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Table 1 Fundamental intrinsic properties of AIN crystals''*'*

Property Value Unit
Thermal conductivity 285-320 Wem K
Thermal expansion coefficient ,=4.2x10"° ¢!
a=5.3x10" !
Heat capacity 29.83 Jmol "K'
Bandgap 6.20 eV
Breakdown field (1.2-1.8)x10° Veem™
Dielectric constant (static) 8.30-9.14
Dielectric constant (high frequency) 4.60-4.84
Resistivity 10"-10" Q-cm
Electron mobility 135-300 em®> Vs
Hole mobility 10-26 em? Vg
Piezoelectric coefficient 4.9-5.1 pm-V~'
Longitudinal Elastic Modulus 334 GPa
Knoop Hardness 10-14 GPa

1.3 AIN @FNAAS

AIN AR FE R B R AT . PRS- AN
F 75 AT
1.3.1 AR H AT, DUV #3fF AR5 i A ET
(1 % 2 SR IR i Z BRI A R . B K AlGaN
DUV-LED (1 ERAE 4 A4 RL A Z0UR AT 5 FAR AR
REEi) . IR R maAR T E. RS
WEEIERE . m SRR KT Mg T2,
e 2" %126 T H AT AT T DUV-LED %A R
R EEREE: Si AR SR B [BAE(E B %
A R ECR AR, SEEMEEN @M EE. B

NAR Th L #E SiC A GaN 4 _EAMNET =
Al FEN AlGaN 2 5 r= A RIAF L Si Al
SiC #RIEIRLAMBE BB ;¥ 5 A 4 % (sappire)
FEACI M E 2 2 [0 A7AE B R g R TE(13%) 3 5L
DUV-LED 2 ZAr 4% B mik 100 em 2P, 3%
H i F ARSI R BRSSO E 2 A7 AR SR 2 B
77. AIN B AR B AR R, 5 ALGay (N (x>0.5)
mAEAR L K REGZIL . WFAURIH, AIN L
MR EAKRE Al &8 AlGaN AMEZ k5 & R
U, frEEas 2y 10° em Y,
132 RESEG BKAE 100~400 nm YE I A
) DUV-LED # LD #f, BALH%E. IR
A KSR, RS SEREM A BT
PURIKEE . 3. 2W. eI AL AEIR
TR D A5U8sR 1) 7 PR 4% 52 S BN FE T v AR
A8k, MREALYI(GaN. AIN. InN K H &%)
el NJe FH T DUV-LED # LD (s fEm kb, H
R er KR % BLaT Y, REE 35 UVA
(315~400 nm)F1 UVB (280~315 nm)[X 35 LK &5 5
UVC (100~280 nm)[X 3, HH AIN 7£ 210 nm 3B
A E R AMEIERHE, 78 DUV-LED. DUV-LD
WA I ECR R, 5T AIN FKTh%E LED, H
R A 210~280 nm, AT RERUARAT LR 20,
133 RMEFEBE  5G LAK 6G BAE X %
FERR R RS, — TR A8
B [ T I A 0 A R R T B (SAW)
JE I A TS B (BAW) JE B 4P . FHT SAW Al
BAW 234 FAA LR B AT 1 i AR B UERAIE =R T
P, F PR MR g, DU e R
AR IE i v R 2

R, T S A I 2% (10 s Hp oA - 3y 3 0,
BEER R BRHLEER MR RN 2B AR . LiNDOs;
JE HL R ORI B BB, LiTaOs FO I 45 75 B s
R, I BLeimeeEfae 2R, BRI
(1 L R B, (HA R PR A,
R AL, IR 193 CPL 8T 45
1] AIN. ZnO F1 GaN W HF BAW. AIN BA %
W, TR, Ed g R A
Sc B Pl Kigitm AIN JMEBE B ERE, TR H
FHN 5.5 peNTHER T 27.6 peN'. AIN SAW
AE 1 000 °C UL EfRFFIRHMERE, BE3&H T s
(GHz) SAW #%F, HA7 @& Sh R a2 g /1124,
I, AIN /& RF JEJ 4+ SAW A BAW 15 ik
kL.
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Table 2 Characteristics of substrate materials used for deep ultraviolet light emitting diode (DUV-LEDs)!*!

Lattice constant/A Lattic mismatch to

Lattic mismatch to

Thermal conductivity/ uv

Substrate a c GaN/% AIN/% (W-m K™ transparency Price
Sapphire 4.765 12.982 16.1 13.3 0.23 Excellent Low
Si(111) 3.840 3.136 17.0 19.0 1.60 Bad Low
6H-SiC 3.073 15.117 3.8 1.3 4.90 Bad Middle
4H-SiC 3.076 10.053 3.7 1.2 3.70 Bad Middle
GaN 3.189 5.186 0 2.4 2.10 Bad High
AIN 3.112 4.982 2.5 0 3.20 Excellent High

2 AIN BRAEKHA

AIN g ARAEKEAR IR LR 1960 4
AP, it B KA I R R IRE, W04 AIN kR
WIENSERRR . AIN SR A K AT R E X,
EE 1 FIANTTE T, BREERKITES RN 6 2K,
L UGIPA oy A P i b B LAt (B E S S S
SN 6 R, Ll EERRE =M. IRTIRE
A AT AR R R AT 1 BRBRBF L. 72 AIN (14
K

1) W BSOR B 32 vk (PVT)PO 2 A4 Kook ik
100 um-h ™' PA_E, A KGR E =2 000 °C, FEM4(TD)
100 em ?, @ THOR AIN B A K, R4
AR H AIN # R KT

2) HVPE ¥ 14 K35 10 um-h ' BAE, 2E
KifE<1200 C, TD #E=>10" cm?, i&T AIN
ANE JZ AR A

3) iR Ak R A VTR i (HTCVD)P M 5
HVPE ML, AEK#EE 10 pm-h ' BLE, AKEE
<1700 C, TD #%EF<10’ cm?, HBA4EK AIN 4b
HE 2 A IR 15

4) &JBA I SARTIREMOCVD) 40 K
AL 0.1~1.0 pm-h ™', AR <1200 'C, TD %
JE=10" em 2, 3E T AIN SPEFHEE 5 74 BB (Template)
HNZRAE Z 1) %5

5) 43T HAMEB(MBE) ) A K% R gk
B2, R, AEKIRE<900 °C, TD % =>10° cm 2,
AT 25 2 R 95

6) At AIN g kA Kb, ROMizERIER,
R E T AIN BRI, B AT O 2
1b o AR A IRV BT 2 4 v e S AT B8R A e 3 35
d, AXREZE KB ORI AN R Rk
IUBEAF ] AIN B A T 72 PORTENT R K e b
ke XSk MR AR B R 7R D

IR EEIVEM EARE R L 3.

MOCVD is metal organic chemical vapor deposition. PVT is physical vapor
transport. MBE is molecular beam epitaxy. HVPE is hydride vapor phase
epitaxy. HTCVD is high temperature chemical vapor deposition.
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Fig. 1 AIN crystal growth technology and controlling factors
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Table 3  Characteristics of major growth methods of AIN crystal
Growth Growth Growth TD density/ .
technology ~ temperature/’C  rate/(um-h™)  cm” Y Advantages Disadvantages
PVT =2000 =100 10 Single crystal boule, very high growth Extreme high temperature, high requirement for
rate, high crystal quality system and crucible material, C and Ta contamination,
hard to control doping, limited diameter
HVPE <1200 10-100 =107  Epilayer, high growth rate, larger area  Be restrained by heteroepitaxy and 1 200 ‘C limit of
quartz reactor, high TD density, O and Si
contamination, hard to lift-off of epilayer
HTCVD <1700 10-100 <10’ Epilayer, high growth rate, large area, Be restrained by heteroepitaxy, high TD density, hard
higher growth temperature than  to lift-off of epilayer
HVPE, safe
MOCVD <1200 <10 =10’ Film and device, high crystal quality, Low growth rate, be restrained by heteroepitaxy and
atomic smooth surface, uniform  growth temperature of 1200 C
thickness,
MBE <900 <1 =10* Film and device, atomic smooth Only for research, very low growth rate, high TD

surface, precise control of growth

density, high vacuum

parameters, in situ characterization

TD is threading dislocation.

E, HMBK, BAHTZ. B2 BEA5 AN
RECK, ANFHAMRTRM, TikS AIN SME G
EFIE, LA T ORI 2 280 A0 2 B 45 M #3F. SiC
RGBS, 5 AIN SRR/, 7Tk
AN B, SiC HAFR/N, ANE A Hl% DUV
e, WAHELLS AIN RIBSSCHL AIN SN 384, HAr
. SiAT R T2, SRR, B
By KHES R, Mg, ARF 2t i 7
I TR . H72E, SiAfRAER, H AIN 4
HEZ AR AR .
3.2 AIN @AFRIMESE KRN

AIN IR A E A AT O SR T B SR TR
. WAME, ARKEREEEE EE . AIN Sk E
FAT 3 P HE A KA RO Volmer-Weber (51K 5%
# 3D AKX, Frank-Vander (2D A=K ) AN
Stranski-Krastanov (SK A ). #EFIE. 4
KR VUG IS A2 R R a SRR MK
B

Sahar ZPORE A KR4 MOCVD AIN {4
AR e, @ T KA, 800~1100 C
N 3D AR, HEREF, [BEZRBEMK AN
s 1100 CH 2D AR, HREAL, A5 RNMT
TD #FE G AIN B, (002)[HIF1(102) #2845 il
28241 4 55 (FWHM) 53 71 4 147 arcsec 1 477 arcsec,
TD %A 2.21x10° em ;1 100~1 340 “Cy SK 4=
KA, R, AR AIN H.

Kitagawa 25CU7E 6H-SiC #fJ& -4 & HVPE
AIN, GEEFIF 3D A1 2D A Ko s i) Az A )
ARKITERA S R, K15 T =R E A oL
(¥ AIN ZRREfE: ¥ Se B AE A _B3EAT 3D AIN 1)
AR, RIPIBES VL FRECHIE R, B3R/ &

PLRST K B 5 s AIN AR KA 6 A8y 3D-2D
AR, RILBEE V/IL L3S K, AIN AR E
E AR EAR E, TD %% T 3.9x10% cm 2.
Zhang 25 T AE KA R0 PVT AIN 135
HAEKBARI KRR, KIAEBARMATF IR T, AIN
s ARSI 3D A K, RIS $E&
Fromia fE e, SRR N FORE A KA, R
W, BANTZ G dE— 5w dii B,
AEKH {10 Tny TR 6 RAFIT AIN 85, H(002)TH
F1(102) M #) FWHM 43524 65 arcsec Al 36 arcsec,
POGIE I AIN SRR RS FZ X F] 0.097 nm.
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HVPE AIN J2iliid H, #AUK &4l HCL B
500~800 °C s A sl Al 4 J@ kL i FE, JEAL R
RZER AICK A, 8 Hy i NAEK X, 55—
% H Ha 25457 11 NH; 78 900~1 200 °C (44 I K
KA, AT AR R R B AR K AIN ANE R 2,
KIS SR RS HE N E, HR
[T~ . T HVPE AIN B4 KR &L
10 pmv/h, B 7 Al HFAEK AIN R RSN, B 8A
NRFTEAR PVT ) — il 2 R TR AIN B g
HoRELZ . B, 4K AINAMEEEZ 5, Do
K85 (Lift-ofH F A K AIN A1 E B2 5 4 K 43
&, MM RTE H 32844 K (Free standing wafer).
£ 2000 4F A. Nikolaev % R HI HVPE 7£ 1200 ‘C
[ Si 4R _EAK AIN AMEJEJZ, B 5 DAL 221 ik
F218 Si ATES, #1145 H 3 cmx3 om [ AIN B [ S0
FHE, B3 TD % =ik 10°~10" em 2,

AlICI(g)+NH3(g)—AIN(s)THa(g)tHCl(g) (1)
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HVPE AIN A KIR ZE— 8 1100~1200 C,
AN 591 14 SR F AR R o 8 T B AT {68 A RS U B A e 3
1400 C, £EKAJE 1~20 kPa, V/IEEL A 10~300,
42 HKXEH

HVPE AKX EE, HKFETE
FeE A SRR O ERSR T AR
R B AT A AKX RS R R, SR,
E71 BESETZHEZEMNEG, HiEmRE RSN
Y. SRR, ReRl e KR Y s —
MERAE P, T SR EA K S AR
FNII S PRI N K

HVPE AWM AK X G0 F 2 4 Fr. KR
HVPE RGAEKXH, SHH A-S5H RERTTFAT .
Jeon USRI Z 4G, A KIXIEE N 1145 C, 1
c MEFEAEKEEREN 15.6 um 1 AIN ik,
(0002)T i) FWHM A 790 arcsec, TD #JEN
1.91x10° em *. 7E/KF3 HVPE RS L KX, =
W7 7K F B 54 R T B . Kumagai 2557
ZEERIFE 1100 CHY c T 5 A4 BAE K s T
R AIN AMEE, AK#EEHN 1.1 pm-h ', (0002)
TR (10 10) T FWHM 43 54 40 arcsec Al 45 arcsec.
EATLEIKSF HVPE R 484 K X R R A R i
B RPY, EREE X HVPE RAMEKK F, =
W7 16 5 R M T B . Pons PSR % 45 78
6H-SiC FAKH T)EE 5 um ) HVPE AIN #M4E
/2, H(0002)[ ) FWHM A 370 arcsec, TD % &
4 10° cm 2.
43 H£KEE

JRE HVPE A KM R, (Hi2 AIN FMEJZ
P A R R R T R KRR ), R
KR AT LA A R R Ak 22 S B FE R, AT $ AR
K MR, sikeRERaEs Al N JEFE
ALK A RS R, G A K, it
P A R

Ledyaev 25878 6H-SiC (0001)#HE_ A=K AIN
SMESE, SRBUREAEKRE . B KEFR]
LA RS AIN BdiE T E, 700~900 CHAKH
AIN JE B /NRSF SR, SRR e R Rt 5 4R
KRB IR TR, A KRN 900 CH 1) A
i, (0002)[ ) FWHM & 60 arcsec. #ATM,
X HVPE RS EE T 1200 CHE, f98 M gsss
Mrim i &8k, RN, AICL 5 Sio, RAERMN, S
FALRTGGE AIN 5 AADPY . Kumagai 51904
AP EASLIGUE S, Al JEARFFAE 500 CE A RE

AN P N BRI R AIN SRR T5 4, (H
AIN AMEE(0002)E A1 (1010) [ FWHM 4354
3348 arcsec 1 7560 arcsec, TD 2R AT 10" em 2,
NZEWE 1200 C A KRR H], Nagashima %51
V& G B LU B 5 5 4R O FA e i #r A
Ghty, AEATE RN g 1200 CLLEAE K AIN JH#E,
Horp AIN 94 KGR ALE 1 280~1 410 C N {R4F1E 2
(60 um/h), 7E 1380 C FAKH AIN 4MEE, 4K
AN 85 um-h e K 4w, AR KR R
BT, F2%8 7 AR SR AT 5B 7 s HVPE AIN
PP B, 0 LG AT RN, BE AR KR B =, HVPE AIN
(1 it R T B I R AR v
4.4 V/IIikLE

VI Fe g AR KR T A KR TR 3
BRORE B e R DL R A KA =, T % HVPE AIN
(1 i R S AR T T30~ 2R R e, — M V/IR
FELTE 10~300 JEFE . BT HVPE [ Al Y527
Al Fki 5 HCL sl AR, ALC R SERBR i &
5 ALRAZ, . HCLA H R EMRE XA,
DR, ERf R VIR A 5

Li 2R 50280, YV/IELL Y 150 B, AIN
IS AR R B B, (0002) T A1 (10 12) T i) FWHM
S5 64 arcsec A 648 arcsec; 4V/ILEEH A 150
300 I, TD #REEAK, 4518 8.9x10° cm > I
5.9x10" cm ?, WM R R . Chen 2517178 ¢
[ SiC #1Ji_4E K HVPE AIN i, 4552 E0]. B
VI L8 K, AIN (£ 30 1 & B i
(step-flow)#548 N I (pit-hole); V/IIEEL A 15 1
60 #i2 = A RAR R ) 51 2L, FEV/ITE N
30 B, AI3RAGIEIE N 8 um . TEREU) AIN JE i,
(0002)TH AT (10 12) [ ff) FWHM 43 %4 370 arcsec Al
810 arcsec, TD %4 2.98x10” cm 2. Huang 25"
PL N, 24 NJRAE ¢ [ ¥ % A 40 4K HVPE AIN,
KL LL NH; N N JERI S ANE, BEEE V%
EE(7.5~120.0) A 36 K, AIN I g A o B 2 1k
Whn, VG AR, AIN R 1 5 20
WIS S50, TR S V/ELL T, R IR
RRGER, (0002)1E AT (1012) Hi ) FWHM 43 B¢
108~480 arcsec 1 495~1 083 arcsec 2 [], Chen 2"
Al BL Si A C TR 6H-SiC Aff R4 HVPE
AIN, Z5RFEH], BE VDKM R, Si R
F AIN AKX H G H %2y 3D 8K, R
FRE, C THAHEAE K AIN IR240 T 3D AR KA,
HVAILRE )Y 10 B, Si AT RAKR AIN B 5
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Table 4 Growth temperature and crystals quality of HVPE
AINIS4 62-71]

Growth temperature/  TD density/

2
cm

Reference FWHM/arcsec

[62] 1050 6.6x10°  (0002) plane: 1243
(1012) plane: 1972
[63] 1100 1.90x10"  (0002) plane: 386
(1012) plane: 576
[54] 1145 9.72x10'°  (002) plane: 790
[64] 1150 (002) plane: 542.88
(110) plane: 1108.8
[65] 1200 (0002) plane: 1900
[62] 1350 22x10°  (0002) plane: 205
(1012) plane: 353
[66] 1400 (0002) plane: 2 400
[65] 1400 2.0x10°  (0002) plane: 860
[67] 1450 24x10°  (0002) plane: 338
(1012) plane: 522
[68] 1500 1.9x10°  (0002) plane: 160
(1012) plane: 700
[69] 1500 1.4x10°  (0002) plane: 357
[70] 1500 (0002) plane: 108
(1012) plane: 706
[66] 1550 (0002) plane: 102
(1012) plane: 219
[71] 1550 47%10°  (0002) plane: 290

(1102) plane: 291

FWHM is full width at half maxima.

(0002) T A1 (1012) [ f) FWHM 4351 228 arcsec Al
766 arcsec, TD 24 1.04x10% cm 2.
45 WERFEAR
451 FHRFHE e SRR 1 A AR 2
HVPE AIN #}ME 2 (1) s AR & TERPERE I &4
Chen VW5t %8, Si i 6H-SiC #fJE L,
HVPE AIN AKX 2 b6 5 VG L )28 B 6
By As oy 3D Ky, REARMKSE, 1 C HAK AIN
a2 3D B, BV Y 10 B, Si A
AIN s, TD %% 4 1.04x10° cm %, Sun
SIS GaN/IE F AN . 6H-SIC R = £ 41 is -
A=K HVPE AIN 5, 51K W: T AIN 54K
2 8] A R BC A [R5 80T AN [ it R T A A
753 7E 1000 CAatq, 3 Fided Ji&_E AR IR R FE 200 nm
1] AIN ¥, (0002)f ) FWHM 2374 220+
187 arcsec 1 260 arcsec, (10 12) [fift) FWHM 4354
1300. 662 arcsec 112650 arcsec, A] W, 6H-SiC #})E&
FAKR AN R TD BB, EE AR R
AIN ISR 5, JEEEIAE] 1200 nm A
AR T My, MfE 6H-SiC il GaN/#i & A

F AR K M R TGV . Nikolaev 28°1E Si
PR EAK AIN R, 85550 BT Si #ES AIN
m b RICECR,  AIN R BIRSH SR 2 2%,
(0002) [ ft1 FWHM 4 100 arcsec, TD %% /3 10° cm .
452 HERMAARABEmAMESEKEAR K
HVPE AIN {J TD % /& =% 10° cm >, B S%H s
AR TS, HTD %E &L 10°em A4, 5T
AIN -SRI AIN B EAE, TD %ENLT
10°ecm 2. [k, BEARENIRR AT IEPSS), H#
[ AR E A K(ELO), PAHABE SRS =i & AIN fmik.

PSS &K T2 ik e v 220 b A5 4o JEG R T T
BRIV T, TR A R BT R A E AR K, AT R
BB B PRI AIN ZMAE 5442 (19 67 485 %% B - Fujikura
2GUOSR i 9 220 nm (/N RS 4ETZ 4371 1) PSS
4K HVPE AIN, fEEAREEE T, AIAK AR
W) AIN 9KBERES; TR N, MAEKEE N
1 pm B, AR AIN ZRERE, REFIH, SR E
7, H£(0002)F1 (10 12) i i) FWHM 434 256 arcsec
F1 356 arcsecs

PSS 5 ELO M4 & 4R, £ HVPE AIN fhfk
ARFFRBTIZIRANMIRER, HEZEHN: 1) 2
ZBFK TD % B D m dm R i &5 2) NAEK AIN B
JZ 5 St ] B8 LLIRTS AIN B SCHEAT R B 5 Skl

PSS [ X3, AIN BEAMUAEREE T KAEE
FEAME, ETERE A R APAT TR ELO. 5 kA
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(b) Sample B

(c) Sample C
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Fig. 3 Dark field TEM images of AIN epilayer grown on

varied buffer layers'®!
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Fig. 5 Schematic diagram of dislocation evolution of AIN
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Fig. 12 HTCVD AIN epilayer grown under the conditions of 1400 ‘C, —0.03 MPa and V/III group ratio of 50
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Extended Abstract

Aluminum nitride (AIN) crystal is one of the key frontier materials in semiconductors due to its superior properties such as
ultra-wide band gap, deep ultraviolet transparency, high thermal conductivity, high sound velocity, and high temperature stability. AIN
is an ideal substrate for gallium nitride (GaN)-based power semiconductor devices and deep ultraviolet photoelectronic devices, and is
also a key material in deep ultraviolet photoelectronic and surface acoustic wave devices.

Different AIN crystal growth related technologies have been developed since 1960s. Among them, a PVT AIN crystal technology
is relatively mature, and several manufacturers are able to provide 2 inch AIN wafers. However, a high growth temperature (i.e.,
2300 C) used in this PVT AIN technology makes the growth of larger PVT AIN wafer extremely hard, and induces some impurities
doping and relevant absorption in the ultraviolet region. Moreover, PVT AIN is hard to fulfill controlled doping. These factors and
extremely high cost restrict the application.

Hydride vapor phase epitaxy (HVPE) is considered an alternative to PVT AIN due to its potential advantages in terms of
large-area wafer preparation, controlled doping and cost. Recent studies dealt with the preparation HVPE AIN. This review briefly
introduced the crystal structure and fundamental properties, application scenarios, and requirements of AIN crystals. The growth
technologies of AIN crystals were concisely categorized, and the HVPE method was elaborated in terms of principle, structure of the
growth zone, temperature, atmosphere, substrates, process, application technology, advantages, and disadvantages. In addition, the
main challenges for HVPE AIN technology were also proposed.

The structural factors of HVPE growth zone (i.€., the horizontal or vertical configuration, the location and direction of gas outlet,
the position and direction of substrate, and the size of the growth chamber) are coupled with process factors (i.e., flow rate, pressure
and temperature), resulting in complicated flow and temperature fields. A reasonable flow field can create a uniform laminar flow
pattern on the substrate surface, which is crucial for epitaxy, crystal quality and uniformity. For instance, a horizontal HVPE system,
in which the gas flow direction is horizontal and perpendicular to the substrate surface, can produce a mirror-like AIN epilayer on a
c-plane sapphire substrate at 1 100 ‘C with a growth rate of 1.1 pm-h™' and obtain FWHM of planes (0002) and (1010) as low as
40 arcsec and 45 arcsec, respectively.

A higher growth temperature can accelerate chemical reaction on the substrate surface and epitaxy. Meanwhile, a high
temperature can significantly increase the migration rate of active Al and N atoms in the growth plane, thus promoting
two-dimensional growth and crystal quality. HVPE AIN epilayers grown at 1 550 °C with a growth rate of about 20 um-h™' can obtain
a FWHM of planes (0002) and (1012) of 102 arcsec and 219 arcsec, respectively.

The V/III ratio affects the concentration of growth atoms, diffusion distance, reaction rate and growth mode, significantly
affecting the crystal quality and surface morphology of HVPE AIN. In general, the V/III ratio of HVPE AIN growth process ranges
from 10 to 300. AIN film grown under V/III ratio of 150 can obtain FWHM values of planes (0002) and (1010) of 64 arcsec and
648 arcsec, respectively. When the V/III ratio is 150 and 300, the threading dislocation (TD) density can reach 8.9x10° cm™ and
5.9x107 cm ?, respectively.

The materials, crystal orientation and polarity of substrate are a basis for the crystal quality, morphology and performance of
HVPE AIN epilayer. Except for commonly used sapphire, Si and SiC substrate, GaN or AIN templates are used to further reduce TD
density. Especially, an association of patterned substrates with a lateral epitaxial overgrowth technology is proven as an effective way
in reducing TD density.

The optimization of growth process, such as surface nitridation of the substrate, buffer layer growth, adjustment of growth
procedures, etc., is also investigated to improve the crystal quality of HVPE AIN epilayers.

As an alternative to PVT AIN wafers, HVPE AIN wafers can enter into application only if an effective lift-off technology is
established. There are only three processes, namely, chemical etching, mechanical lift-off, and self-seperation methods.

This review also introduces HTCVD AIN technique, which is developed and can be regarded as a prototype or a variant of
HVPE AIN. It also has the same advantages as HVPE AIN. Moreover, HTCVD AIN can grow at 1 700 ‘C and avoid harmful Si and O
doping of AIN crystal, which happens in HVPE AIN process, leading to a significant promotion of AIN crystal quality. In addition, the
HTCVD also adopts a safe Ar carrier and a solid AICl; source instead of explosive H, and corrosive HCl and Cl,.
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Summary and prospects There are still some problems in HVPE AIN that need to be solved in the future.

The most promising application of HVPE AIN is a large-area free-standing substrate, but the prerequisite for its realization is the
development of effective lift-off technology. It is a long-standing challenge and a technical barrier for HVPE AIN application. A
fundamental technological tactics to solve the lift-off problem is an idea regarding substrate technology, such as using patterned
substrates with a large depth ratio, using template or buffer layers made of two-dimensional materials, or using the both.

Little work on HVPE AIN epilayers with a diameter of 2 inches, a thickness of 100 um and a TD density of 10° cm™ has been
reported yet due to the limitations of heteroepitaxy and growth temperatures below 1400 C. The coupled temperature and flow fields
as well as the position of the gas-solid interface can affect the uniformity and crystal quality of the AIN epilayers. A problem is an
intense stress field caused by heteroepitaxy, which varies with the size of the epilayer. HVPE AIN epilayers with a thickness of several
microns can crack, and those with a thickness of several tens of microns can cause a substrate fracture. A solution to the stress
problem also can be innovative substrate technologies such as patterned substrates and two-dimensional material buffer layers.

In addition, achieving n-type and p-type doping in HVPE AIN with a high carrier concentration and a high mobility remains a
challenge. Specific issues such as nonpolar surface epitaxy and parasitic reactions also need further studies.

Keywords aluminum nitride crystal; semiconductor; crystal growth; hydride vapor phase epitaxy



