERZ BRI, T HEFX Pt
DRERE, REPOLXIRSHGHX 2 BREREER, BS54 %L0R
GRS . R EKRINASRA “45307 T2RREMAD S . NEHUIREE
BE R AL AR N/NME AL IS R TESR, By & A A KT F R B AR
it iEs EHEEL, BRESE LEREFL, A REE BRI XS

E
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B3 FE A fGa0s BEKEKREREDR

NERE BB, WTTRRAGAE.

S b, — AR PR I ST SRR 9T R 1 P BB B R o SRR
JEE ot A 33 2 7R S R R AT I e EAL TR RO FE T
RARREOYCR BRI G SR, IS SRS b, BiTix
S P T L SR B BB 2K [ 2 e o b BB AT R
MBI, BT TREAENOSRETE, TG HEK OB B EE —E0E
=& 3

AR SRR T SRR S A (KOH) R B TSR R
1:4 BRI IR, KRR R U 76 90°CHO G B FH Y90 mins, i
EETABAT AT, AERTF. E33R RO ECN 10045102 A
WS B AR, B BB AT D SULNTREE.

E3.3 p-Ga,Os s BT IR B G

Figure 3.3 Pit defects of f-GayO; crystal
34 miEREFEEMNA

T — S SO MRS R AR BEA —EMER, FEN & AT
YestiE . FALE SRR BRMEECR, MINEPHTES. BRZEERA
WREGHISBREGAEFEE LA NFRD, RN=4ESMHIRETHRY, FEUR
RERETER R, S50 FIE ] n s 46 3T BT, X
FIBUAL 2 2 & 9000 1 T B o B AL B R 4o T 1 A

LM TENZRERE, RATWTLE: BEXM w7 R
FERBEATHLE, EZRUIEIE TREIRINRYR, HEREMEETNER: R)E
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A w3 BRI FER AT EREATAHEE, fERTE T IR W] IARIRE Bk wl 194
WIRD AT 22 94 L 4R SR tH— e HOEEE . AARIRIEEABENE R, #Blc—E pH
ERFE RS PR Si0, BRIA B IR, EREmRR LR Es, &3]
—EGEE SR AE BB AT R4k ERD 1~2 /i, (RS RN F AR, BB TR
RERE. EXFFPRETET, WURRREDGE TR, SR8, F66%
IARESR AT AR o

N T PRIt 5 aR T RO R TH T BE L, SEae o a A BEAT TR T 0 BRI
3.4 B RE R Jm BB R (100) THTHY AFM B8, 3885 AFM #8194,
BRI LRI REE (RMS) /& 0.14 nm. 0] S5 19 G AR E-F R EAE] TR &
K, AT Bl e e A sl g R RO 2K

1.68 nm
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3.4 £-Ga,O5 .47 (100) K I AFM E{&

Figure 3.4 AFM photographs of f-Ga;Os3 crystal surface
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5 4 F Nb:pGarOs B A AT

& 4B Nb:f-Ga:0; B RAMEEETT

E f-GarO3 P RHRBT S, f-GaxOs K LR B I AN A E E
ZRW. B —FE TR, HRTEHE Sn'\Si%"H Ge"EE FB A TUIRE f-G2,03
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Figure 4.1 Photographs of Nb:5-Ga»Os single crystals
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- Figure 4.2 XRD patterns of Nb:5-Ga,O; single crystals
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Figure 4.3 X-ray rocking curve of 0.1 mol% Nb-doped S-Ga,O; single crystal [(100) plane]
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Figure 4.4 Relationship between Nb concentration and electrical resistivity and carrier
concentration in Nb:5-Ga;0s single crystals
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Figure 4.5 Relationship between Nb concentration and the electron mobility in f-GayOs crystals
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Figure 4.6 Relationship between Nb concentration in the crystals and Nb doping
concentration in mixed powder
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Figure 4.7 Optical transmittance spectra for undoped and Nb-doped f-Ga>Os crystals
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Figure 4.8 Optical transmittance spectra near absorption edge for Nb:3-Ga;Os crystals
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VEAEHDIZE, AL P14 5 (ahv)i~ho M1 B &G RIF, X B f-Gar0s MEKT
NI, BT HEEEE AN, Nb (B REEE 3 f-Gar0s B R
BIEAS L, BATEREEN 4766V A, SWREGREA L.

45 Nb:p-GayOs IR S

ATHFR Nb BEX f-Gay0s FIEBMEIIRM, LRPXAFRBIIRER
Nb:$-Gax03 HfmiliR 756, B 4.9 & 0.1 mol%- 0.8 mol%F] Nb:;s-Ga,03
KBE p-GarOs MIEMFT MK H . RIEAHTIRIREDY, B-Gax0s MFL AT
FREEAEE Eobh. SRR, IWE 4.9 PATLLE H Nb:S-Gax03 1)
FERGEL T RSB X, XYL Nb B4 T f-Gax03 HIZOL KT
XAl RE R TS0 E IR 5 T IRt Bt 72, ATl T b & R h L gk b
f K61,

KOG T R E, BRI PORKERIINXE UV, UV) M—4
FEWE 6 XK (Blue) H & 5114, MAERELEER 4.1 . WRERIEIIRE,
WARELER, ANXFENER.) B LB RHTLIRE (EMTEED, aTLk
RIL UV RHIERESE Nb B4k, MK ERGIEREREE Nb BRIKREH
T e i AR

% 4.1 Nb:p-GaxOs H 5t ik m BT & 204

Table 4.1 Photoluminescence emission bands according to the Gauss fit

uv’ uv Blue

Sample  hv/eV W/eV Aau. hv/eV W/eV Alau. hv/eV W/eV Ala.u.
Undoped 3.76 0.34 545 333 070 128 290 117 173

0imol% 375 030 137 332 069 143 288 115 130
0.8mol% 3.66 039 20.7 335 062 122 295 108 &4
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Figure 4.9 Photoluminescence spectra of (a) undoped, (b) 0.1 mol% Nb-doped, and (c) 0.8 mol%

Nb-doped B-Ga;Os single crystals with fitting Gauss curves.
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Figure 4.10 Schematic cross section of Nb:3-Ga>0Os Schottky diode
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Figure 4.11 I-V curve of Nb:5-Ga,Os Schottky diode

FIF DLTS EEARMEE TR T REESRMSEENXR, 5FRNE
4.12 () Fior, WEERESAFRPEGIETIER. XERHT Arhenius 72115210
K 4.12(b) BRI BT R EREENXRR, BilEBELNORRG2IGEET
B84 0.70eV, BRFERERAI T SER T 0.70 eV &b, ZERFEXT i HIfFSRENE K/
R 1.34x10%m?, IXAMEBE BRSSO PHRIER A R &, I
TRE SN FENRARRBE, W E A B RSB RIRE DY 5.59x10M em”,

304
30 -
8
= -30- .
2 80
w
5 07 _ —80Hz
0 —-—320Hz

1204 om0k

'150 T T T T T T T T T T T T

100 200 300 400 500 215 2.20 2.25 2.30 2.35 2.40 2.45
temperature (K) 1000/T (k")
(a) Nb:B-Ga,0s i DLTS {5 5 & (b) IRAEFERFAEN Arrhenius

4.12 Nb:3-GaxOs HITR RE R B 251 il 45

Figure 4.12 DLTS spectra of Nb:5-Ga,Os crystal
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Figure 4.13 Thermoluminescence spectra of Nb:$-Ga,Os crystal
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Figure 5.1 Photographs of Ta:8-Ga>0; single crystals
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Figure 5.2 XRD patterns of Ta:-Ga,Os single crystals
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Figure 5.3 Relationship between Ta doping concentration and carrier concentration and electron

mobility in f-Ga,Os crystals
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Figure 5.4 I-V curve of Ta:5-Ga,Os Schottky diode
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Figure 5.5 DLTS spectra of Ta:5-GaxOs crystal
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Figure 5.6 Optical transmittance spectra for undoped and Ta-doped S-Ga>O; crystals
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Figure 5.7 Photoluminescence spectra of 0.1 mol% Ta-doped S-Ga>Os single crystals
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Figure 5.8 Raman spectra of different doped -GaxOs single crystals
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800 cm™! X N7 [GaO.] VY I 44¢ (19 3 BR A48 12 25 i R 5h 7L

ST 24 R B9 0.5 mol% 1 0.05 mol% ) Ta:f-GaxOs B.if, HrZIEHKNEE
BHRAERN, BREIENRES Si B840 f-Ga0s HbE — LI BN, i
F 200 cm™ VAT BB B IR TR L ARB IR f-Gax0s (IESE, PBA Ta BRXT S-
Ga,03 1[Ga04] M i AR [GaOs] )\ HI A 5% M 3R ZNE — M. LT 317 em’s
418 cm™ & 475 cm! MR KB SIEAH L T RB A& M ARERRE I, XEIEAXS
R [GaOs) \ T PR I3 R 4a R 3N & dh 43 . WAL T 770 e FYIE AOHL B 1S58
5RBIH p-Gar0s AR, WEMBREREANE, M Si K f-GaxOs AR NI 20
AR IZIERL I BHESRIRZ , 770 em’! (9HL 2 IE ST RI[GaO4] MY M4 HI X AR 45 IR 5N »
H HHEN Ta 35245 7T B8 £ 23k N T [GaOs] /\ A .
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1. RAREEREAK T ARBRKRER Ta:p-Ga0s B &, RBERERLY, 4
IR 5 [ A B Z 5+

2. MRT Ta:p-GaxOs AN XRD B, &AHRVA p#H, KA T HEANT Ga™
P&AL, Ta BRIHFREE B-GarxOs IR

3. MR T RFABRIKRE Ta:f-Gax03 B EMR, 4R ERGERER T
EME B RIRER MM, 5 3.68x10' cm™ K F| 3.01x10" cm?; .
TEBZMERRTFRENFETRE, XR2HTEBREREEE SRS
SR B .

4. SERrhEIVE T MEAE RIFHY Tap-GaOs BRI, 7EMLERL E¥H DLTS
MR T Ta:p-GaxOs HIRAEF GG, KIL—MBIEREN 0.73eV [MIERBERBEREA,
WARETM FERIEFE, HIREA 3.67x10Mem™.
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BRI A RIFIETE, DR SEFAREIC R TR
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HET, RS R AP SIE RB RN T R, EEME REET
Si. Sn fl Ge %LU n BB, (HREBRIRTMAFAELE —ENRMRME. A
ETFRISIOSR BN EER, RRTLEERETRE N M Ta B
ZRIREE B-Gar0s MR BB AL, EERTF T Nb fl Ta RS RX f-Gaz0s B
AR . T R BT AR W AT R K R — P ST R AR
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6.1 FELL

1. RAMEEREEKTEREL f-GaO; BE, RBENSEERLEERER
A 83 H, iR/ MR EHEEE RMS X8 0.15 nm.

2. FRAJEEERRIEAK T AFBIIKRER Nb:p-Ga0s 4, @A RERL . B
7T Nb:p-Ga0s fR AR 2 B, 45 R BoR A I FE PR FEE B 20 IR EE 035
KRS, 1 3.6x10% Q-cm JB/DF] 5.5x10° Q-cm, HR FIREHEBIKE
BTt R, A 9.55x10% em™ K F) 1.8x10% em™. KT Nb ATLL{EN
—HE M n BB IRICRKIFE B-Gax0s BRI FIERE.

3. HIAT Nb:p-GaxOs fhik et B, BT8R FIRE I SRR e S
X 3B L R EEE B 22 IR FE IO T FR A, (oho)’~ho X R B R R A ZE T %
BEHREEWED . Skl iR a RS Nb B2 E KT = EE
&, XRBTFHRATFIRENFSIBRER Vo KITEHRERE K, VoM Vo-Vaa
R E 298/, SBUE BREIIRITHREIRES . 76 Nb:f-Gar0s H et i L
BT BRI, 7ELEERE 1R AR BE LIRS (DTSRRI T — Mk
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TEREN 0.70 eV HIIRRER GG, N EEERE TSN FENIRAEHRGIE,
R 5.59x10M em?, ARG BIESE T %8k FE HIFFALE

AR R BEAEK T AFBIRKED Tap-Gax0s Fil, FMEBIF 1Rk
0 FL S R A ME R o 45 5B R Ta:iB-GaxOs fn ik IR Tk BRI 2k E
=T T, SERS 26 o T A B U I 3G 3R T PR . SR VR BE R B# 251 (DLTS)
MR T Ta:B-Gax03 FIKREBEREA, KIL— MG RES 0.73eV BYIRBESBEA,
ZAMINNRESM SEMREER MG, HIKRER 3.67x10" cm™.
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1.
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