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S GaNZEF RFHRMHNEFTEEE T ENTINLR K, ALEA KGR WEAFEE, Emp) 2 8HT
G F R BT RO A HRNGaNEM A R 4 B AN FERAATAR, 2
FTRAZEKANMDAANEFEEET R Bk ESHE RN ERITR LAE A KEFD. X BHAELE KRR
FERABRKRABSGRMWI K MERGENAER AN T ELHEN, BEH T AZQ (R F 24 61K
Rfn A EEREEFER. BNESZTAEREASNERHRCGHE. B8, 28, RYKX_WH 2 _ 8 (poly-
ethylene terephthalate, PET). % — ¥ 3% & %t (polydimethylsiloxane, PDMS)% )2 % 4 # M By 2 5, B4 F4T k8
—NEEHREEFEHZRENAEKEE. HEEN T GaNEM KB ZEN TR, FFE-LEMKETTU
FIF b 37 e B R AR R LA IR R B S FE 1k & BB R ok, AMTETHE AN R ZAMN RN ERRED

ZIFRE T ZRIBINER AR, BT T A F W4 R. A B X W R RIBAERARBATE AN B, BFERE

B TAR KA A X By SN FE A K
RRFARFERITNE .

R, REERBARNFHA. RE, MREBMERRNLRMTHETRE, 7

RBRE]  GaNZEA R, RIBANEE, S48 A 2, ME AR, LFEAHTR

UL (GaN) A% 2 R TITHE AL B — K 58
B SF = AC SRR, AR 5 i T L A
AR EY, HEAEESRA. SR, M
SEVERR . TR HR A PR IR AE S R
PERE, EL2HE I N T A SO TR & e
PR, ore . KBHAERLIS . SRR S
TR TR (5 T R i A i
RO AR, St SR A0 A
F TN B A, EATGaNSL B S A R
W], BAEAMEE. KRR, BOLRR. MR
R BAREAE. R, AR A SR
NP ARE] T TZ BT, H AR H R .

GaNE:MPEHAMEA K Jy s Jm i, Jefa ke
H T AHAME(liquid phase epitaxy, LPE) A . S AHAH
FEH A (R FEE ALY S AHSME (chloride vapor phase epi-
taxy, CI-VPE). EAtP) S AHSME(hydride vapor phase
epitaxy, HVPE)MI4: &AWL 24 TAHUTF (metal-or-
ganic chemical vapor deposition, MOCVD)). 43T H 4k
#E(molecular beam epitaxy, PA-MBE){A LI Kb TR
HME (chemical beam epitaxy, CBE)H A% 71!, Wi
AP HE G A T 32 4 ) A SRS AR RNV R 8 35
WrER R, AR AR A R
s AERER R, (HURARSMETC I H T )= T
ZERLE R, FUEA A K ek HAE
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P A

ARG S AN EF AR UL, SRS
FiE 4 R IR LA ALY (0 GaCly () JE 2 5 NH,(g) B A=
JET BB, b s e a5 T B, A
e B AR POIRAERL. (R T S
UL, ALY F EHA R AR i, X R i 4
BATHE R T AR S R SR A S AME JEGaN
T B S I 2 —, HAT A GaCly(g) /& 42 & Ga(l)
FIHCI(g) RS A LE A2, e R 3 A R R
e, 3 HEIA B T ORI S S
A # W T GaN: [ 7 P17 T i 1 o 427,
H RN HFHE R FEmmALR. SEAIY
2EEAHDTRRB AR & B A VLSS ME, HoR A
ARG IR A A 4 Ji A HLAE A 90 (U0 = FF 3585 (trimethyl-
gallium, TMGa))", AT LRI il 454 25 2 ot i ikt
BERS BRI AME 2 0205 . RS RB LR s, A Kk
RIFTUER). SRAESAHTURNE & T4
KL Mk PR AL t, Hol L
T2 AR R s e, 2 H R AR 5 3
AR, H A E SR S IR A JE A HLA IR A
Mo dse g By St HAY HAT — @ WOF5IE, TR B sl T
B4 RPN, o3 AR A NIE A R LS £ T Gl
107 Torr, 1 Torr=133.3 Pa), YA 64 J5F (4T 7
Dh— 7 B SRR I 2B B 4 IR R TR R T R
AT L A R R BRI L TR U
5y T AT IR WA, B AR K TS . R AR R
T BRAEARAEZE AR, (A 5 0 B4 A5 AR TR
R AE KR BR 6 T HAE AR b g . fb2zsflioh
HESE—Fh 5 70 F R AMESABI) 5 B AMER AR, (HI
UDERTIR A G B A UL S0, Regitr &2t
AR 4, RIS & 7 A M. B R B
Rt BRI TG A feHEL, H4eRA NI
eI FE R 25 5 51 ARRTS e, PRI H BT 9R Jo 3k
e 24T

1 GaNFEMRHT) S A L5

GaNA:A B F A HEGaN. InN. AIN K H =0 [#
SRR DU TT TR, 2 3R AL S50 (wurt-
zite)Z5 ) . [NEEH™ (zincblende) 28 #4) Al 75 £h (rocksalt) 4%
¥, 2R 25 A R H R R T e e A5 . NS
W S5 F R ASH, 76 S T 0T AL AR T 4548, 8¢
fIGTRBE T RENS LA ME B 245 00 XA 76 T 4R e 4544
2 TR L GaN Y 5 AR, G 7R R 4%

PR ARE IR, 38 % FFHMOCVDAMETS 2 1 GaNFE Ak
FEEA L AR e by, X B LA EFERT 4540 GaN
Sprkhm s, HIETFR)ZEHEY T AaBbAaBb, [
[E1] AR B0 1T P A B a Y ELIE N8 /3 = 1,633,
aB i 5 Bb i 7] (15 £ o S aB 1A P Y68 £ 14 4109.47°.
UL ) T A E AR PR R e T (000 1), 24 M Y s i
(1011, ri(1012). niE (1123), DA R e MY aim
(1120). mMAi(1010)*%). 38 % 7E T (0001) 1% 5 A7 FISi
(111)HFE FAMEFS 2 A GaNFE IR 2 e T (000 1) AR 25 s
B, X AT ST (X-ray diffraction, XRD)F A XS H:
(0002) T (B (002) ) FA(10T2) I (BP (102) ) 4 T 4R 2 i
RFAFE, REREARNNE RN AR T &, JET AR B,
wIERfE R,

2 AMEEIARTR BT R

Bl AR 2 915 B AL BEALAE AR A,
WU G TR P TR B P A5 31 1 B OR 9 4h
&, XTI AR F R A B R AE AN
B — 5, ADGHEHETT R, RS IE B AR
R BEAL I OCHEERTS . R et T 2t — PR
AR BT AR B 7R AR, [T R T 2 SR AT RS A Y S
WREARWA L) Z BN HTETEE. b, Bl ] 4
A ERE 4R T, S R BIE WS & B KRG
W&, M REEZ%. mIH, A
TGO T — R BOR B A 1 5e 9. 55—
Ty, WA S, R AR g A 2
AR ZE TR Iy ). an, KA IR AR s
(active matrix flat panel dosimeter, AMFPD)[4 4K )
RS EE R TS R B S A T ). HeAh, e 7 1
FREEN T X HLgs A BRIF R RS W 45 7 T A
JIZ AR TR S, XA TR BAS AL AR 1Y)
oK. FTLAE H, DA b X O e g a5 ok
SEARBAS A, X T — OB Fas i n £
RIEJ Tz —. Bk, HATE Y GaNFEM B MER A
T S AT AR TG BORT TR 5 H TR
N — 2R RO H T R —— A WL R
(organic light emitting diode, OLED)# Ht, GaNF&#3{4-4F
R T AR A R ELAT B4 A i R AT
N T A ARSA AL O 748, Bt B o T
R AR A AR SR AT IR (BCES . SR, B JE . AR
TR TR R R R AR ) R B AR
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VPR, R H AT IS A 4 ol e phkh i I 2
CL 2 AT LATEE S5 il IS A5 310 7] 40 85 09 5L GaN
I FE P B AR B — 4 3 Bl R N BT 32
BOR P AEAIRLEE, BN H A TR B A 600°C Y
FMF Rt k. MOCVD 2 5 A4 K AT IR IR 24K
SERS IR A Y R AR AR, X T IIDE A AT S
A E R B AR S, PR T GaNEEA R
RIRAMER TR, BV EE—2AEARIR T AT LUF A
SR b R0 B i BAA ) SN SE T A

HHT, CZen RSN E R 2 YR SMAR G
(077 AL P RE R S s Ak, AT AR AR R At il
e RO T AR JE AT DLy S P AR S A o 3 SR BT AR
(physical vapor deposition, PVD)FIk S AHITE (che-
mical vapor deposition, CVD). A 1Y3ETPVDAIILIE
A SE AR AL S N BT IEETCT A5B FA R BIMBE
(plasma-assisted MBE, PA-MBE)"™. Bk np#eiif
(pulsed laser deposition, PLD)™), [k w5170 F (pulsed
sputtering deposition, PSD)"* J2 4 BIMBE(laser
MBE, LMBE)“"4. 45 5T CVDRMKIRSMER: R4
FEiL R E B FIACVD(remote plasma CVD,
RPCVD)“, B 1A IE CVD(migration enhanced
afterglow CVD, MEA-CVD)"™, JLF&s g kIR
MOCVD(remote plasma-enhanced MOCVD, RPE-
MOCVD)™* | 1E TR MOCVD(radical-enhanced
MOCVD, REMOCVD)™*™ L[] fig AR 25 g 1A 4
#MOCVD(electron cyclotron resonance plasma-en-
hanced MOCVD, ECR-PEMOCVD)! J i Jg il 5 45
B FPAMOCVD(inductive coupled plasma MOCVD,
ICP-MOCVD)“" 4. FERiTA 3SR L, AR SO GaNJE
MEHYIRIRANE SR HEAT L3R, EE AW LA Es
. TARSRAFFIANE AR AR, 2% BRI sk
ATBBE, FEER H AT F A —SE ) AT e B, Ay
BERENS S GaNIEAT B IRIR AN ERF T R A 45 10 2%

3 T PVDEHIRIRAMNER AR
FTFPVDEBRIR ANE R A ) 3 B 5 S
TR E B, X & ST AR ok
T —E PR,
3.1 VRS
SN A T A B s 25 A IR L R, LLGaNAE &
Ffl, S 499.9999% i Gafl g AR I, N, FIAr
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Figure 1 Schematic diagram of the reactive magnetron sputteringm]

BTRA SR HVEVIEIR.  ArfyiE A AT DA N Gali -+
FT S %, R ZLAEN, FI AT S 3i(radio  frequency,
RF)F M TAESZ413.56 MHz. Galll T )7 BIRG e
TNEE FBhEE, -5 N, A Ar 1) filf 18 HE 25 A 138 i R4 %
5, RIS B = % R B A B AR RR R A L, %
KB TR R, OB A E 387610 Torr
Y%, BRI —BRAE107 Torrit2l, AR K AR —
MAE L E AR BN B . SN G 5 B AR T LA
ARG KR, (HANIE 250 2 22 fh RS
YinZ AP F20074E M8 T ZESI(11 )R F A
SN RG4S e B DURR S 5 FHGaN 25 5. [ i A )
JREA M. 7E0.5 Pa FUTESE] T GaNy# B, HXRD
I (002) I FEEE I 2821 1 2 6 (full width at half maxi-
mum, FWHM)}986", LA & i) A #R{E (root
mean square, RMS)>~4.4 nm. JunaidZ A" 201145417
T HEEEAFE E700°C T A K GaNRy L5 R, SN2
(2B A A B /N T10™ em ™, XRDIY(002) i 3245
ZEFWHM ~1054", 4 KT 2% (photoluminescence,
PL)I%) & Ui #3.474 eV, FWHMH6.3 meV. Liffl
Kuo ™" 20 144E4 T8 1 ) FH S AR 5] 43 a8 g 25 0 kA 7
GaNM B A KGR, HAUA 2H 53 H30% 1 Ga Rl 70%[1)
GaN, HIMFEIRT 48 GaZh KM GaNF A 15 5 &
(>2500°C)HY IR ME. 7ESi(100)%1iE 2400°C R AE KAy
GaNE G L8458, (002)H A2 ZEFWHM A
0.332°, FEHKEEFRMS H0.86 nm, /K (Hall)iAY
HL TR 491.04x10" em ™, ITBEH7.1 em’/(V s). Yo-
hannes*l]Kuo[Sl]ﬁ'QOlSETﬁﬁE@@Cuﬂ‘]pﬂGaNEEEFZ%E
40.79 S/em. HugZ AP 201 64F48 T ZESi(111). %
A FPEES A A SR i I S DT AR GaN 1 45
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PRI R700°C, TAEHR M5 mTorr. il 1L 545
DR HIN, I, 158] T Ga/Nfb i1 F 0T 175 Al
GaN# . 15 F A £ MY GaN f kL R 134 3]62 nm.
Mantarci™ 20 194EHZH T £EGHAG B I 1 1] FH 56950
SR GaN IR g 45 5.l e AL B o R A2 T 5
I (100)H R AMER, A KR AN 800°C,
T HLAS BERMS/NF 1 nm. Mantarct K undakgit e ] —
AENARIE T AEWE AR GaNyRs AR K ah . it
PEACSTIRT AR 175 45 (101)F1202)iR A B g 4h
FEZ, A KR A 800°C, F MRS B 7] 140.2 nm.

3.2 BB TA%BIMBE(PA-MBE)

MBEZ7E 5 B 25 500 F (E R A 19 4 K s i
T 107 Torr)y Bt HMIE J2 4% 21 T 2 19 5 T8 437 3R
TS BN ISR U T 2R ROV, IR
AR 7. PA-MBEF] HIRFUR SN, 5 2 VI TG
PENJF T2 5 KB i PN IR TET5 e Ui
HASTERW EN A HA 5, HITPA-MBESE] 171
12 B 1. PA-MBER IR & 45 F 1K 2(a) TR, B [ Y
VBE SRy XSUZ 2548, v ] 38 Y 26 DA B R R PR A R B AR
KM EZSE. K2(0) WRFE R E, 24k 54
TR EEEE AN, BTN R, EHEN
JET 973 A AR K (107 Torr F AlAKER L), 7EH]
HE A BN Z St AR k4T R .

WangZ AP F20134E 38 T 1£La, 5St, ;AlTaO;
(LSAT)#}JE [ F FHPA-MBEZE500°C F 4 K GaN 4%
. LSATHE R M aA T E Fm Ry, FILTZLE

(a) Rotatable

substrate — T
holder N Quadropol mass
[ . Sspectrometer
—, -
L i
{)(
Wafer load lock

N
Solenoid | “/ap/ \)\
(for ECR) | “\_LN cryopanel
) =
X B P&
N, purifier

< -
_ Plasma or —D><Hll—

Effusion cell ECR source

(In, Ga, Al)

N

2

B 2 PA-MBE(a)FIRFE (b) 451 2 . 2l 3 SCHR[38]

IR FEfTE K. B TLSATHE 5 GaN H A 1.0%F1
3.6% ) S AE R LA IS, PRI ZEAIGIE 3RS TR
IRy bR R, AR MHREERMS A 1.2 nm, XRD
(002) [ F1(102) T A9 4242 T & FWHM 4331l 24 1987 F1
400", YuE APYTF201SAERIE T AU THEE T AR -
FIHPA-MBEFER0°C I AUMIIE T AE K25, GaNFMEZ
ks B ] O FER £ . IchinoheE AP F20164F 4
BT TR F AR E A FANHE R B IR 7EMBE AR
TRA K GaNF 45 R, 7E390°C M58 T & chl B A 7S
7 GaNHEE. Yol A F20194E 4R 3E TR A B
FIFHPA-MBETE A 22 2 41 B0 (8 5 2B K GaN Ry
2E R SRR M E (migration  enhanced  epitaxy,
MEE)#1£530°C F5-2 T JCRE J1 97575 A GaN .
YuZiE A6 F2020F1202 148 1% 4247 38 T F FHPA-
MBEFESA 3241 BB I A1 BB b MBS SR, 454
B TR A AR DL MEEYE, 7E530°C R3] T8
7 3 BN 05 A BA T GaNGHE e, HC 3 v LR BE RMS
2.04 nm, XRD(002)fi F1(102) %12 Hh 2L FWHM 23
IEE0.20H10.9°. AL, Yuls ACHATF202 4EIRIE T
TERA 32 A BB 0 4 e 3 [ InGaN & P K 45
B A KR S 530°C. AL S Y G B TR Y
73K (internal quantum efficiency, IQE)A]ik15.5%,
I A FH PR OB STEE T FNGE J2 B A LB B 6 B

3.3 BkePEOEDIR (PLD)

PLD % 2 45 a3 T . LAGaNA: K Ryl % H
RFZ5 B FIRIE SN ME A VIGTR, SR FH & RE A0 ik bk

(b)

LN- cooled
r.f. coil

PBN beam
Gas inlet I it gale

DODOOOOO
b ] ;

Plasma !
00000000/ ]

——] r.f. shield J

PBN discharge tube

Optical
detector

r.f. malching
unit

r.f._generator

Figure 2 Schematic diagram of the PA-MBE (a) and the RF source (b). Modified from Ref. [38]
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Laser beam =%

Vacuum

chambcr\

B 3 PLDZ ™)
Figure 3 Schematic diagram of the PLDP”

Fe(BIANKFHOGRS, K R248 nm) 8 5T Gal 1 i Gali
Tt OGRS R bkt TAE 7=, S 4 7 42 4
R EE R 2 1 HzF160 m). AL S i Galii 1
HARRNPIGGShEE, TTUATEART R R 2 73 A Rk
G T AEIRSRAE107° Torrk4, FEMBEZE Ky EL2s
JER B — AR PR A T, GalE PRI
NIEFF-24 [ AR K, 7] UL JoREE iz sh 34
RIS 5EK.

Inoue¥ A *YF20064F 38 T ZECu(11 1) F2E
KGaNf4E -, Az KR 620°C. A= K e, it
B BEHE T-17 8 (reflection high-energy electron diffrac-
tion, RHEED)SZHHL, BEA RIRBLMIFZSIEIZE. Ko-
bayashi A" F20 1 4R T FIHIPLDIE % i F 4 T
ZnORH A K GaN L5, XRD(102) 1 A FEEE £k
FWHM#169". YangZi AV F 201545458 TRl €4
i LR FHPLDFE750°C F A K GaNI &5 -, 7E5IA
150 nmAYAINTG A JZ 5, HR AL RMS 42.3 nm,
A2 MZR(002)E I FWHM k1 1908". WangZ: A *7F
20164F4E T AELSATHIIK EA K GaNfy 2R, 7E450°C
N AR GaNE HHLEE EERMS 0.9 nm,  XRDF#J(002)
T A(102) 1 AU FE M ZRFWHM 43 51 2167 #1360,
WangFllJiang'* F20164E4 18 T 7ESi(111)FHE_LAEK
ANITHHGaNIZE R, FEEEITZ(002) Y FWHM A 1.4°.
FEZ T A A3 7S 77 A GaN Y I i 1] (near-band-
edge, NEB)& ti(~3.4 eV), HIFWHM %2.47 meV.
WangZ AV F201 74EHGE T 7EGaN/ W 5 £ B A=
KIEMEGaN(~4 pm)BY 45, FR4E 2R (002) T A FWHM
A[350.19°, XF AN Aok )ROST 57 nm. SRTEDRDES BERMS
Hl3k2.1 nm.

1766

3.4 JEkbiESHUB(PSD)

P PLDH AR XS B4 FE SR AR R, 1524 1 il 1 A
HEfrERERR, Sato AUV SR TPSDHA. PSDS
SN RG4S W S 14 e R DX 31 e LA P ok o 56 8 1A
PRI, MR T AR M 1~3 mTorr. P59 N, I
Ar. HAN B E B A TN AR M VIR, Ar
BT IR Galill 7= A BB 1A R 1) Ga i FAE MR IR 2
5[ . PSDRC# T RHEEDZEATJEA7 Wil 1245845 AR
PR SR AV I TR LG T e v 2 g7,
I H k=S AR AL SR 4, T DA 5 o s B S
ISR T AT AR, PR RS A 7R (T 2 ER)
AR v R A A R

Sato%: N F20094E 418 T 7ESICHE LA HIPSD
HEEE T AERKAINASE R, AINPEEE T SiCH R I i
TS, HAE G BRRF-321H, XRD(004) i FI(102) 1)
AR FWHMZ3 54150712507, Shon%s A1
20144F4 I8 T 7 2)2 A 00 /AE MSiOf IR L AE K GaN
FIZE . A KR N 750°C. AINTE A JZ BER KA ISz 5
M GaNIE L, XRD(002)[ 2 1E  ZFWHM Jy
2220". Shon \POF R4 AIE T BFE M Z 20 5B
I 53 ME AR IR A 2, 7E550~760°C | FMEFS 3|
20, 4. W = {0InGaNFELED I 523 1 A RO 45
S H AR R PLINAS Y 4%t 2 2 F B (multiple quantum
wells, MQWSs) P i F350%] LUik 87.4%. Arakawa’s
NTF20164E 48 T 1EGaNE R R FIPSDTE950°C
TR Ap A GaN &5 . nRIFIp AU KT FE Ry
B171008F134 cm™/(V s). KimZE A F20174E 438 T
FIH 4 BHAE AR IR SMEA R ZE R, 8RR k.
(14975 A LR 428 O s U 14 22 YA, 7T LA
R HNE E TR 4S5 AR, #E400~700°CHES T
Tn-GaN. InGaN MQWs. p-GaNF/ERK, R&H| T
g1, L&, WS ELEDIFSEE T HEA KL, KR NHE
Hob IS5 GaNAMIE J2 22 8] () AL B WU 21 1A R .
FudetaniZs AV F20194E 238 T 76 - 48 4 iU FedB 24
GaN[a] Fi#tJis LA FHPSDAE720°C F 4 K p A5 42 GaN
MILER. BRI Mg, B KGR T Ap BTk
A[152.7x10"™ em ™. HXRD(002)f 122 4 FWHM
A[35330". Ueno%s AN F20194F 458 T AEAIN/YE 5 A
MM A HIPSDFES0°C N A= KenfI#B 242 GaN &5 L. 15
ZeRIASE, EIR T BB TR T 152,910 em ™,
B TFERETAI12em’ Vs
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3.5 BOCHIBIMBE(LMBE)

LMBEFAJF I 5PLD /32510, BIfE—/MBE
Fi il P OS5 o s A A 2 Ak, DA TR
BRI F T HTHEE K. TAESELEL0™ Torri L.
HAR R LEM A4 R, KumarE A F20 144408 T
K S AR A FILMBEA: K GaNf 45 3. A KGR
“1500°C, XRD(002) [fi [ #242 I ZEFWHM 47245". Kush-
vaha% N7 F20164E 4158 T 18 5 A+ _E I FHLMBE
AR GaNIZER. AROCERE R, 7E700°C T4
KA GaNH S EATREF A i), XRD(002) T HY474%
MZEFWHMAL 1217, FHAHAEFERMS}9.3 nm. Dixit
2 NV F201 74R R T 76 1 S AR A FHLMBEE
K GaNP45R. 7E600°C FA42] T ki R 512780 nm.
FHHLREFERMS 4.2 nm GaNFME)Z . I F Y
NEBI§N7£3.41~3.43 eV, H-FWHM }62 meV. Dewan
g NIBUF001 84EHIE T /EM g8 24 GaN/ i 5 A 5k I
FIFHLMBEAE Kn# GaN#i iR i 25 5. Sk FHHVPEA: K1Y
ZahGaN(HAR N 19T, 13657=2.54 e)VE A HEM, £ K
T 800°C. i T WL B i i R T
80%, FLREFLH T RAFAR R e 1048 40), p-
nZE S B #1.2 V. RameshZE A F20204F 458
TTERHA BUR A S Cudli AR HILMBEA K GaNYy
gL A RKGRE H700°C, GaNAY SRR S AT 35600 nm.
FEIR RS HHGaNINEBIE( 7E3.4 eV, HFWHM}
200 meV.

Loading
chamber

1

. ;
Laser
scanning device

screen

| CCD i
camer:

Computer control

Target holder H=

Temperature
control

Bl 4 LMBEZ 5™
Figure 4 Schematic diagram of the LMBE™M"

4 JET-CVDEEI IR AMERIAR

S5PVDHH, CVDIEFM B2 I ER A E, HR
ARV JRAE BRE E Y BEE R, FrAAa s Bk
T FAMEA K, HAg = A FH 7).

4.1 ER%E R T-CVD(RPCVD)

RPCVD 45 MK SR, %45 AR E:Bluglass
N5 % B K 2F (Macquarie  University)BE& 151110
— PRI KR, AR S B TR L R R
R ZECRIE, 3 — R IR B A A
N,7E2.45 GHZHI PR F e 8 HLpp R R i e
R PSR AR R Y TR B s
FRH 120~30 cm, A KSR HR3 Torr. ASFE FAA
HA H A K 0 p s R P RE R A R (4’ Y ),
HAMAH]2.4~3.3 )2 SUIEAAD A K e
AE T SRR A& g 18 b, INImse T
T RE BT T X RE ST Y AR R O
ji(optical emission spectrum, OES)AR, FEffIE 7
JUPREIM A E 5N AERI391 nmoGiE. SRT, HEERA)
Y T B B S AR A 3 — A K i AR AT Y TR
%[84]'

RPCVD H §if 3% H1 BluGlass /A 547 B ALIE .
Martin% AP F 20084 123 T 1 B4 1R A
RPCVDT700°C FE K GaNfIZE . PLIIRSS HL 30,
RPCVDA K GaN 5 i 5 A I iR A K GaNA
0l Fe LAY & e, XRDAR (g 5345 H 6153 S 1) 16
FH, KA GaNTEalfl Ml ifl A 5 — A0 45 &b B
Corr% \*F201 145 F] FIRPCVD F750°C F 7EGaN/#:
FAMM 8] TR MO A GaNi i, i
B TR KRB CIERFSE T RPCVD A Y 45 B TR 40 i
(LR oA UL LA B4 47 DG GaN TR B & A I 2 1T A1)
785 Barik%: A\ 201944358 T FFIRPCVDZEn-i-p
SEF I GaN/ s AN A Ken++/p++B% 245 FH LA
R FLELEDIISS HE. RPCVDA: KR I fnRl45 2457
HJSiH,. FIHRPCVDA: K H B A GaNI IR JE N
750~850°C. il 4% Hi Fn++/p++B% 245 58 4l LIBUC A
AL AR (indium-tin oxide, ITO)iF W L, ST ATE
i ACR. Brown® AP F20204E & £ T 454
RPCVDHIMOCVDFEGaNit b Az Kent++/p++  BE%E4L5E
FHUAHI 6 B SO 9 HGE. FIFHRPCVDAE K Y
5 2= I GaN AT LA SE B R G A0 % 2 e 1 B RRCURHZZ i
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e, BRZEAETE10 VIR T A9HLIE 2 6 kA/em”.

4.2 TRMRAECVD(MEA-CVD)

MEA-CVD 2 ButcherZs A5 ) —FhIL IS 4E
¥ 4%, SRPCVDAH L, MEA-CVDAi ] 1 2500 B 45 55
FAA&(hollow cathode plasma, HCP)JEFL T RPCVDH)
ECRAG B TR, ffi HLo 0l A7 A i 0 B 45 B8 1A
HCPIRMZ5 MR BRI K 6 s, i FHXUZ 250 [,
TIZiEEHL b, F)Z%ETE13.56 MHzI SR AR
PR, TR E SAEN M. HCPA L FICPRHE
WA A YN AR RIS Y, M TR AR S
(capactively coupled plasma, CCP)&% TR AHL A
EAERRNEETREE. W% CCPHEE TA%
BER10" em ™™ T T BR 2R ST (Langmuir probe)il]
TRAGZEHCPI ) 1A 45 8 TR 59%10" em ™),

ButcherZs A\ 120 1 24F 308 T 761 5 A+ R
FIMEA-CVD7E650°C F A K GaNIZ5 8. A Kt fik
AT IR RANE R Tk, SR AN, B AR 4
BAVWIR, NI T Gali T-AT e 1. GaN# K
()2 TETRLRS BERMSHERS /N1 nm. {HJZ, 245 RIS
WE TIZ A RE IS A A GaNi R, X HL 45 ke
PER KA HCHRIE. Binsted A F20124F 4538 T
FAMEA-CVDYE i F A #1 I B4 K InN/GaN 5 i 25 1
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AR BRI R540°C. KR F InNFIGaNZ [A] ) L-F-1%
HRAETY RS, A BN r A, Iem %
T HUBE FEFRMS 9.8 nm. - Gergova®i A F20144F 45
T HIFHMEA-CVDTEAA R G i 2/ AR AR K
InNVERE 25 5. AR R 5120C, R EHLES BERMS K
4.2 nm.

4.3 EPEE TABSRMOCVD(RPEMOCYVD)

HAE20MH 2290451, SoneZE AT R TR IR
MOCVDIIF5E. i1 A EIF & BRPEMOCVDF] H it

N, and excited nitrogen species

) L

N

Langmuir probe —_—

10 kohm

6 HCPIRZs M= E™

Figure 6 Schematic diagram of the HCP source!*’
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GaNiF i1 &g, HI2, FEE SIEMOCVDIR & L
RAME T 2098458 3%, RPEMOCVDH AR AYHFFE 32
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4.4 IEPERASRMOCVD(REMOCVD)

REMOCVD&Amano 21" q 3271 % nA% iR
HMEFEAR, HAZ 45 a7 (a) 7R, REMOCVDf#i
T CCPHE MBS TR, HT ARSI 60 MHz. 7= (1)
SEBTTREEEZ0 910" em ™. S5 BTN, FITH, Y
RAESE, SETfEfnz 2l Rpr &t —4 48
R CREAEmE IRk b)), FEx ANt RE T, R R T2
EBuR o L N(1Di% MW B A BT (T 03 O o S S N
FIESEHHE XS S T IEAERLZ 5 A T £ @M, 1
SR FH 4 A WA e b — A AR S, ekt
FEm R MBS, NURENAS R X SRPCVDEAR A
1, &EAYYIEZhAHE E 7 mmihAYHEIRE A
AR, A1RE5FE 7(b)Fi . REMOCVDE ARALE B
R R T ANl ARAS R g B S AR, IR R T
AR TR B T SR AL ER I PR A A S AT
KAHESA T, 2R S0 S B AL
TR A K PRI

Lu NP F20144E40 38 7 F FIREMOCVDHE A A=

(@) VHF 60MHz Matching circuit
power supply ==€— N,,H,

Side view

Shower head
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Figure 7 Schematic diagram of the REMOCVD (a) and the ring nozzle (b)

Carrier gas
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KGaNfZE R, ffi17E800°C F T A E FAK T
e IR () GaNTH e, B4 AF K %N 420 nm/h.
XRD(002) 1 B4R M ZFWHMAE 1°42 47, (HITNSS &
B A5 A WS, Takai®s AP F20174E 458 T F)
FHREMOCVD$; A TEGaN/Sif i FlGaN[a] Fidd g b4k
KInNFRE 25, AR 200°C. InNVHARAT #4F
AOCHmERR], FEMEHLRE EERMSIEAE2.6 nmZEF. Amalraj
2 NPUF20184E4 18 T FIFHIREMOCVDH A [ B 41
GaNFyZE . 1t 51 ANY/H, 25 8 1A% GaN[a] Fift e
KA AL R, FES800°C KR N5 2] GaN&h
SiE 2 A BT L S MOCVDYE B R (>1000°C) F B 4E
RS RAIESE. XRD(002) 0 A 4512 Hh ZEFWHM A ik
1227, Amalraj% A1 F20204F 438 T F FRE-
MOCVDH A [f] FAMEGaN 45 5. % LR A K<
JE(300 Pa), 7E800°CH: K EE ™ 15 3| T ¢ i HLAE
RMS H4.2 nmGaNy# .

L - Il de 3 55 28 1A B9 MO CVD (ECR-
PEMOCVD)

ECR-PEMOCVD 1 Z 4% SCIR A2 PO i, Ho s
5RPCVDZEALL. IR+ A IR 1H R 2447 4 )R
HHUIESAS, VIR F HECRELMN, A i 45 8 Fk
RN T I IR A ECREE B IR R 1) 4544 7R
HE. —HHAELE . R K245 GHz. DI
F100 W~1.5 kW FL 4 25 R 9 ) v Ao e B2 1ol 0 D R I,
Wit — I TE R A 7K Gk R Wi s 0 A
A, PRIPREREES). TRBCEROTVERDTRE, LA 2 i

A 0 e AN A5 B 1 A B A 1) R E 1 R 5 i 2L AR

4.5

(k)

Top view at ring nozzle

Sample
10 mm x 10 mm
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. Modified from Ref. [45]
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fic & T RHEED X ) i 2 1 19 J5L T~ HEAR 547 52 B 14 S
LI, Ak, BECE T A5 B AR R SIS B
ZIREF M FRERL AT, REXTECR™ A Y55 B 114
AT AT B SE RS T E R AR A SRR
FAREMN D, CARE A KSRt E R L5
GaNf{& 41kl 4h, ECR-PEMOCVDYIR)E T E B2 &
G, MELATH AR R AR KT K.

ZhongZ: NM 2014454 B FING S B 4 e
T J2AE480°C T 193! T 2 M GaNydi . ZRTEHL
KEFERMS }6.9 nm. 35T A LA 2 458 A 347 i PL
KW, QinZs \VT [ A K B BB AN Cudd BIAE o ed IiE
FITRHL R JZFE400°C A5 3 T & Al HUn] () GaN 22 4 i
. R SERT LA B4 1 nm. MBS ERMS
24.4 nm. FEJEF AT LU B 508 ) T A I PL A .
Bian A O T 5] 4R LB B4 A b R EA T GaNTE B A
AR, 3SMEHICu. Niv Tiv AgFIITOVE K TH ] J2.
KA 2 )5 B9 A K IREE (400~500°C) 43 I HEA T GaNHi
PR, TIHREE A B, 7ETi AR K A GaNHE B AT
A f . HA KR RST T 3536 nm. KT kL
BEFERMS 42.94 nm.  Zhao% AV F20154F 336 T 1F
PAITO A $UHR 1] )22 A 3 B 40 G 2B R GaNTHE R R 25 21
WIS PEAENL i, 7E460°C F 1532 () GaNAMEJZ HA
AL XRD(002) 1 1Y #5124 FWHM 470.21°. Wang
2 NUOUF20204F 3008 T A S RIA R E EAEK
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InNTHRR Y25 L. FE400°C A58 T HA & il B a) /4
InN#MEJZ, XRD(002) [ FFEAETZEFWHM N 0.17°,
B 47 nm, ETEHIEEERMS H3.7 nm. Wang%
NOHTF20024F MRS T4 [ LRI ARE BAEK
InNVHARAY 4S5, 3 5| AInNZE b2 A0 HoA: KR
JFE (B A IREE 100°C), 7E400°C R8T EA T il B
A INNAMEZR. 258 &M, ki RSER51 nm, Fii
BEEERMS H2.4 nm, 155 HL T4 E 194.3x10" em™, nifl
FEIRFBZE 185 cm™/(V s).

4.6 HURPMHEA S B FAMOCVDICP-MOCVD)

ICP-MOCVD#: % 2% % R T20164FE A 3
T — & AW R it BE D RE ) GaNFE A RHIG IR
HNIEE . VAR o T e 2 R I R 50 B 1
TFARBIICPRT VI BT IRAA (N, NH, 889 % i IR A ik
17230, RIS SR FH TR & rh i FH A itk sk 45444 A
M HURE T g BT AN, WA R A1 S AT
DA A5 LT A 3R A4 (4 Ji A WL TR ) ANV R 45 3 1R 4y
DOSHE A KN, IR kR AR, &
LA TR NEIAL, SR 650 nm O GIE
X ANIE 2 S B A T AR LR Wi . SR BT RS A T4
AR, kG T AE TAE SR N (0.1~40 Pa) i HLBH 22
IO 5 B FT kR G RN & BB o 5 |
AR S PR T A KR DR
400°C (&SR A MLy 5 Zim 1 NP L ).

% 505 NN 201 844 T 3 TICP-MOCVDHY
WA KA 0 @ AL REFY)ZAE 1 5 A RIS F155)
TNTT R Y GaNAMIE 2, A KR 450°C.
GaN iR R ST IA E|47 nm, R FTHLEE EERMS 49.48 nm.
Zhang% A" 2021 4R 0E T 1EAIN/E 52 A BAR g
KGaN A2 R, A KR 600°C. AR A5 IR,
{RIR T R = R4 (triethylgallium, TEGa)fE N4 /8
F R AT LA AR 1 CAR VR . GaNTiifie
SEISTT E IR E, XRD(002) 1 F(102) i 145452 i
LEFWHMZ> 31 40.45°F10.57°.  YuZs A1 2022454
i T7E580°C F BYGaNAE K25, XRD(002) 1 F1(102)
A FEAE M ZEFWHM 2351 24 0.35°F10.64°, K 5 4 FR 11
HLRE BERMS 40.912 nm. 78 ] WG B, Ytsrid il Kl
T 77%. FIHGaNFME 253 5 i A 1 R & AR F1
e AR AMEN RS, WP EE T 5 TICP-MOCVD
IR GaNFEAMME 75 (O ) HL - #4128 5 T /4 12
7.
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Low temperature epitaxial technology for GaN-based materials
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The band gap of GaN-based semiconductor materials covers the entire visible light band and has excellent physical and
chemical properties, which makes it widely used in the fabrication of optoelectronic devices, power electronic devices, and
radio frequency and microwave devices. Traditional GaN-based materials are usually epitaxially grown on high-
temperature-resistant single-crystalline substrates such as sapphire, silicon, or silicon carbide using metal-organic chemical
vapor deposition (MOCVD), molecular beam epitaxy (MBE), or hydride vapor phase epitaxy (HVPE). These epitaxial
techniques usually use high temperature to crack the precursors involved in the reaction. With the deepening of
informatization and intelligentization, the common demands for low-cost and flexibility of opto(electronic) devices have
emerged. On one hand, the display technology is a key link to realize information exchange and intelligence. Moving
towards an intelligent society requires further reduction of the display cost per unit area. At the same time, the wearable and
portable flexible display technology also has broad application prospects. In addition, solid-state lighting has gradually
penetrated into every corner of human life with the improvement of device performance. The application scenarios are rich
and colorful. Judging from this, low-cost surface light sources will be a strong competitor for the next generation of lighting
technology routes. On the other hand, reducing the fabrication cost of electronic devices per unit area also needs more
attention in the future. For example, flexible electronic skin has broad and huge application prospects in artificial limbs,
robotics, medical detection and diagnosis, etc., which has also spawned the demand for low-cost flexible sensors. It can be
seen that the common requirements of the above applications for core components are low cost and flexibility, which is also
one of the main development directions of the next generation of (opto)electronic devices. Amorphous substrates (such as
glass, plastic, metal, polyethylene terephthalate (PET), polydimethylsiloxane (PDMS), etc.) that are cheap and easy to
fabricate are ideal choices, but a significant disadvantage is that amorphous substrates cannot withstand high growth
temperatures. Therefore, the need for low-temperature epitaxy of GaN-based materials has arisen, that is, a kind of epitaxy
equipment that can use external electric field energy to crack the reaction precursor at low temperatures. So far, a variety of
low-temperature epitaxial technologies have been developed based on the physical vapor deposition (PVD) and the
chemical vapor deposition (CVD), and preliminary research results have been obtained. The PVD techniques include
reactive magnetron sputtering, plasma-assisted MBE (PA-MBE), pulsed laser deposition (PLD), pulsed sputtering
deposition (PSD), laser MBE (LMBE), etc. The CVD techniques include remote plasma CVD (RPCVD), migration
enhanced afterglow CVD (MEA-CVD), remote plasma-enhanced MOCVD (RPEMOCVD), radical-enhanced MOCVD
(REMOCVD), electron cyclotron resonance plasma-enhanced MOCVD (ECR-PEMOCVD), inductive coupled plasma
MOCVD (ICP-MOCVD), etc. In this paper, the two types of low-temperature epitaxial technologies are introduced in
detail, including the device structure, working conditions and related epitaxial growth results, and the characteristics of
each type of technology are summarized. Finally, the development prospect of low temperature epitaxial technologies is
prospected, and the focus of future research is pointed out. We hope this work can provide a useful reference for the low
temperature epitaxy research of GaN-based materials.

GaN-based materials, low temperature epitaxy, external field coupled cracking, physical vapor deposition,
chemical vapor deposition
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