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The study on the HVPE growth of II-nitride epilayers

for the power semiconductor devices

Injun Jeon

Department of Electronic Materials Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

In the recent year, the various semiconductor devices for the save of
power consumption have been developed to solve the world-wide electric
power shortage. For example, those are semiconductor-based lighting like
LED (light emitting diode) or energy harvesting devices like piezoelectric.
The other is power conversion semiconductor devices such as schottky
diode and transistors used in large-or-high-speed vehicle like an electric
car, high-speed train, or vessel. Much of power losses during
transformations by power electronic converters with the AC-DC or DC-AC
conversion, and the largest portion of these power losses are consumed in
their power semiconductor devices. In past, silicon technology has been
used as the material and very well advanced for these power electronic
devices. However, Si-based power devices have some significant limitations
concerning its voltage blocking capability, operation temperature and

switching frequency. Therefore, a next-generation power semiconductor
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materials capable of operating in high voltage range is required for power
electronic devices in applications where the system based on traditional Si
power devices cannot operate. Decreasing the power losses during the
electric energy transformations and achieving a more efficient usage of
the electric energy will be allowed by using of these new power
semiconductor devices. The novel and innovative power electronic devices
can be realized by using wide-band-gap (WBG) semiconductors. As the
possible materials for these new power electronic devices, SiC, GaN, and
AIN present the better trade-off between theoretical characteristics such
as high-voltage blocking capability, high-temperature operation and high
switching frequencies.

Among the [I-nitride semiconductors, GaN and AIN are of interest for
power devices with capability in high-voltage and high-temperature due to
its remarkable material characteristics such as wide-band-gap, large critical
electric field, and reasonably good thermal conductivity. Especially, a high
two-dimensional electron gas (2DEG) concentration can be obtained by a
large conduction band discontinuity ~ in ~the GaN/AlGaN (or AIN)
hetero-structures and the presence of polarization fields. These IlI-nitride
based power devices can be realized by availability of the starting material
(wafers or epilayers) with high-crystal quality and maturity of their
technological — processes. HVPE (hydride vapor phase epitaxy) is
advantageous method for the growth of IlI-nitride semiconductor thick
layers. And a mixed-source HVPE method used in this paper can be grow
ternary or tetratomic Il-nitride alloy like InGaN, AlGaN, or InAlGaN etc, by
mixing the metallic sources and easy to doping.

In this paper, the HVPE-growth of Ill-nitride epilayers for the power
electronic deivces. This paper is described by following contents; i) thick
GaN and AlGaN with a high Al composition ii) the growth of AIN epilayers

_Xi_
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by Al activations. iii) the growth of AIN by modified-zone mixed-source
HVPE.

Thick GaN with thickness above 190 um was obtained successfully. Al
composition in AlGaN epilayers was relative to the atomic fraction of Al
(X,) in the mixed-source and the temperature of the source zone. Al
composition was proportional to X, and inversely proportional to the
temperature of the source zone to 900 C. The gaseous partial pressure in
the mixed-source zone was described thermodynamically.

The effect of Ga metal mixed with Al metal was investigated in the
source zone for the growth of AIN epilayers by using a mixed-source
HVPE. When only Al metal was wused as source materials, nitridation
occurred on the surface of the Al source at the high temperature above
600 C, which prevented the Al from reacting with HCl. When Al+Ga
mixed metal was used as source materials, nitridation and oxidation of the
Al metal was prevented due to the presence of the mixed Ga metal, and
AIN epilayers were grown by using Al+Ga mixed-source HVPE in a
nitrogen atmosphere. And AIN epilayers were grown on an simultaneously
grown AlGaN seed by an Al+Ga mixed-source HVPE.

The typical HVPE with Al metal and HCI gas, AlCl; was used because
AICl was reacted with quartz reactor spontaneously, so high input partial
pressure of aluminum chloride was limited. MMS-HVPE system was
proposed to increase input partial pressure of AICI gas, and growth rate of
AIN epilayer. MMS HVPE has a source region and a growth region in one
graphite boat. Thus the AIN epilayer can be grown simply and
economically. 85 um-thick-AIN epilayer was obtained successfully and simply
growth with high growth rate of AIN epilayers were realized by using the
MMS-HVPE.

KEY WORDS: HVPE, AIN, GaN, AlGaN, Mixed-source

- xii -

Collection @ kmou



9] HE=A &2 FEE HEA 95

A AAARE AEds SHS7] 93 et oluA Aef o] mAY
Hi e 7hed, A9 =
Az Ropo] g tho]le= (LED)W RE=A] Z1wke] ouA] 3}
A Fol Atk 1 Y= a&HRl A ol 29% 7]%E dte £ET]
gole =} EWMAAEH T A 2AE
AW el ZxHo] A-sAk, Addh, n&dAL
L7HE 1&5-018 &F STy L, A7) Sele Bwe AY &

_% o

Aol WAsty] o] =2 ¥WE &

53 99 "k=A] 4=} (power semiconductor devices)E2] H Aol FH
I AJoh 719 9] WEA A= SO 7] A8 AYE EWA 2E
(bipolar junction transistor, BIDW &< 48l WEA] WA &3 EMA] 2H

(metal oxide semiconductor field effect transistor, MOSFET) S©°] AF&% %
ot Ty AnlEs @9 dEgEe] FUMEA wEl e odlyx] WA
(wide-band-gap, WBG)S 7}z ®WF=A AB7F AW 3¢ wrex] 4249

- Xxiii -

Collection @ kmou



ASRZ FEL Joh o]#3 WBG HEAES W duyx HEAS 7HH
7l Ee] E2 A 3 HdS 4 F A, 4a¥sE &A A=
2 AYollXz 8d T4 & F e Adol Aok 9 vi=A 43
€ WBG Ase= tlxAFHC=Z SiC, GaN, AIN 5o] d+=dl, GaNe}t AINe| A3}
E RIEAE 439 Azxrt 7] wZd 713 FRelud A4 4 T
ol Ho® dAARS detth V1Y AW Y st E HVPE Wi e $9 A4
FE T AAT AT Az i HHolt

2 =2dAs 39 BEAH &% 58 &8E F v AZEF GaN,
AIN Alde] AstE WH=A| o33 HVPE A4 @3t 1) GaNi‘r =2 Al
245 713 ALGa N A4 i) Al A 3ko] 93k AN olu= A#, 17
a3 iii) MMS-HVPE ®Wi el e]gk 35k AIN o3 3o] Aol =42 FY3tH
o}

ae mamar, SAA e 49 57} Zase] Agde]
:":

TEHI &
FdHe sk, freestanding 71#oly 24 Az WFow Fgd
AE A= F5d AL 71zl GaN £ ofF 5L AL 5 ASUTh

Al+Ga £ £225 A8 HVPE AAA EF 229 974 B8] 234
< B3 AlGaN¢| Al z49] Aloj7t ZhsshH, &9 Al 4a £&3 Y
2o Al 240 nE @A Ate AL st =} EF 22 I
9] gaseous partial pressuregs A2 99 %o 93] Alojste] Al 249
ZHo] 7h5stRal, B ATl vls =& Al 2A4E 7HAE AlGasN & >
0.75) o Fe A& A2 + AT

AIN o33 Aol SlojAa] AFFo Hol| AAH A3}
I AbstebS AASEA Al 55S AR FAE 5 A=F A=
S doldlith o] w, Gaol &%= A7FAE Al 40| &2 AlGaN ¢l
o] A&= = nucleation #Ao] IPH T AL o2 AP = AN A
HHFo 2 A3t EFE Gad Al 55 429 4359} &A%Y
o] AlGaN ;M43 do7ja, ol ANV B&E + AN

fr
ot
]I,?_lf
i,
Q
o
o
=
2!

lo & oot =2
OlN' o>

- Xiv —

Collection @ kmou



npx|eto & 712 &3 A2 HVPE WS o] 83 AIN &9 e A&
& FHE37] 98 MMS-HVPE W< 39+t th. MMS-HVPE WS &2
P9 2% S7tl wet AICl AFAeF Agae] Whgo] dojue= EAHS
A5, A Jd9oz FFHEHE AICIO input partial pressureE Z7HA A
F9 AN 93-S 48 F I

o}
of %5 GaN, AN 40| 7sgon, =4
de 4 Q) Wi, wEL AshE B

KEY WORDS: =43t& 7174 o€, A7y, datdF, daid7r

F-2E, EFas

- XV -

Collection @ kmou



AlAZAAE

11 3¢ ¥i=H Ax1e] HeA

AA AAANA AUx BZo] Aze TAZ H2d
U oluA "ok 7% o) T =
& mEolt. dux ek /& FolAE wEA A4 2 2A sl Wsh 1
G A Al @ A7k Fas A
2 AEe Ao oo B Bl Ao}, Walas /5L

oA AR oA

Aol ol ol

, gt axjol
W, WE-HF 2o M dRHU AY FFE YA BrHow aFHe
arpolet [1-8]. WAl zdlA WEA Aol A AAANA AEHNAA F3
de) H-mF WMol Lojiby, A WA FA} AR 717] Ul FAEY %

k= WA, sk
A S7HEH. A= AFE, S, 7Hd, 4RV, AEAk
H|&£3le] AnEEZ, L ER To| muld 7]7] A

.{[\—
o) Azt grEEA g WEA 27te] &3 *3%01] ug Aol IFH T
SIPS

ATt [6]. =3F AF74A 99 2A4e] diRES AU S 7)eke 2
= 22 B2 (blocking) M-S HIEst FF o} 52 Fyh "olA 7
A7 vk [4-71 wh2bA @A) Si 7IRke] A A48 dAE F de 2R

VA As R A2 T2 289 FUHE A% A9 el JAHT Q)
o AW #e dEAE 7]E9 S 7|dre] REEA Al
WBG(wide-band-gap) 3}FE WMEAE TAHOE B AT 9 4do] £HH
At [3-51.

Collection @ kmou



1ooM4{ E

i--
Power transmissions I-I:gh S.Peed m:l j.
="/ On-board power generation / Comversion
10M - ﬁ \ / g o
= M- E G0 S—— ﬂ#
& 7 = " Light industry
~ 100k - = -___7.'-},»’
E 10k - E # " Electric Vehicles
< ] 'd
e 1k 4 4 —— -
— E =3 Power supplies
100158 1iome application MOSFET
Alr conditioning v ficromave ovens
10 100 1k 10k 100k 1M

Frequency (Hz)

Fig. 1 Area of application of power electronics [2-6]

1.2 WBG (wide-band-gap) 39 Wt=a] A=F

He oyx si=-s VA= WBG HE=A] A &
A8 G&E 7o e ool YA, AFIHF FY
S 2 5285 9 7 U 7] AAE WBG BtEAE
© 71€9 Si 716k ARG 10 W) oY w2 Fas 9

, BE&S 7HxIY [3-5] o]y o|HEL WBG RIEA &
Ao E8 72 EA3 #o] vt Table 1S 71&E9] AALAZ AHEFHo] g
A Syl uFEuE 222 AFREHE GaAsel WBG HE=A A=l SiC, C, GaN,
Jga AING Eg#d EAL vng Zolth [1-9]. SiCu GaN, AN Zxb=
A=A MEZ(EHe] Si Aol HIS| vl EHTh HEEA9 oUyA Wi=s A
Wy Axre] #3td A Ar|et #Ho] 9t =L dux MERS JHAE
4 U9 AR} ol 53] HaAlME =2 ouX 7t asty] Wi, 44 T
Z7} 433 b Aot ol AL VRO E o WBG WA EHE o] F

Collection @ kmou



ozl 9] wt=A 2zbs ¢ 74 ZF(leakage current)9} Lo ik QHA

o)Al A A(critical electric fields &2 33}
& S A g3 A<t (breakdown voltage) Vp =
S F Wi, 283 QA WA ES] #AE YERE Aot

21 (1.2)o] =9 Sizk SiC, GaN, AIN< HlushH A AA7E 108) o) =
oW, SYTE Fqo FL 108 o4 L & Qom Io w ceze
gge] Aelol FEsk 1009 o) o 5

WBG WF=A| &A= Si &Ab] B

ﬁa
i
Yoo 4
s
kv
9
=
ret
i
)
>
ftlo

=(I>L_i‘
=
o
o Hl_r

X & "t
St A9 ¥ F Rl AY A AF2] On-A & (specific on-resistance) Ry,
L 2] (1.3) o2 AAkdT
I/I/(irift
R =————— (1.3
on q ° ND ° //L(,

(re: 7S ol &=

2 (LD% 1.DF (19o] A3, A 249 On-AFe 4 LHE vhehd
% gl o Ao MW & 2l

o
] 2o On-A&gS 71 & 9o, E3 WBG vHt=A 7)vke] Ae A=}

Collection @ kmou



Ae Fe ez 992 b4 A8 248 27 29 ¢ dn
4V
Ron = 3 (14)
L] L] L] E
€ € He C

2 (D)= =-9 oA MEAA A KA S A Aot [3]

E,=a(E)" (1.5)

Table 2= 214 delq wEA|eh b Holg W=EA= A7|Ho=E &
e 7ML A7) wEel, 7 =AM A EE vl
Fojtt. whepA A3 Holg wiEA| et by Holg RtEAe] W= mE <)
A AA= B 2ol 4dEth

E,=1.7348 x10°(E,)** for direct bandgap materials

E.=2.3818 x10°(£,)""* for indirect bandgap materials

ZF eA ARt A9 242 AZEHAS W, On-AFgS> dA 33 A
Az MeA, Ax o]FE, FA4&0 theto] 4 1L.OF} 2 dAE 72
Aom, AR Moy 1 Hol¥ vt o] BAA S viystH Fig. 23
A g3 At On-A e BA =7 yebdo

ko=

e
rlo

4 V2 E- 3n
R, =—""t— (1.6)
H.a €

8.725 <10 * X Vi< E ™

R, = ——for direct bandgap materials
ILLE ><€7“

335110 * X Vi< E°

o xe for indirect bandgap materials
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Table 1 Physical properties of materials for power electronics [4-9]

_ Bandgap (eV) Electron Critical . Thermal
Semiconductor . . o Permittivity o
) Direct, D mobility electric field conductivity
material . 5 €r
Indirect, I e (cm/Vs) | Ec (MV/cm) o (WmK)
Si 112, D 1400 0.30 11.8 130
GaAs 1.424, D 8500 0.40 12.8 55
4H-SiC 3.25, 1 700 3.18 o7 700
6H-SiC 2.86, 1 330 ~ 400 2.40 ' 700
C (diamond) 5.46, 1 2200 5.70 5.5 600~2000
GaN 3.44, D 900 3.50 9.5 130
AIN 6.2, D 300 16.6 9.0 320

Table 2 Parameter values a and n for relationship between permittivity e

and energy bandgap E, in equation (1.5) [8]

Materials a n
All semiconductors 1.7485%10° 2.359
Indirect bandgap only  2.3818x10>  1.995
Direct bandgap only 1.7348 X 10° 2.506

Figure 29| 3¢ &A2 AMEHE ¥WEA AREY HsS vlasty
HA 33 AgH &2 On-AFS yehd Aotk [7-8l 2 &4 A
w2t Si, SiC, GaN, C, AINY &2+ 52 $A| Y o] &3k& Ao = Yl Si
71%re] AR AxE= A Siosuper junction MOSFET®] 7jdto] QQowA 1 A

o]2Z<Ql Siol FF FAH s AEE B ddo] o Wy
SIC H=AlE £ 4 A=A §We dyA Wesls 7HAa 9 J

=4=, 1200 Vol 717k 2 A HY 539 ERAHE AT
s

off

O

2
ki
o
§

4»
0
iy
(D)
o
Z,
N
r]I.
lo
P~
X
rlr
o
rh
2
o
u
2]
T
W
(@)
2
)
o
£
i
lo
S

_5_

Collection @ kmou



GaN Hat &A= 600 V ol aFae] ¥ Wk Az 8o #I
AT7F ol JPH At [9-12] o8 WBG ¥H=Al Am F AINE oyA
MEAio] 919 57HA EF FollA M WA, & 4 ARAEES UHH e, 1
T3 T2 Ao AxE A ARE FE5TL UG (91 AINe A9 Faat
o FARE B A7 IPHL Ao, HZdd= g9 ®

ATk AN GaN 7]9ke] 19 4Ak= AlGaNeo|u AINS
barrier 08 AME3 1A o]F% E#WAAE (high electron mobility
transistor, HEMT) &0 2 7= gt} [13-15]. 12t AIN 7]wke] 9tg] &%
7V @AStE A Eslal e olfre EE dEA AxY oHeH =2 A7
Ag mZoltt [16-19] 53] &8 AxE Hsixe nFEe dEAY 9
yZFo] Aol ARSI} FH FAF HoAA ofF @S HATE Holdtt
[18-20]. |7} A& nFAS] ti+7 ol Fitel Sioll nlal dA 3] %]
iZol -7 dlold e FAe arke] Azvlol] & 7131t [18-19]. Fig. 3
of Mzt £24E 9% WA AgEe YA A dxE SUES UEU
ok Sie olu] FAEHFE 6JAA o] Fe doly A7t e al, SiCH GaN
T dF S AT Sloly Ao STkt A 7HE 2A o] A&EHow X
yE= FAolth. 2y AINe obA7ZH A Aite 9% B2 Alxrt e =
Aol s HAHA A7l Wi g IAHHE NEy A7 Fasio [3,
24-25].
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Fig. 2 Unipolar figure-of-merit for Si, SiC, GaN, C, and AIN (Better
performance with higher breakdown voltage and lower specific on-resistance
is to the bottom right of the plot) [2-3]
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Fig. 3 Different crystal diameter expansion [3]
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A5 EA A A we) MEA 24 B B £xE0 AxE
A= 9ER Ao D 71%0] Bash S 71zm A

o}m
ol
ok
£
A
flo
_l>i
32
L
i
o
dﬂ
5
o0Q
g

%l (on implantatlon)g 3t pd, nd TFxE A

= T Sl 7I§ke) &z 725 fT AWl A&t HAT (23] 12 AINe]
U GaN 59 #3E dt=A A+ ingot Alxe ool 7] W&o W
21739 AstE REA 719 Axrt offu. wEkA dstE BEAA AxE e
AMe 717 SR Ao giA WS ALSE Rt glon, ¥ Azv)

A% Abgtolo, SiC, Si T @A 7# 9o Ao F AINY GaN 3 443
(nucleation layen)e WA A 7= WHES AMSsISTh [24-25] A3z}
3te B3 g2 E29 73 Yo ™A AF sle AL o]F oyEA
(hetero-epitaxy) g} i ’S}htﬂ olggt AAY AS =o A3 dx (10910 /em
D% 717 ol Zo] Ag”T. HEMT, IGBT, MOSFET ¢ =9 ®l=A A3
T2 YEtH o g =3 FABE Fotd &4 HES wid(array)ste B o

Azdd 2] 2HE22 AaFo EAsk=s 2T 249 dd 33 dAge &
2ANIIAY 7 ARV dAse dRleE Zggith Buk ofugt &4 T
EAsle Zd HSl(edge dislocation)= HEMT AAbollA 2zt A 7hx
(2-dimensional electron gas, 2DEG)¢] ©|&

1
P AE e ARE T
o] s

}F

O

=
=
o A9 A AU e OnATE WRAGH Shn, 1 FA
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A 2@ o123 WA

2.1 AslE Wt=A9 E83 &4

AIN(Z 3t Fr)5)9F GaN(Zst2d5)& A3 zold R=EAZA, 72 6.2 eV
(AIN), 3.4 eV (GaN)E Y2 YR M=AE 7HA 1 Ut} [1-5] FErA2A =
2 oux MERoR Qstel AsldelM A Fo WG 2ol B
o]t AIN¥ GaN& +x2% 2 =2 zincblende, wurtzite, rocksalt 7+% 592 =z
DA SATT 2Hy LoFolA 7P A E A=) wurtzite 7= O
ol EAstH, Peme (186)Y sxtvrs 7HA e % 23
(hexagonal-close-packed structure, HCP)e]t}. Fig. 4% wurzite®] 23 F+x
o, [I-N Z&o] /\}“ﬂiﬂ e olF1 AT [6-7]. AR} e AINY F 5
a=3.111 A, c=4.979 A, GaN¢] 7 a=3.185 A, ¢=5.185 Ac°|t} [3-5] A= %
S AA FZE 7/HA de GaNet AIN= 99 AS7t AL, 44 73
3ol ~2.4 %ol EH3t7] wjiEo] GaN A4S 9Is My Fo =2 AINE AFEEH L
o} [26-28].

Table 3o GaN¢} AINe| &82 SA4< delidt. 23

=]
= L
97, getd P e BAR, we HEAR ®e 4% (Y
2 3]
J

B e 2L

2

=280~350 N/mm)E 714 <+Agsic [3-61 A, e
s e H a3 e vhed 174, ad =St
GAAA G BdFo] FUtEAT. AR ARG 1ix}% |
I'5°] a3t F 242 ddo=
AE=TE 713 Edolt. &24 AN, GaN= 22 285 W/m
Wm-K A=2 & dAEEE 7Y [1-4] w2l AINE
= Ropol] Hue ¥d E¥E FE ol gton, GaN

A
N
H
N
mw =2
M
2
oE
1
N
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A #9 dt=AZ AN, GaN, &2 SiC 59 W& =< 71z WBG #t
SAZY As vbE olfreE, WA 25 54 wielt 257 SVt E R
A= A (ntrinsic) Ast W& 7HAAl FHof, EA]o] S5 Jjdo=
T2o A A M3t HEE 7HAA "k =23 MEFe] F4E w2 A ¥
I Ags 7HA7] i WBG WrEAVE 1dE I HEAR FEEeEt
[1-2]. GaNe] A9 Hd AA olF=7t &7] W&ol 1 Fa 529 A4

Az o] &8 7ol Atk

W AN Ee A7) A (108 Qemd Eo HAARES 7N EFEAH,
16.6 MV/en9] H2 A 937 FEZS 73 7] i MIS (metal insulator
semiconductor) 7+%¢] dHAYe 2 o] F8HAT [1-4, 9-121 AIN A=z A
o Ale] &2 4kA 3 ¥o g ety BeER A7 FFH7] 499, =2
AGAE 7HXE AN 4242 Hsd 44 EEEY fUdS H4as sk 3ol

< a3t

ol

255, =3185 A

Fig. 4 Crystal structure and lattice parameters of wurtzite AIN and GaN
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Table 3 Physical properties of AIN and GaN [1-8]

Material AIN GaN

Crystal structure wurtzite (HCP) wurtzite (HCP)
. a=3.111 A a=3.185 A

Lattice constant . .

c=4.979 A c=5.185 A

Molar mass 40.99 g/mol 83.73 g/mol

Density 3.26 g/cm® 6.15 g/cm®

Melting point 2200 C 2500 C

Band gap 6.2 eV, Direct 3.42 eV, Direct
Thermal

. 285 W/m - K 130 W/m - K
conductivity

Coefficient of
thermal expansion

Aala=4.2x 10 /K
Ac/c=5.3%10 /K

Aala=5.59%x10° /K
Ac/c=3.17x10°% /K

Dielectric constant

9.0 (static)

4.77 (high frequency)

8.9 (static)
5.35 (high frequency)

Diffusion coefficient

3.3 cm?/s (electron)
0.3 cm?/s (hole)

25 cm?/s (electron)
5 cm?/s (hole)

Critical electric field

3.50 % 10° V/em

16.610° V/em

Electron mobility

300 cm?/V s

990~2000 cm?/V - s
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2.2 AIN, AlGaN¢] -§-8&¥&of

2 AR

o] barrier T2 AMEE & ot [9-12] o] B& ATyt W H AlGaN/GaN
HEMTS] &2 72+ Abgtolo] 7] fo] GaNE& AAA7]11L 1 9o 4 nm
F712] AlGaN barrier 52 A&AIZX] th3 source, drain, gate A=S A3t
TrEo) Itk [13-15] AlGaN# GaNe] oA WhEe zjo] 2 lste] GaNel AlGaN
Ao H& Wxo] 2DEG 2xY #AA7}k2, 2-dimensional electron gas)Z <13k
293 25 @k AING AlGaNe &2 A4S 7FA L 17] wj&el HEMT
9] barrier =0 29] S&¢] #3t By} B} [9-15] H, GAHZ=0FZ AL
= GaN& 1FZ daFez 7] 93t Atgjolo] 7]#oly} SIC 71 £
AIN £+ZZ(buffer layer)= AZA71& WHol ot [26-28]. AIN &3] 3
= Atgtolo] 713 $le) AlGaN/GaN o]F H3F Fx5 AAFAZ HEMT &4k +
zE Fig. S@e°l YetdAtt. HT= Atgtolo]l 718 9o F74& AN F=
XA &A1 7131 AlGaN barrier/AlGaN channel % (barrier®] Al %4 >channele] Al
zA)E 4 HEMT 725 A3 d+% P51 Ido (Fig. 5b) [16-171.
ol Siolu} Apgfoloje} Ze YNkl ©AA 7S ti4lste] AN template
E ARESOHE, 2o 52 A4 T2 & FERE ARAE A, =2 E
Ao g2 U 7574 zZt= o o] AIN ©2A4 9 Azxe= B

o (Fig. 5(c, d). ¥xF ofye} 7]&9] Si 7|Hke] &7} o]4Fe] &5 7F2 AN,

rlr
i}
re
Y
ro
—Vi
2
o

AGaN 719ke] ¥ 27 AzE ASA pY, 1Y =BE FF ANAEE F
go BE ATE FEwa ok
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AlN template |

AIN template

Fig. 5 Device structure of (a) AlGaN/GaN-based HEMT on sapphire substrate
with AIN buffer layer, (b) AlGaN-based HEMT on thick AIN/sapphire, (c)
AlGaN/GaN-based HEMT, and (d) AlGaN with high Al composition based HEMT
on high-quality AIN template
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2.2.2 W ZF

AINY AlGaN, GaN+ SHAAE 7|2 F X2 3= wurtzite 7+F & o] Fo] A4
A, GRbg oz 1000° C o] 9] 1A o]F A4S o) [4, 18-25] 1
U olF JAFesE 4FdE F EEOE A% RAY 2 B AT Aol=

s &=o] WA [8, 18] HAE= FAV S7HETSE S8l Frlsivrt
Aol o2 83 ASATIHA oaF Yol A TEo|WTh
FAE JA FA (critical thickness)etal sty Ed 3t A4 74 w
e 7T S ¢t os) ARz dAst= AF Fol o
FHoE H A3 (line defecH] #F 9l (threading dislocation, TD)7} )o
o, TD= &Ake] 243 & Aol AWAQ ale g 283t} [4, 18]

A% Qe 1EQ oW A4S AP A F7h Tl dow, AR
9z Yot MHES olgsts WHol Uk [4, 8, 26-28] Aputolo]
7% 9ol GaNE 44T wl, 2 AA Tz $AF AAYFEE AL AN
2 WyZow YAut AINT Algtelo] 7% zke] Az} BAFL oF 13 %=
GaNsh Abgholo] 719 7he] AR BATH-16 %o ¥l B} [26-28). W =L
AR o g Ao A, wate] Aol Mmd we Aol E45)
Ak, AA Fo] A s Boko AR APLL oA dAE Tz WP
o o] H¥E 9o GaNg 4sd wolxl WU o) BAY B}
Wle ZoleAl HH, 2w Adabo] BAThEA R dojuA Hol 249 utute
4A de % YA B Fig 6& GaNg Alstolo] 7% o] 4FAZ w o]
W& 5o e 44 34 e 1got
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mmiea]::m sife

(a) GaN/AIN BL/ALLO; ) Gamegg

Fig. 6 Schematic diagrams for the growth of GaN on sapphire substrate (a)
with AIN buffer layer(BL), and (b) without BL [26-28].
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2.2.3 9% FaA

AZA-AE A2 ot FAst= A|A7E Hor WAst= WFLAE
Mezlol wep g spgto] Mgtk A 5290 SHAME AR Hold wi=A
AFE FarAzel $8o] go]sta, AINE A HHod AFo|A 6.2 eV H

MES 7FA AL lo] A9 F9 9 B L] &82 + Ao [30]. AN
I GaN9| alloy?! ALGa;,N& Al 249 wet 6.2 eV (x=1, AIN)OIA 3.42 eV
(x=0, GaN)Z ol =] si=7o] W3ttt 2] (2.D AlGa,Ne| =4 xo] & 9
U =l e] Wels YeldlE Vegardel g 2lolt} [29]. %44 b= A ot
2 nxEz A W3t 2 ez w\3lo] ok 3 Aba=(bowing parameter)

24, AlGa N2 9% (b=0.341+0.035¢ V)2 k< 7}z,

I

O

[e)

T

Eg(x):l‘Eg,AlN—i_(1_$)Eg7Ga1V_b'/L‘(1_:E) 2.1

£3 A9H gdo] B tole= Azt S Al 24 74d AlGaN
o

AINE A Zsleq AddE & Jotk [31-34] AlGaN& &4 2 ARESt] Al =
Aol wel 360 nm (3.42 eV, GaN)e] UV-A (400 ~ 320 nm) oA HE 200
nm (6.2 eV, AIN)2] UV-C (280~200 nm) FH7+A 234 o4& =413 4= Qo
HIMHA AL Feolut Ale T UAC frafg 7A@ E o] &t 9
o wEkA AN 7)gke] Ao gt Azl AddEdd fo =2S A
|3kA ol &G Aola, Aejd #zo we} LED wheo] EA4Ql wE -2
Z7} 7hEste] A7 duA EAE Y F e A ok mHEe 9F,
Hol e, 37 5o | Eofol AAA AN 76kl A9jA FAaAte] g-8o] 7]

= ok
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AIN (6.26V)

Energy bandgap (eV)

00 02X 04 046 OCF 10

Al composition x

Fig. 7 The energy band-gap of AlGa,sN as function of Al composition x, and
typical device structure of AlGaN/AIN-based deep-UV LED [30]

2.3 HVPE

2.3.1 HVPE 7} &

G282 74 duEAR BEAE HPEE oAxes 713 ood 4%
WHoE Z7]o] RCA d40A Ge 7|&Hd GaAss A& ARl Aol Hzxo|

filo

= dsts BEA A7 F2 AHEE+= MOCVD Bl wE A&
ZHAAL Qo] A 2ADY T o F A frElste] &3] free-standing©]
U 33 @2 AZ ARSEE et [4, 8, 18-20, 251 HZole wE A
AET A 4AE A= JheslA WA HVPEE o] &3 37 AR o
g AT = FYPE 3 o} [35]. HVPE Avles A &2 F93 93 99, 4

FHOE ot A 03‘25‘,011b 3F 5o Xl RE(EZI7E A
1A FH ] a&5-d3ES vHE7] Sk HC 71A7 54 £4 A=

I

o Ng FFa7 falA YwHoR NHy AE Tel 24

o o
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dstE Z1A e WAk [4, 8, 18-25] WHEH W9 &7 s1A<} 53}
$ NAE 20 NARE o2 gl W Nouk Hy 52 Arg A

shof ARSI

7

232 49383 o]&

Fig. 8l AIN, GaN ¢ 3-5% éli‘r“ Wk A o] HVPE A7 gk €935y

o|£2& HoFEth Fig. 8@ (e 77 Al Gad] &2 FHdA w3 I
of 23 F&-93tE 7|Al9t HCL, Hy Ny 71A12] 3y v_—?}(equlhbrlum partial
pressure)S %o wet bl I Zo|th A2 FY YRe e RS

1 71F 0 atmeoeZ 3sta, Y#EE+= HCl 7149 input partlal pressure-<
6.0x107° atm, &%k 7]AE N,2 ARSI Al 549 42 FHo4E= 500
CTHE 790 C7FA AlCl39] partial pressure”’} =34l 790 C o] g5 Eit AIC1¢]
partial pressure’} ©E ZAle] vl AdiH o=z =0 A, AICIS &3] ALE
3= HVPES] XY (Si0y) ¥ A o 2 uk-g-sle] AlCle] AIN A Ao
oA3t7] dEAY, ETES AL webs AIN 84S 913 HVPE &2 9
do] 2= 790 C olstE AAsH, AlCl 71AE AN A%< Qi34 2=
FE ARSI [8, 36-37] RFH Ga 59 42 992 500 T o] delA GaCl
o] & & partial pressureE 7FR =2 GaN A& o] GaCle AH-&3th [8, 38-391
Fig. 80+ A4 FHolA Al Gael 55 dA3HE 7I1AE3 NH; 7| A9+ vh&
o8 AIE I Fo] AREHE 38 ol e BE o azolth A%
FAelA AlY] 54 F3E 7IAE B 25 F90A 4o @& T B
Hhg-o] AREgo] SAEA dojdtt W =

GaCle] 900 CTE& 7]

900 T o]/ollA Arrgo]l dojutr] & AeFS Holn Jot. wakA Gall=
A Ae AFEE7E 1100 T oFerE & A9 GaNe &3
(decomposition)7} A& 4 7] wiEel, €& TF2=o FYF Az
(super-saturation)7} 23 Q@<lo =2 g3t} [4, 8l

=~
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¥ Total pregsure = 1.0 atm
¥ Input partial pressure of HCl= 6.0 x 10 atm
¥ Carrier gas = Ny

@ (b)
E 102 g 102
z z
z 10 2 1o
w 1ot = 10
2 2
2 2
E 107y E 10
.J 3 :
] 5
3 100 B 1o
W L
1|;|-12 i i i i i I 1“-12 i i i i 1
300 400 500 600 70O 800 900 1000 200 400 500 600 70D 800 900 1000
Temperature(“C) Temperature{"C)
(C) Temperature (*C)
1600 1400 1200 1000 B0G L20i]
BT T T B BE ER U — —
14 =~
12 ‘aﬁ@/
' ot
1 Eﬁk-—"j
10 _;mkk
.__,.,-F‘
w g Pﬁﬁ@.&ﬁ‘,f
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Fig. 8 Equilibrium partial pressures of gaseous species over (a) Ga, and (b) Al

as a function of temperature, and (c) values of log K as a function of

reciprocal temperature for the reactions of GaN, and AIN using mono- or

tri-chloride of group Il metals and NHs;
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Sdgrphito oz 24 A8E 9t HES ANAAD E9E 245 U=
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Feaction zone

Mied-zource

Fig. 10 Schematics of (a) mixed-source HVPE, (b) graphite boat system and
reaction between mixed-source and HCI in the source zone, and (c) growth

mechanism of Ill-nitride epilayer in the growth zone [45-47]
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A 3 GaNF =2 Al A4S 71 ALGarN 9359 A%

3.1 &% &2 HVPE] 9§ GaN, ALGa;.N 4%

A3 E N=A dAFE AR AT 71HLS cd Algolo] RS ALEE
Atk Atgtolo] 7)1 HVPEOIA AA3t7] Hol| 334 MF #4S AFch
A FAozes dA EAHHE) & of 3083 Yol £ Ec=< A7

&la ©o]%F DI (deionized) watere} N, 7] & o] &3] THLS AMAsty Zul=E

HVPE AAdgdo] AXstAt. 3% FJHY Al Gad =of A1 A4t
(HCD) gqo) Hof ol 2kslute A A L, FEo Qs AxA = #H
S AR Lo BREC Zott Fig 11+ o3& AAS 93 HVPE A% =22

Lolal, Table 49 24+ =49 A& =& YEHAH.

HA GaN o9 F AAS 93 F4 £A22F Ga 257 AFgstg oy, &
HEo| do} &2 g9 ZAsl] RF ZLY=Z 71EstAth GaN 43S 93t
EHstZ o] 83 rE AFS HIHOE HAASE 25 £HOEZH &2 FY
< 900 C, A 99L 1090 €& 7FE3tat. g2 =2 ALGa N AFS 9
w5 axnvE Al Ga 555 EFst AMgsRon, 22 Ao E 54

ot & FYo AA|sted RF 2L 2 718t AlGa N A4l

oA EF 429 Al Gao] YA £&F &2 99 &% (660 T ~ 900 C)
E HTFE 8o ARE AFsidn o] W, A% 9499 &5+ 1150 C= 44
sHAl 7tEstAth. ATAle AE 3 Aol B3 3tst whgs 9t ®Eg 71A

1% HCI NHsE ARE3tdow, Zbzhel /7S 100 sccm 1831 1000
sccme. 2 1 A3HUT. NH; 71Al= 7132 A3} (pre-nitridation)E ¢]3he], ¥H-g-
#Ho &%7F 500 CY WHEH A d9o=z THEFHoer [1-2], HC 7IA=
s A HAF 250 E2elds W &2 9o E FHFAG vy

e

O:
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o] &R A} E971E At Nog E8FRern, &2 934 A4 4
Zy7} 2200 sccm, 5500 sccm ©® EHFATH
J-zone furnace
EF-coil heater
000000 ey
™ot o S
——— =5 AGa)CLNH; >
: > Al Ga)N + nHCL(+ Hy)
= ® _JJJ.I:GE.}C].,-"""\ i r——r——

Substrate

o Graphite boat with mixed-source (Ga or Al+Ga)

[e=]
==

o]

Fig. 11 Schematic diagram of a mixed-source HVPE using for the growth of

GaN or AlyGa;N epilayers

Table 4 HVPE-growth condition of GaN or AlyGa;«\N

Growth material GaN AlGa; N
Source zone temperature 900 C 660 ~ 900 C
Growth zone temperature 1090 C 1150 C
Metallic source in the boat Ga Al + Ga
Flow rate of HCl gas 100 sccm

Flow rate of NHj; 1000 sccm

2200 sccm (source zone)

Flow rate of N )
5500 sccm (main tube)
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32 &4 W4

A47E dyFY W s #F o] EA& TESCAN A}e]
MIRA-3 HAA W= FAF dAEr] A (field-emission  scanning  electron
microscope, FE-SEM)3 EDAX A}¢] oyx] EAg XA &2337](Energy
dispersive X-ray spectroscope, EDS)E AF-&3tAR T Alulolo] 7|3 2o AINE
AN ANae 52 ddAS g7 i A=48 =24 AaPod &40

g ~EY stol R BRHYL

ba, A

o
olt
Mo

o2 AR AuFe AA TRE LotHy] S8ke]  RigakuAbel
SmartLab &35 XAl 314 (high resolution X-ray diffraction, HR-XRD) %X
S AH83st9 3, CuKe(A=1.54059 A)A1e] 2 HrAL Hs§d] (2-bounce Parallel

o2 S4T30 WHe A AAHTE F2E golry] ¢
g 20w 2T AAHAY S 9138 rocking curve W& ARESEY] ®HEX|E
(full width at half maximum, FWHM)< Al4tstdth 260 /0 =72 B3 X
Aol QALY v 9F 0 |E A7 20 FS FA 2WEE YHoE, XA
3] ¥ (diffraction vector, ;)9} Ur g Wgroge] Ao HARE o
T Atk AA Apgtelo] Zj@ ffel A oI F e AA %
Gotr 7] fjsto] Apifolo] rjwe] W Pﬁok (cZ, [0001D)E 314
gate] =7sklth Rocking curve SAWMS dsts Z2F o] i 3o
dAUEE IYuEL 205 IAHAZL, XA AT o &

2, 349 939 vxZ e AT, oaFo AR, #F A9 2=
S dAstE T3 ARolt 53] wurtzite 7+32] GaNu} AIN o9 &9 7

E A9 IxE Aast=d, (00029} (1012)2] rocking curveE ZA3te] i
X Z-g wlwach (0002)Ho] thdt rocking curved] WX Z & Al AY Hx
(screw dislocation density)e}, (1012)®e] WalA= Zd AY WUWE (edge
dislocation density)¢} ##eo] o, 24 G.D¥ 4 B2DE Ar&std M9 H=
E At 7 Ao 3l
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N, pew = EWHM o001/ 98, 0re ) 3.

screw

N

edge

= (FVV—HMIOIQ))z/ (956,19@ )2 (3.2

Negemedge dislocation density [/cm?]

Nieren=screw dislocation density [/cm?]

S eqge=burgers vector of edge dislocation

A serew=bUrgers vector of screw dislocation

[0001] WeFe =2 AA=" wurtzite FZol4 (0002) WS thy AAHHoZ 7|&
st (1012) WS vty ZAA o] drh oy Z2AWS (0002) Wl theiA 2
flw 22783 rocking curve FAHES flEiA A WEE AuE 939
[0001] Wakat vabatA AeEspach vk vy 249 (1012) 9] 20/ w
2703} rocking curve 42 fslME ¥ F [1012] WS A e Y
dotA AEsdth Ase W AES fleliA wurtzite 2 729 24 WA
r Zt= (Interplanar angle)¥hg Y u|HE AR oH, 4 QB3 T3t
A7 42 a9k el HCP &9 (hpkyl) H3 (hpkoly) W A 4%
¢

E AL & dow, GaNet AINS WX A% ¢ & Table 50 WA
4-5].

—

2
hyhy + e ky + — (hk+hk) i“21112
CoS¢p = < 3.3
2 72 3a” 2\(12 4 12 3a” 2
(h1+/<:1+h1k1+4—02l1)(h2+k2+h2k2+ —1)

[0001] ®&Fo = AAgt AINY AlSolA thi <l (0002) HI v]thAHI
(1012) W] XRD =4 WS Fig. 12¢] YERRATH A AL "o A A
gtolo] 7]ge) [0001] WEFs IHWMER HHste ZA S sta, v W 3
o] 79 AN (0002) ®3 AIN (1012) ®o] HIF Z+=9] 42.73° 912 114 9n)
Hel y &g 71edo2A e E 3I3
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Table 5 The values of interplanar angles of wurtzite GaN and AIN [4-5]

¢ can | (0001) (1012) (1011) (1010) (1100)
- 4319 6196 90.00 90.00
4319 - 1877 46.81 53.65

(0001)
(1012)
(1011)| 61.96 18.77 -  28.04 40.15
(1010)
(1100)

90.00 46.81 28.04 - 30.00
90.00 53.65 40.15 30.00 -

¢ an | (0001) (1012) (1011) (1010) (1100)
(ooo1)| - 4273 6158 90.00 90.00
(1012)| 4273 - 18.84 47.26 54.00
(1011)] 61.58 18.84 - = 48.42 40.39
(1010)
(1100)

90.00 47.26 4842 / 30.00
90.00 54.00 40.39 30.00 -

Fig. 12 Schematic diagrams of w-rocking curve to the AIN (0002) and the
AIN (1012) as measured by tilted y -axis to 42.73°
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3.3 %9} HVPE-GaN o332 54

BA3tath Fig. 13 AA3% GaN ol9Z¢ & FE-SEM AH¥3 XRD =4
Azlolth, A2~ 9o ex9ol AR g o AXeE exzA AR 9

u/mine. 2 & 198 me 9 GaN7F A3d AS & 4 Ao

22 Q9e 900 TR sbdsta 1090 CE ARG GaN oluZe] =4S
E

b
rr
b

Fig. 1309} (©= ZHz GaN (0002)H ¥ (1012)He] XRD =4 ZAdo|t}
20/w 27 o= AFtolo] V1@ WP AW E st FASA, ol
3 B AHE e ZA GaN (1012)e] thal ZA s (0009H e A ¢
#e, (1012)Re AA3E a ge FAT £ AT, 260/0 20E Fae] AR
A dE 9o 2 B¢ @5l YERd plane-spacing equationg ©]-83}
Asreth [5] =A3 AZo] XRD ¥ 3= JCPDS E= dlo]EHjo] 2o W
EAS st

1 4 WHhk+E P

_ ¢x3.189
~ 5.185 3.5

Fig. 130 tiAHe] that =4 A2 A, 20=3456°, 41.66°, 181

72.91° oAl ZFzF GaN (0002), ALOs; (0006), GaN (0004H)H<e] 34 = =7}

dEH, & Jas FEHA Feo wHgA o A" GaNet &2EA
dol FRIHFATE. vt Wel FA AFAEA Fig. 130A= 260=48.08° ,
57.45°, 281 109.16° oA Z+Z+ GaN (1012), AlLO; (1106), L& GaN
(2024) o] 34 ¥=7} BFE T, G2 vaE JAFEA Gtk 249 XRD
4 HAE WHEste] W\t AY dE et oIS 2 T2 ax
ARGt & AR AR SAsde W ¥ GaNel 2FE AX
LA BT [6-8]. Fig. 14 A&d v T izt 723 5S4 WHIE
dolr 7] 9% 29t ~HEY S 24, Thermo Fisher ScientificAte] 532 nm

o
i\
o
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laserE AF£3 DXR 2 Smart Raman Spectrometer xS o] &3t A& (300
KA &H43tAth AN, GaN& SHAAIS wurtzite 725 7FA 1 o,
AAEel ¢, AAE Rt de 1, ¢ IF &3 e 44 1RE
7HRd wekA stuel Ay, By E= RES 2709 B, E, ¥ REVL
Uetdt. & A, +2B +E +2E, 3X=°| Brillouin zone®] [ pointellA]
#EHAY. =HHEA A =8 LO (ongitudinal opticaD® =2} TO (transverse
optica) REZ Yo 6719 L= BT FoA cHe FH F£23 YA
o, JAREel A7)l yEdk WEke] Z:+=Q E.¢ ALO) EEVE AH
TR (selection rule)& wWETh [9-10]. 29F AFoME 7] FA 10 me
A @A Eshigh) == (576 cm™H¢F Aj(LO) 2= (788 cm™)7l #&d) 7
s7ll w2t 7 A 2z A7 F7F Hal, Edllow) s REEVH
F7HA o7 BEHAT. Exhigh), Exlow), A)LO) =S A|9)3 v g+ #EEXA
¥ AOE Hol, GaN7F £2 cF A4 d%o] IAPHASS AT + Utk
3 249 2E vzt 43 924 GaNe ~"HEHI] Y5

&
448 F9 GaNb R %8 gt F2Ad B4 sitn wuwd

4

Table 6o = FA w2 o3 Fe XRD rocking curve REX|Z S=X] 2}
A% 2x ALgS vEdd AdFe F=AZE 5 o, 10 ym, 100 pm, T2
190 m¥ @ GaN (0002) ] rocking curve WHx]Z-2 1874, 726, 554, 418
arcsec® 7ZrA% 3, GaN (1012) He] rocking curve HFX|ZE-& 2350, 1166,
414, 284 arcsecZ #HAFHAJY. FAA wE rocking curvee] FWHM #teo=
GaNe] #A¢ "HTE Aok 1.96x10° cm?olA 4.20x107 cm?Z F74 9
Z7tel wet A9 WETF Zaste AEE Holal ok HVPE Al2gl WofA
Aol gl wel AA Y| coalescence’t NAEHE= AA Fol AHAA
APE = A7t FAHAAEA HAErl ZAHEE fAHoT AT AA A
o7 Z& AATH [13-14] B4E GaN< 5 ume} 190 pm o ¥ Fo] THHE o]
W (focused ion beam, FIB)& AH&3te] gF2 whuteol RO A, JEOLAR
T3 AA#W A (transmission electron microscope, TEM) JEM-ARM 200F
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AAE olgstd R A M9 UEE ZSHSATE 5 me AsAAE
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Sapphire
Growth rate ~2 pm/'min 100 pm
GaN (0002)
GaN (0004
AL,O. (0006)
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Gal (10-12)

GaN (20-24)
ALO_ (1106)

XRD intensity(arb. units)

40 30 G0 70 B0 90 00 110

26 (degree)

Fig. 13 (a) Cross-sectional FE-SEM image, (b) XRD 26 /w spectrum with

;H [0001] a0, @nd (©) XRD 20 /w spectrum measured with ;|| [1012],, of

198 um thick GaN epilayer on c-AlOs
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J

M —— 2 "-1'}”.111
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Fig. 14 Raman spectra of GaN epilayers with various thicknesses

Table 6 FWHMs of XRD rocking curve, corresponding threading dislocation
densities of GaN epilayers with different thicknesses, and TDDs by TEM

XRD rocking curve TEM
Thickness FWHM FWHM . -
2 Nereullen? 012 AL Afemd) Nigaklen?)  Niggallen?)
(arcsec) (arcsec)

5 um 1874 3.79% 108 2350 1.57x10° 1.96x10° 8.71x10°

10 pm 726 5.69 <107 1166 3.87x10% 4.46x10°

80 um 554 3.31x107 414 4.90x 10" 8.21x107

190 pm 418 1.89x 10’ 284 2.31x107 4.20x107 3.13x10"
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4 52 Al 248E 71 AkGa,N o959 473 =42 =4

341 EF &2z 9% Al A9 =4

542l HVPE WHelA AlGaN o35S AZAA7IE ¥ Al Gad
HE g 2o} [13, 201 o83 FxoAE Al Ga &2 99 ZH7}9

o o
-1 =
E ¥rr ™31, ¥k 71AY 3 zol=E Al FA

o
°of Al 24& 248 & ok WA, 343 44 =M Al Ga 559 &
A% S5 3 22 W Al Gad] dA £&dd wE 54 WsE dolR
Stk &2 Yoo 222 900 C&, A4 Y99 2= 1150 CTE A
atal, A E&ol wWE d¥Fe =4 WsE FobRskth Fig. 1565 AlGaN 4
e 93] AHRE B BHE A|xEo mATolt) 3k=Z¢] AlGaN o3 AA
< 93 v & 1R EE HE AIS Ga EFES Ut

Fig. 15 Schematic diagram of one-well graphite boat with Al+Ga mixed source

for the growth of AlGaN single-layer
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26 (degree)

Fig. 16 XRD 26 /w scan results of samples grown by using different X', in

the mixed-source
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Fig. 17(c)ol= EDS =4S E3] 78 2z} A&l Al Ga, 181 No 97 u)
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UL SR

Al o YT R

& Mol fraction of AL 0y, wig
Quantity of mixed-source  in the mixed-source K=
, (Al- Ga:N)
(Xy)
Ga03g+Al70g 98 % 422:0.7:571
Gal0g+Al70g 85 %% 37.3:8.0:54.7
Ga30g+AlT0g 86 %o S6:488:426

Fig. 17 (a) low magnification cross-sectional TEM image and (b) TEM-EDS
mapping on the elemental Al, Ga, Pt, N of the sample grown by using a
mixed-source of X,=95 %, and (c) atomic % by EDS of the samples grown by

different Xy in the mixed-source
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Fig. 18 Al compositions of AlGaN epilayers as function of source temperature
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Fig. 19 Equilibrium partial pressures of gaseous species over Al+Ga metal as a

function of temperature
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Table 7 HVPE-growth condition of AIN epilayer

Growth material AIN
Source zone temperature 700 C
Growth zone temperature 1150 C
Metallic source in the boat Al vs. Al + Ga
Flow rate of HCl gas 100 sccm
Flow rate of NHj; 1000 sccm

2200 sccm (source zone)

Flow rate of N»
5500 sccm (growth zone)

229 2RFE 07 R Tk A2
Gog Al B&o =EH o4l 700 TR o] Alo] F¥d % & A
ok 4% 4 F Al 35 93t st dojg o] Holx
Gt AL BAY 4 ATk AAE, AL e WHo] o} 4zt A
HEAG, BN Axol o) Ashue] HHHs] Ak (15l wekd Fe
3 Fol F919| Abxst Ax, FEUote] ofs) Al EHo| Absiuto} sje}
o] WAE Aow nAh mehd Al 22T LT AWM Al & wHe)
st Ee Aol AICk, 714 AAE 918 HCl Bhe) wrgg oAlshe] o
ARk A DojupA Fata, AN 3% 4= APHA %Y o wu
At
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Fig. 20 Photographs of the source materials in the graphite boat after the
growth process and plan-view SEM images of AIN epilayers grown by using
(@) only Al source, and (b) Al+Ga mixed-source and XRD results of the

samples grown by (c) only Al source, and (d) Al+Ga mixed-source, respectively
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Fig. 22 (a) Gibbs free energy changes on the reactions for the generation of
the aluminum mono- and tri-chloride, and nitridation of Al as function of

temperature, and (b) nitridation rate of Al metal
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Fig. 23 EDS results on the surface of Al metal after annealing process at 700

C using (a) Al source, and (b) Al+Ga mixed-source
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Fig. 24 (a) The mechanisms of the reactions in the source zone (Al metal,
nitrogen gas, AIN nitridation layer (NL) and HCI gas). (b) The mechanisms of
the reactions in the source zone (Al+Ga mixed-source, nitrogen gas, and HCI

gas)
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EDS intensty fops]

Fig. 25 EDS spectra and chemical compositions as weight percent (wt%) and
atomic percent (at%) of epilayers grown by using (a) only Al source, and (b)

Al+Ga mixed-source, respectively
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Fig. 26 Cross-sectional FE-SEM images on the procedure of the growth of
thick AIN epilayer with AlGaN nucleation. (The growth times are (a) 50 min,
() 5 hr, (¢) 10 hr, and (d) 24 hr, respectively)
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Fig. 27 XRD 260 /w spectra of samples grown by Al+Ga mixed-source for
different growth time.
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Fig. 28 Growth mechanism of a thick AIN epilayer with AlGaN nucleation by
Al+Ga mixed-source
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10 hr 741 0.64 990 2.94 x 10° 3.58
24 hr 515 0.31 818 2.00 x 10° 2.31
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Fig. 30 (a) XRD w-rocking curve of (a) AIN (0002) and (b) AIN (1012) of AIN

epilayer grown for different growth times
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Fig. 332 7120 AHgso] $d H9# T2 HVPES BH< sjdsia,
el Fo AN A Sd HAR 5F 99 EFa2 HVPE
(modified-zone mixed-source hydride vapor phase epitaxy, MMS-HVPE)¢] =2
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B 3-FHFY HAVR A2 AH F9S X FEE HIH[AT. 559
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oF e T WS HEJ Aot A 7HE AXA st ARSI AR
AAG T& &2 RO E HC 7|JAIE EdFo ¥ 7IAE Adsta, EAY
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o 2A, AldA AAHE AlCle] MFYas AXA ¥ AHY 47FE& 78
o2 o]F3tA Hoh ol# 3t F+x= AlCl, Tl partial pressure’} 7Hd =4
T, SiO9ke] WHgAdol Fob AREstAl XFW AICl 71AE Al Ao R
A, FE AEES T3 5 AN Ao 7S Aow o Table 9&
MMS-HVPEE o] &%t AIN 8% 1S BoED. MMS-HVPEE &4 &9 A
A 7o) sfte] 2= P FAHES HAHo g 25 J1gHn w
SHe] 2%+ 1150 C 2o &8 HC 71419 32
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=] 3
———
=—=1-® > T

. AlGa)CLAN
=R, :"l(}CI“. 2

ANGa)CL+NH; =
AKGa)N + nHCI (+ Hy)

Exhaust

Graphite boatas a reactor

Fig. 33 (a) Schematic diagram of a MMS-HVPE system, and (b) photograph of
graphite boat loaded in the furnace as a reactor for the growth of thick-AIN

layers

Table 9 MMS-HVPE growth condition for the AIN epilayers

Growth material AIN
Source zone temperature 1150 C
Growth zone temperature 1150 C
Metallic source in the boat Al + Ga
Flow rate of HCI gas 100 sccm
Flow rate of NH; 1000 sccm
Flow rate of N 5000 sccm
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5.3 MMS-HVPEEZ A &3 AINY EA

MMS-HVPE & o] 83} Table 99 AA 2702 3 AE¢H duzs
A N7l AF}E Fig. 349 JERAATH Fig. 3@ AA9 oz oy
FE-SEM Abzlelth 448 AN oF 84 o] FAE 7bAw, mus Bed &
HE 7H AL AT 4 Aok o] u AINS HF AFEL 046 w/minZ, 4
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filo
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Al 31+ MMS-HVPEAI A 7o g2 FF =+ AlCL9 input partial pressure”}
F7HE At As AT = Ao [11-151

Fig. 34b)¢} (0= 72 XRDE ZA3 tiA A Bt AL 20/ =7
IE YeEPATE (00028 tHIH =3 260/0 270 AR Fig. 34l A
20=36.04° 2} 41.66° oAl AIN (0002)H 3 Al,Os3 (0006)HS] = =7} FZH
= AYeties & AR 3H A3 #FEHA gt MMS-HVPE ®F
FoME c= Z2A WeFo R wurtzite AINVF AF3do =2 AAFHJOH, Fx3
o8 ¥ B4 JdAFe Flg F Utk

from

oo W,

AW 20/w 270 AT Fig. 34 A= 26=49.84° , 57.44° o)A z
7k AIN (1012)9 3 ALO; (1106) =27t #HFH AL AQsties e ZA W
34 maes FFEHA &Yt F XRD A AAE vlg o= AIN/ALO; °o|F
g7kl A 0001] 4, | [0001],, . [1010],,, | [1120],,, o1 A ¥F BAE 71A
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SO BV 200 AN WO BT
SEM MAG 78Tk - & ]
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(b)

AIN (0002

XRD intensity (arb. units)

30 32 34 36 3B 30 42

T =
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= e
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46 48 s0 52 34 56 5B 60
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Fig. 34 (a) Cross-sectional FE-SEM image, (b) XRD 26 /w spectrum with

;H [0001] a0, @nd (©) XRD 20 /w spectrum measured with ;|| [1012] ,,, of 84

um thick AIN epilayer on c-Al,O3 grown by MMS-HVPE
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Fig. 35(a)= MMS-HVPEZ A&3 84 ume 3H+ AIN dy¥5 ZTHS 7+
(0002)H 7} (1012)We= =AH3 rocking curve A3} HWIXZ x5 g
Aolth (0002)H (1012)H el rocking curve 3] 3o sk x| Z& z+7}F 1368
arcsecet 1224 arcsec® ZAHAT. £ A9 UWEE 6.68x10° cn?EA edge
dislocation®] 4.49x10® cm™, screw dislocatione] 2.19x10* em™2 ZA 5o}, [A]
41 A AZEo] W& AR Hls ¥ A UEE 7MFdh input partial
pressure’t S7FERAA AAEC] IA SV AL, S BAAE o 4A

2ol Asirt LA AT [14, 17-201.

BV
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HNAE AUk cd AL A E 248 antolld FHE B, T dhugl
Ex(low)9} 610 cmloll A A(TO) vt w3 s A& [21-24] B4 27] @A 9
misalign®l AIN island’} %& A& wzol odIAT A Fol &x3s @2A
© 2 coalescence¥ A Esla #ESHE Ao 2 I Rocking curve 239}
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¢
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Fig. 35 (a) XRD w-rocking curves of AIN (0002) and AIN (1012), and (b)
raman spectrum of 84 um thick AIN epilayer on c-Al,O3; grown by MMS-HVPE
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