=
B
&
H-
4
<r
% |
<

Mixed—source HVPE ®HHo| &3t 1115 A sh=HEE A 9}

ez o] Aol B A

The study on the growth of [II—nitrides
semiconductor and heterostructure by mixed—source

HVPE method

S

o
4
@‘
%
o
ot

20074 2/

WK KB
HEFIFHEL R

S



A A b
il

XA

XA

I BMEm L o2 GRUES.

Xm

il

il

il

il

20079 2H
LR RISE PN 2 VN T

MBS RE

El

El

El

El

El



Abstract

L A B 1
FEILEE e 10

27 &3t A~ (mixed—source) HVPE W 15
2.1 £ HVPE W2 B3] L, 15

2.2 T34~ HVPE W O& Ax Wi e ol H

Dok SOV 2, 21

2.3 TS HVPE O] 713 A 30
24 2. ... B BB R 37
F1EF RSy I 38
3% &£¢4~ HVPE Wel 93 IS AstEwteA9 A4......40
31 A e BRI ... 40

3.2.1 AlGaN Z9] A e 49
3.2.2 AlGaNT 9 Al 24 ZE .o, 53
3.2.2.1 YAELO W 53
3.2.2.2 229 25 WSl 57



3.3 &34~ HVPE #Ho| 9%t Te—doped GaN}

AlGaN A AT EA) 71

AT B2 ) 88

3.8 B i, 94
L A PP 97
=3t4aA HVPE RS ol &3t sel=+2 43 ... 102
41 . .98 . BB BR.. . 8P ..., 107
4.2 AR M. g, W 105
4.3 AR BN, e 111
4.4 EXAEAN,  WUBSERY............oooveeeee, 115
4 B 119
AL B 120



The study on the growth of III—nitrides semiconductor and

heterostructure by mixed—source HVPE method

Kyoung Hwa Kim
Major in Semiconductor Physics

Graduate School, Korea Maritime University

Supervised by Professor Hyung Soo Ahn

Abstract

This study has proposed "mixed=source" as new growth method
for the improvement of the conventional HVPE method. Moreover, It
has suggested AlGaN, InGaN, n, or p doping experiments, and
heterostructure for gaving a seal to utility of those. This research
paper made the offer a new method of taking full advantage of the
strengths and weaknesses of HVPE, so that put forward III—-V group
of elements, nitrides semiconductors. One of the existing method of
HVPE as a case of ternary compound semiconductor is fixing Al

metal and Ga metal in a different position, make up AICI and GaCl



with acting upon HCI, and this act on ammonia for put forward AlGaN,
so that multiply equipment and costliness with complex.

Hereupon, the proposal method of this paper is melt Al as metal
form on Ga metal direct. It is introduction of a technology of growth
similar to putting forward AlGaAs from LPE into HVPE. AlGaAs was
put forward with acting on ammonia form a chloride of Al and Ga for
saturated Al on Ga metal with right temperature, and shed HCI on the
surface. The mixed—source HVPE is the method of melting a
source or dopant on Ga metal direct, utilize III group of elements or a
material of dopant. Besides, In this way, melt In metal to Ga solution
for the putting forward InGaN, melt Te metal to Ga solution for
dopant form n, melt Mg metal to Ga solution direct for dopant form p,
made III group of elements, form n or form p for the source of
dopant.

Accordingly the mixed—source HVPE proposed in this research is
useful method for the putting forward a nitride semiconductor of
various III group of elements with more simple way of machanism
than existing HVPE. For the proof of the utility of the mixed—source
HVPE, AlGaN, Te—doped GaN and AlGaN, Mg—doped GaN, InGaN,

and heterostructure has suggested for the research.



The mixed—source HVPE proposed in this research as putting
forward AlGaN with melt Al as metal form on Ga metal direct has
made sure of possibility. The experiment on variation of atom ratio
Al among mixed—source, variation of temperature, variation of HCI
flux was for the control Al on the layer of AlGaN. So that for the
control of Al composition on AlGaN layer with the mixed—source
HVPE, the variation of temperature of source sphere is needed to
easy method for the putting forward layer of AlGaN with from 0.5%
to 80% of Al composition. Besides, the experiment doped for the
nitride semiconductor of form N and p with multiformity of the
mixed—source HVPE has finished. The consequence of put forward
layer of Te—doped GaN with Te from form n dopant is the result of
change of carrier density from 1 x 10" cm™ to 2 x 10 cm™®
through Hall measurement, and the case of Te—doped AlGaN, the
form n AlGaN carrier density from 9 x 10 cm™ to 7 x 10'® cm™®
has resulted with carrier density relation of variation of atom ratio of
Te. The result of put forward Mg—doped GaN with Mg metal from

3 to

form p dopant is form p of GaN hall density from 1.5 x 10 cm™
3.2 x 10'% cm™® with atomic fraction of Mg. So that the mixed—

source HVPE proposed in this research is very useful method of



conductivity form n—doped GaN and AlGaN, form p—doped GaN.

Moreover, the mixed—source HVPE for the putting forward various
substance has suggested a grain of InGaN marked as optical
confinement of super lattice device. The layer of InGaN identified
element of In with XPS analysis with the layer of In composition from
3% to 10%. So that the mixed—source HVPE is needed for the
growth of the layer of InGaN. And AlGaN, form n—doped GaN and
AlGaN, p—doped GaN, InGaN from the mixed—source HVPE is useful
for manufacture the element with heterostructure, so that the
possibility of method can be presented.

Therefore, I would emphasize that the mixed—source HVPE
proposed in this research is one of the useful method as economical
and applicable of wvarious part for the putting forward nitride

semiconductor of III group of elements.
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ki MOVPE 71¥¢] HVPE £%42~ HVPE
GaN Ga(g) +NH;(g) GaCl(g) +NH;(g) GaCl(g) +NHs
=GaN(s) +3/2H2(g) | =GaN(s) +HCl(g) +H:(g) | =GaN(s) +HCI+H,
AlGaN Ga(g) +NH;(g) GaCl(g) +NH;(g) (Ga—ADnClm (g) +NH;(g)
=GaN (s) +3/2H; =GaN(s) +HCI(g) +Hz(g) | =AlGaN(s) +HCl(g) +H,(g)
Al(g) +NH;(g) AlICI(g) +NHs(g)
=AIN(s) +3/2H; =AIN(s) +HCl(g) +H2(g)
InGaN Ga(g) +NH;(g) GaCl(g) +NH;(g) (Ga—In)nClm(g) +NH;(g)
=GaN(s) +3/2H; =GaN (s) +HCl(g) +Hz(g) | =InGaN(s) +HCl(g) +H;(g)
In(g) +NH;(g) InCl(g) +NH3(g)
=InN(s) +3/2H; =InN(s) +HCl(g) +H:(g)
InAlGaN Ga(g) +NH3(g) GaCl(g) +NH;(g) (Ga—Al-In)nClm (g) +NH;(g)
=GaN(s) +3/2H, =GaN(s) +HCl(g) +H(g) | =InAlGaN(s) +HCl(g) +Hz(g)
Al(g) +NH;(g) AICI(g) +NH;(g)
=AIN(s) +3/2H; =AIN (s) +HCl(g) +Hs(g)
In(g) +NH;3(g) InCl(g) +NH;3(g)
=InN(s) +3/2H, =InN(s) +HCl(g) +H(g)
Si—doped | Ga(g) +NH;(g) GaCl(g) +NH;(g) (Ga—Si)nClm(g) +NH3(g)
GaN =GaN(s) +3/2H; =GaN(s) +HCI(g) +Hz(g) | =Si—GaN(s) + HCl(g) +Hz(g)
SiH4 (g)
Te—doped | Ga(g)+NHs(g) H Ik (Ga—Te)nClm(g) +NHs(g)
GaN =GaN (s) +3/2H; = Te—GaN(s) +HCl(g) +Hz(g)
(CHj3) 2 Te(g)
Mg—doped | Ga(g) +NH;(g) GaCl(g) +NH;(g) (Ga—Mg)nClm (g) +NH;(g)
GaN =GaN(s) +3/2H; =GaN (s) +HCl(g) +H(g) | =Mg—GaN(s)+ HCl(g) +Hz(g)
CpsMg (g)
Cr—doped | X314 LEIETAS 2 (Ga—Cr)nClm (g) +NHj3(g)
GaN =Cr—GaN(s) + HCI(g) +H.(g)
ScGaN R ek R ek (Ga—Sc)nClm (g) +NH;z(g)

=ScGaN (s) +HCl(g) +Hz(g)
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F2-3Galgel ¥& F = 2459 F74 A& W
R 2229 [g] AR &
AlGaN 0.02 X'A=0.049

0.04 X'A=0.093
0.06 X'a=0.134
0.08 X'A=0.171
0.1 X'A=0.205
Te—GaN 0.02 X'1.=0.010
0.04 X'1=0.021
0.06 X'1=0.032
0.08 X'1e=0.042
0.1 X'1=0.052
Te—AlGaN 0.02 X'1.=0.008
Al 24 116 % 0.04 X'1=0.017
0.06 X'1.=0.025
0.08 X'1.=0.033
0.10 X'1.=0.042
Mg—GaN 0.02 X'ye=0.027
0.04 X' e=0.054
0.06 X'ye=0.079
0.08 X' e=0.102
0.1 X'ye=0.125
InGaN 1 X'6a=0.141
2 X'6.=0.247
3 X'6.=0.397
4 X'6.=0.451
5 X'6.=0.330
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o] IFHE AEHA b= MAYUTE 7L Uk wEbe A4 AdH

AM 71 E 2ear Z T Al R HEkE A Ry s)

7]1£°] HVPE WiollA 1 §hgol #eh o] W2 AgA=ol <)
AtEol gh[12-16]. A5 o] GaN dAo] AF=HE AL 249
Ao A= Ga &9 HClo| ¥-g-3te) GaCls 3438t 1/2 Hy7b @it
GaCl Aol dmyolst HEgsle] GaNE st &2
HCI H,2¥ el 2 ~38wE A wi7]2 wjEdch olo] oigh wkg-2

e 2t

Ga()+ HCl(g) —> GaCl (g)+1/2 Hyo(g) : Ga HFE 9

GaCl(g) + NHs(g) —> GaN(s) +HCl(g) +Ha(2) : 4% 94

AlGaN A4 th23 22 whgoz o] Hid A Yo Ga
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A27b Sl A Al A27F Qe deoR wrolA Qv 7 ATt
HCI7k2~ 9k Whg-3to] GaClat AICIsE @A sk

G
Ho9b Al WHE 9 SolM = 3/2 Hy 7FA7F Eith GaCl¥t AICl; 7FA+

>

Jabod oA ool 7pASl wEEEte] GaN$ AIN 7} dAIE 1 7|
HellAl AlGaN A7go] FAds = Aoltt o]e A=A wbgA2 v &

.

Ga(D)+ HCl(g) —> GaCl (g)+1/2 H,(g) : Ga HF& 9
Al()+ 3HCI(g) —> AICl; (g)+3/2 Ho(g) : Al HFE 94
GaCl(g) + NHs(g) —> GaN(s) +HCl(g)+H,(g) : A 94

AlCl;3(g) + NH;3(g) => AIN(s) +3HCI(g) : A% 94

sk HVPE Wilell &gk InGaN 274 °] 4§, AlGaN 24 A& n}
F7MA R Gadt In A2A9Yo] Wz A& Utk Ga WA oM =
GaCl®} 1/2 Hy7F ¥7d¢] Hal In WH-g-9 oAM= InCl¥ 1/2H, 71 84
Ht}. GaCle} InClix= Ao NH;9k HES-3le] GaN, InN7F 373 5

T 71 YolA] InGaN ZAo] FAHT}H o]E wr2a oz e

Ga()+ HCl(g) —> GaCl (g)+1/2 Ho(g) : Ga HFE 94

In(1) + HCI(g) —> InCl (g)+1/2 Hy(g) : In HFS 3

33



ke

2—4

rir

¢4 HVPE RS olgsto] dAstes 2459 wbs

A& dERAT GaNe| A

o
~N
i
1o
T
<
gl
&)
ok
rE
_%'1_1‘
s
o
P~
[
o2
18
=
2

Gaw%3¥ HClo]l Whgsto] GaCle B8t vhAl dEyobel nhgato

(Ga—ADCI, (g) + NH3(g) AlGaN(s)+mHCl(g) +1H,(g)

=
oo
s
rlr
>
o
il
o
oX,
i)

%+ ek

InGaN 27°] AdF+ & 24049 (42 B4} o] 7 vke=

$18] Ga 10 goll In 2 g& H7Iste] &3t 2 A5 o] &3Fo] AAsE ¢
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FAAY, 1822 In 10g o Ga 2g& S oA (5)243 2o

(Ga—In)Cl, (g)+ NH;(g) = InGaN (s) +mHCl(g) +1H,(g)

[N
flo

2 whgdel AR ow Azt Leu AFE ws WAY
!

F 2-4°1M9 (6)F (MDA 2ol d Feom FAHL & 3loem 1

e vt 2o aeu AEE ik mA Yl dsiMe o B

(Ga—Te)Cl, (g)+ NHs(g) = Te=GaN(s) +mHCl(g) +1H;(g)

(Ga—Mg)Cl, (g)+ NHs(g) = Mg—GaN (s) +mHCl(g) +1H,(g)
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oX,
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o
HE-3-2]

=1 1A

GaCl(g) +NH;(g)
=GaN (s) +HCl(g) +H,(g)

(1

AlGaN

GaCl(g) +NH;(g)
=GaN(s) +HCl(g) +H,(g)
AICl(g) +NH;(g)
=AIN (s) +HClI(g) +Hs(g)

(2)

(Ga—ADCI, (g)+ NH;(g)
=AlGaN (s) +mHCl(g) +1Hy(g)

(3)

InGaN

GaCl(g) +NHs(g)

=GaN (s) +HCl(g) +H, (g)
InCl(g) +NHs(g)

=InN(s) +HCl(g) +Hy(g)

(4)

(Ga—In)Cl, (g) + NH3(g)
=InGaN (s) +mHCl(g) +1H, (g)

(5)

Te—doped
GaN

(Ga—Te)Cl, (g)+ NH;(g)
=Te—GaN(s) + mHCl(g) +1H,(g)

(6)

Mg—doped
GaN

(Ga—Mg)Cl, (g)+ NH;(g)

= Mg—GaN (s) + mHCl(g) +1H, (g)

(7)
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SHE HET Ao AA

Properties Semiconductor materials

Si GaAs h—GaN 6H—-SiC
Bandgap(eV) at RT 1.1 1.4 3.39 2.9
Band transition type Indirect | Direct Direct Indirect
Crystal structure Diamond | Zincblende | Wurtzite Hexagonal
Lattice  parameters | a=5.431 | a=5.653 a=3.189 a=3.08
(A) c=5.185 c=15.12
Melting Point (C) 1420 1240 2518 -
molecular weight 28.09 144.63 83.728 40.1
Density (g/cm) 2.32002 | 5.3176 6.10 3.211
Thermal expansion | Ja/a Aala=6 Ada/a=5.59 | Ja/a=4.2
coefficient (107° /K) | =3.59 Adc/c=3.17 | 4/c=4.68
Thermal 15 0.5 1.3 5
conductivity (W/cmK)
Electron mobility, 1400 8500 900 600
RT (V™ 's™h
Hole mobility, RT 600 400 20 15-21
(V™ 's™h
Breakdown field 0.3 0.4 4 5
(10°V/em)
Saturated  electron | 1 2 2 2.7

drift velocity
(10" cm/s)
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olgfgt IMI-V= AshE REEAS] ARkl E84 54& 3 3-29
et A ENTEAE wurtzite T3R5 7= AP0 HIEAE
InNel W=7 oix+= 0.8 eVolal AINE 6.2 eV, GaN&= 3.4eVE <
A& Qlth. Juza®l Hahnell 2oJalAd S92 Wurtzite 7325 74+
GaNe| ZAx} 47F g olg=2 [7], ¥ A3 E5o] s, 44
A, AREE, A wEbd 2E Zfols QUAIRE AFolA]
strain®] $lo1F A= Maruska$} Tietjeno] 2¥3F a = 3.189 A, ¢
= 5.185 A #E°] UG At [8]. oF&d A AF AFE Jala =
5.59 x 10 °K™!, defe = 3.17 x 10 ° K™!, Sichel¥} Pankove?} =
Ao Ao dAELE ¢ =1.83 Wem - K2 BuEdd [9]. 18

% 3-20= A Z7kA Lelzl Wurtzite 7329 GaNeol EAL e

R

tF [10]. webd % 3-224E AsbaRtEA= 2o P, w2

AL,

Hir

flo

5 O 2~ [e) 5l 2=
F5 A 59 $48 B4 MK oy @ 5

%0,
*
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# 3-2 M-V F Adlt= WA e AWzl 574
Properties InN GaN AIN
Bandgap (eV) at RT 0.8 3.4 6.2
Band transition type Direct Direct Direct
Crystal structure Wurtzite Wurtzite Wurtzite
Lattice parameters (A) a=3.547 a=3.189 a=3.112

¢=5.760 c=5.185 c=4.982
Melting Point (C) 1373 2791 3273
Density (g/cm) 3.255 6.10 6.81
Thermal expansion | Ja/a=4 Ada/a=5.59 Ada/a=4.15
coefficient (107° /K ) dc/c=3 Ac/c=3.17 Adc/c=5.27
Thermal 0.8£0.2 3 2
conductivity (W/cmK)
Electron mobility, 1400 8500 350
RT (ertV™'s™)
Hole mobility, RT 600 400 100
(V™ 's™h
Breakdown field - 4 -

(10°V/cm)
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7 = ASfEHtEAlE Ale] §8317] $13ke] AlGaN, Te—doped GaN
9} AlGaN, Mg—doped GaN ZAAS 2 =&oA Adsts LA

HVPE el oa st v 3k o529 545 w4ste] &8
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3.2 £34A HVPE ¥ 23 AlGaN ZA 2 A&y EA

AlGaNi= 3.4 eV oA 6.2 eVZ7EX 2] & W= FAs 7R = AA
Holg WmAolnz Feje) wEAel AL Bbs R A9 e

BoA B FHLAL Be - 1FY A7)aA, wAAEE EdX| A

5%] LEDS 22 3449 A= Qoj4] LED 9% 35

e
fol
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=ol7] fleiM e 2858 el wet ALl g e Yl s FE0]
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g e AlGaN 42 ALg3)
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S

o] HFHHA Aolth. wa Fax}

we AAade] F2 A9 BENe Fhss faAE pP ng

il

AEAE 7HAE AlGaN A4 A#e] F4Aojgt & ¢ it

AlGaN Z74& MOVPE[16,17]1, MBE [18,19] 1832 HVPE [20,21]
s oeet VleE A ou +u AlGaN AAE A7 fEAE
HVPESE & A4S0l wE Wio] e5¥nh T2y} HVPE W ollA
© Alo] tRYol (NH;) 9] WESAIF7F Ga Btk A7) wZel] Al o]
X o7 Rol AY (hillock) o]y A (island) F<oFe Ago] HHAys}7]
2]
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3.2.1 AlGaN AR A%

BoAfoA Ajkel= EaA HVPERC] 1115 AsEwtes A%
oA AAAo)a theFet wofell tfgt &&o] ZhEste] Hg- {8 AL
2 71distth mEbA Gagdel AlE AH = 3 225 o] g5t A
¥ AlGaN ZA O 2HE EFAA HVPE Wel 23 A3EuEA
el dist 7hsd S AAStaAk st

A AlGaN F& A7 A Ga a5l Al & =0 §9%
HVPE W ol SIXAIZ L o] §H9Z HCl & STHAA dFulE—
ZF 935S s on o= NH; 9 whs&tA a9 AlGaN &%
sk 4 (Ar) 7EAE AEe] 7ta®E ARESIGITE Ga ol Al 9]
Aol gdo] e AA P9 2XE 900 C, AlGaN Fo] AFdHE=

AAgde] 25+ 1090 T2 8 A2 3 AlZFsEtr. AlGaN
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s= 44st7] 918l MOVPE ol €@l GaN—templated Atste]o] 7]@&

=3 ol 4E AlGaN 239 29 (@ 99 ()9 BES

[J
fuiu)
w

Atk FEslar wl$ HeEsk AlGaN ZHS 9L A,

AREHFE o 75 pm & FAZFE &l AF 254m

Y= =g F QST & AgolA o] &% HVPE #R|E GaN A=
&

}&o0] 85 pm/hr @1 AL 1HE3 W AlGaN &= v

AlGaN

/— GaN

1OKY 1. @3KH T.7L1P 4567 taKY LJ;?&!T?SIAL%(;;_L

19 3-3 %A HVPE el &3 AlGaN/GaN/Al,O; 7% 9]

(@™ 2 (b) & AR

AES AIA®N(VG  Scientific, MICROLAB 350) AlGaN ZA7% 2]

oAl Zolo] mE Al 24 WSE ARSH] f8 AFESEoiT ¥
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3-% Al o dAEEc] 0.065 A W A AlGaN &5 Dol
Auger A EY 54 AI}E yebd Zlolt AlGaN A4S <QtellA Al
S84+ (AlD 1385—-1400 eV, Ga:1056—1082 eV, N:370—394 eV)
narrow—scan °| &3] Atk 1¥W 3-4 (@F EW, AlGaN A7
gl A R AN SAslY. wAl ek Pl

P2 (AlGaN A%

ol

) 1813l P3(GaN %) A Heolth Pl1, P2, P3 AHY
AES Az that AHEHLS 7217t 7 3-4 (b)—(d) ol YERRRAT.
AI(KLL), GaN(LMM) 7123 N(KLL)®¢ AES A3% ztz} 718 3-4

(b) ¥ (c) oA JeEPAtAE P1 3 P2 A HAel|A #AZE 1 9ot Al peak

(U

© % 3-4 (XA P3 Aol BEEHA ki vk wEhA

AES A7 2 R AlGaN = Ui Al 9471 =A< g3k = gt}

A3 WMeAd] Z2 FoA gE:A AlGaN dAHL AAE 4+ 9es

Al 9 % &2 9ol &%, I3 HCl #% $9 #e wWiEe
Qe W wEe] ool HaM: wrh Be 977 Hed Row
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3.2.2 AlGaNT¢| Al &4 =3

3.2.2.1 A& A3

3.2.1 AeA AFeEe] EFAA HVPE el o3 A4+

AlGaN 59 Al A& =437

do
o
=

H
Ga &9 Y= Al 9 dAEES WHIAA e Al 2AS

A BHEC  Al(99.999%) ¢t ERE =% Ga(99.9999%) =

AAEZAZHN HVPE HFS#o] LA oo XA Ga £No] @&

>

I 2 0.60g # 0.74g o= ol o] Al o] Ax}EEo] 7+7F 0.134 £}
0.160 ©|t}. 183 Ar 7FAE Ao} 7kAE ALg3tadth AlGaN =9
Ao AFg3t kA= HCL 3 dEyol 7tA~2 ZFZ; 20 scem ¥ 500
scem 0% FAEAT Al ¥ 2&8H FF Gaol v AAYYY] i+
900 CT=Z 3tler AlGaN T2 1 A|ZHs3E 1090 TeolA 4343kt
AlGaN 9 F7& g 25,m oty 18]l 7] MOVPE el
ojsf A& GaN—templated Attolo] 7|9HE o] &3kt

Al dAEES Wsgtste] g Almel disiA AlGaN AA ] Al

e dolr7] f8 XRD FAES ¥t 19 3-5 & E¢AA

HVPE "ol &3] Ga ¥ Al £34&~9 Al daE&°] 0.160 o d
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oX,

¥ AlGaN 2749l XRD 545 HoFth. (0002) X—4 rocking

1
S
o

2 36.5 EoA #3t Bragg 337l UERFOH o] AlGaN
AR 23t Ao ZF AGHY. AlGaN 39} GaN ¥ A7} F-&o] A
kol AlGaN peak & 7|50z A3 o]Z2HE AxNS ¢ @y

(11-24) ol W3k XRD A 2HE AXANSF a g2 945 + A

30
®

o] Vegard o W& o] gato] A4ksl ¥ A AlGaN A3 Al

EN
oX,

5x10° T T ' 0 ' I ' 0T T T 1
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X-ray Intensity [arb.units]

1x10% GaN .

ol L 1 L 1 L I A 1 L I L 1 L 1 L
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26 [degree]
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O%" 3-6 & Ga ¥ Al £~ Al 9AEE°] 0.134 4 W €
AlGaN Z7 2] XRD A#FE# oA AlGaN 9} GaN ¢ °]g 377} F-ito]
o9 (0004)He thajA] X—A reciprocal space & mapping 3% 1
ol A]E HGth Al 2AE 0.5%% WdEw e Bragg A=

3 EoflA BAFE=H o]i= AlGaN o ost Aoz et —0.4sec
Aol okst ¥ ArE yEhuedl o]l ARl ofA FAXA ko
olul: WE A& TMA quartz oA YERE BE] Q% Flo=

wzhay,

748
741
733

725

28 [degree]

i

FLLR
AB12-08-040004 081216 20
i [5e0]

19 3—-6 AlGaN 2] (0004) ®eof st X—A reciprocal space

mapping.
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222 P 25 700 T oA 1000 CT7HA] W3ksidon o] w A
Fgee 2=F 1090 CE Fith HCIE /% 20 scem, dEUYote
500 scem 2811 AFAZE 300 = 9tk 181 98 FE5E Ga
10g °l Al 0.74g& =33t Al YAEE X'y 0.1607F HE= &)
Rom 99.9999%9 %29 Gadt 99.999%9 L9 HE AlS AHE3)
Gt 18132 MOVPE® 9& A74% GaN—templated Alyfo]o] 7|&S
o] &3ttt 251 MHVE ol &ste] opEN HEE &Aor {4
A& g F AstS A flste] AR Sl 177 s o
AR ARG ALZ FHS Gabel o sto] ARg-eRqltt.

1% 3-8 AlGaNZ ¢ A3zl @ SEM ARlC® 15 ym A=)

AlGaN A e FA15 ®o] F3 Qlth. AlGaN F ofdle] 7o = AL

1o
[2n
)’
kit
do
rO
et
-
30
32,
5
[
o
T

3t GaN—templated Alyfolo] 7]

9+ ¥ SEM ARRIOZ 7123 T a5 A2 4 Q3

57



AlGaN
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AN E =Fo Holxl= ¢kgkort (0002)W, (0004)wx} (0006)=
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AlGaN%¢9] 314 peak7t 20 = 104.23° oA #EE gl om o] 27H
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¥ 3-3 2AYYe) & W3l wE AlGaN S Al =4 W3}
Source Diffraction Diffraction Lattice Lattice Estimated
Zone | Angle (0002) | Angle(11-24) constant ¢ constant a Al (%)
Temp. (degree) (degree) (A) £0.001 (A) £0.001 | composition
700 17.86 52.11 5.023 3.126 80
800 17.51 50.83 5.118 3.153 30
900 17.31 50.20 5.176 3.175 6
1000 17.27 50.02 5.187 3.180 0.5
80} . o\ £/91.39 ]
Al compoasition (%) = 170797 e*
g o :
=
=
.g wl |
& ;
3 @
< o} A -
@
O 1 1 1 a |
700 800 900 1000
Source Zone Temperature [°C]
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3.2.2.3 HCl &% w3}
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A Al 24 x5 W3A7IAF sl 2 =welAMe HCIY %= 5
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ato] e AlGaN 2742 XRD 2= o]g3] 9 A= HCIFHol

w2 Al 2A x S ek o Al ZAEI7F 4.2 %olA 5.2 %7kA WH

u

o] HCl #% ®W3glo] <3k A xde 71 g3/ a4 g= Ao
At Ga—Al E£8429 HH83= HCl %S H3A o=z A
(Ga—ADCln =& GaCl¥} AICLE A= ago] Z7tH o] 1l AAE

wol @A O Gash Al @EEe] VE 7hael ghmuel 7pae] B

o Q3 ¢rYol kA Hkgshs Aol "ozl Zow dAkETh
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3 VIS A4 92E52A4 Si, Ge, Se, Te 5& o= & = 3tk 1

3—17° n3 dopant® ©°|& 7}53t AAES F7]&XE Ao E A}

Periodic System of Elements
Dimitri Mendeleev (1869)

‘Explanation
T Acesi
Na | o
el o o abell -
prir]
VE VIBE VIIB,—VIIB——,
13 | R0[15 49(16 59(27 29|IE M7
vitonn [l AT K€ | G0 | DML,
Er E AP AP T E
1 %3433 9 3 (44 wi|4s 15/ 45 W06
b Mo Tc Ry, Bh Dd
A 4PN AFSE| At AP 4
S T S T T b T T e 1
HEf Ta| W [Re [Os | Ir | P
Hafsbon | Tastebom | Tusgoten | Rbewium | Csmium | Sidins | Plotios
SPe| P b £ el SPeR| P
Teanstion mends
iparially filled ebectron abally

Noe: s-2lectron shell can be oocupled by atmost 2 elactans; p-slectron shell by at most & electrons; d-slectran shel by at most 10 electrons; f-sleciron shell by at most 14 elactrans;
¢ Mable gases have 2 (He), 10 {Ne), 13 [Ar), 36 [Kr), 54 (Xe), and &5 [Rn) elestrons
|

a9 3-17 F1&

2

AFol nd dopant® ©]§ 7Fs3 94
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% Si} Te 52 olu] III-VF 3= GaAsAlE HFE=A|oA] n
SHER 7P wWol o] &Hal 3tk 53] Ted GaAs =2 AlGaAs7
4o = RPEA A 7HE ol AMEEH+= n—% dopant 59 sl
t}. o2 Te—doped GaAs? A%+ GaAs oA &4F A7 Si—doped
GaAs®] A-¢HY 2 A A2 A7 Gt AFE 7HA D 17wl
n—3 dopant®A] o] A}L-E 1 9t} T3 Te—doped AlGaAs 27 2]
A5 Alg] 4ol 0.2 Bty & Aol Te £ Si 9 donor 9 B
T deep =9 YA 1 o]std AFoll= deep donor w97} Si—
doped AlGaAs 2749 deep donor =9|HT} ¢ &S == 71#]7] W
ol Teo]l AlGaAs ZAAeA 2 deep donor EE 7AsH7] st
dopant® o] A}23kar 9t} [23—26].

HE 2 (Tellurium) & VI £ HFH502A AAHSE 520H, A
127.6 go & Z=7o] 4495 Tola H#H+ L 989.8 Colt}. Tes
dopant® 0] 8-3}7] 2] 3H MOVPE H}EH of] A 2] AXBEAME
Dimethyltellrium (CH3),Te, Diethyltellrium (CyoHs) o Te,
Diisopropyltellrium (i—CsHy) o Te, Diallyltellrium (C3Hs) 5 Te,
Methylallytellrium (CH3) Te(CsHs) S©] Atk Y. M. Houng®} T. S.
Low+ Diethyltellrium (CoHj) s Te 2AE o]23F0] Te—doped GaAs2}
Te—doped AlGaAsE A5t om o523 Te—doped AlGaAso]A <]

donor activation energy”’} Si—doped AlGaAsol|A Ht} 2tya H s}
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Atk [27]. MOVPES|M+= Te A&7} quartz reactor =< suscepter©]
ekl U epi 5 Aol Qo] oEehA b dopant® A 88k
memory effect’} §10™ o= in—situ N g3 WAtz =8k
I Tk R. G. Willson 5 MOVPEWH S o] &3sto] Algtolo] 73t 9
of GaN A4S A% 3 & jon implantation WHOZE TeS doping?dt
AHR[28]F HIdT Yo} MOVPEe 23t Te—doped GaN =2
Te—AlGaN 59 A4 %3 HVPE WHel 23t Te—doped GaN, Te—
doped AlGaN A9l FEA tdt Te doping® &I7F Hiw Zlo]
A Zo® et R G. Willson 59 A¥s 7hds] Aww S7—
implanted GaN A& 4% S'9 activation energy: 3.16 eV, Te—
implanted GaN 272} F$¢ Te<gl activation energy+ 1.5eV AEelal
Hasta 9k dukg o g MOVPE A% W oA+ SiH, £ SiHg7t
A5 o]l A n ¥ dopant®E SiS T= AE¥ET Si—doped GaN 274
of 9lo] doping F%o Wt =A% g2k 30 meV AEE B 1
At [29]. ek B =ReAE ASlE Ted AdtE W=AS nd
dopant =4 E EYetion &3 w29 A o o8 HA3E WA
of thal A= A7 Lok=AM 77k 2 Zles ddkEn

& wrdAe n® d3ts RIEAE s

)
e
R
2.
X
o
a.
2
o
=
=
o
@

HVPEXH S 0] €392 nd dopant® Tes AZEHIEA Ao &4

3ol Te—doped GaN 53 Te—doped AlGaN F9 AA7Is4S AA
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Te—doped GaN A& A&3sl7] §5] 222 Ga 10 gofl Te 1.5 ¢
S Egsdod ojw AAEES 0.075 AR AxYY 2rE
900 Teol™ 4% X+ 1050 T A4 HCl 432 20 scem®|™
R Yok= 500 scemel ATk Hall 545 flste] 10 #-5<t ddsto] 7
nm JEe FAE 7HAE FHlE e Te—doped GaN%9 A&&2>
45 ym/h A=dS FA F 33tk 19 3-182 Te—doped GaN 2
el d3¥ A XPS(x—ray phothoelectron spectroscopy) 2A%S Ko
T3 gJt}. Te3d5 peak 9 binding energy & 635 eVo] Te—doped
GaN¢] Te A2 <k 0.5 atomic %= =4 H ST o] AJ59 Ao &

TX Hall 23243 2.0x10%/em’ A5 2 YUErSth o] 25 E &E3FaA

HVPEe®] 28] 445 Te—doped GaNZ= uof Tel FAHHALX7}F =A%
S Qg = itk A 2o At Ay Zo] Ted Gagdol =

& F HClel 23]

(Ga—Te)+nHCl(g)  (Ga—Te)Clm(g) +1 Hx(g)

¢} o] (Ga—Te)Clm= Pt ol v dhEYol 7hA gl whg-38lo
(Ga—Te)nClm(g) +NH;(g)  Te—GaN(s) +HCl(g) +H,(g)

A Feo wkE WAYF 2dl Te—doped GaN ‘%] o]Fojzl Ao

2 Tk
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11.6k["

5‘75 5‘70 5‘65
Binding Energy [eV]

40.0k (-

Intensity [arb.units]

20.0k - .

%% w800 0 a0 20 0
Binding Energy [eV]

1% 3-18 Te—doped GaN 274 2] XPS Az

1% 3-19+ Te—doped GaN A4S Te YAHEE tfst 7lglo] &

o

9o IAE JERYTE Hall 542 5 mm x bmm FJ=o AFS &
’d8te] van der Pauw WH O R oA F43A . Ted o2 Ga 10
gol 0.07 gollA 1.5 g 744 WHesld o oju Teol A& 0.004
olA 0.075% AxESA. Aol Fre] W= 1.0 x 10'7 /em® ol A]

2.0x 10" /em® 744 95 & ATk
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Te Atomic Fraction

19 3-19 Te YA &34 Te—doped GaN=9] 7lglo] 5%

ddor 72T F Utk (A) d92 A FFOE Te dAEE]
S7keh @A e o]

oJAY (B) ] d92 dAEE] FlelxE =7t AN

F27F 10 Pem?7hA= vl g7 doping ©] o]
2
ool Wl Aol v F7HEO] AA FolEE AL AT & Agith

ol= M sEE STV fE Te dAEES S7ket] AT

Te—doped GaN F° Yetvb= A (defect) =2 9] (dislocation) 2
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3tH Te— doped AlGaN<9 A9+ Ga 10 goll Al 0.95 g& 14 3}
I Te? & 0.08 g oA 1.02 g 7kA W3l o ol AAEELS

0.004°14 0.043°0. 2 AAE AT 229l &%= 900 Coln A%

2%+ 1090 CHYh HCl % 20 scemel® 2R yol:= 500 scem
ol A A 40 i oloer AFAFELS 25 nm/h JEo]™ Hall
=4S ¢35t 17 um A2 A 8E FH|s¥ Y Hall 5482 5 mm x

Smm FE2 Ti/Al AL 3A3to] van der Pauw WHO R AFL o] A

)%

4 HAdrk 1% 3-22% H¥PA<Q0 Te—doped AlGaN ZHHe] wd
SEMAF S YeSar 2§ 3-23+ Te—doped AlGaN 274 9] Hall &
d Aol og AAEE Y AP o] FEote BAE dEpddth 1 A
Aol st AAAZ 9.0 x 10" /em? oA 7.5 x 10" /em® 7}A)
S7beted EHES <F = Te dAEE0] 0.018 744 F7tste] 7l o

%=7F 2x10" /em® 7MAE ABA SR Frhskal glon o] o) A

dojx= (B) A &2 5 9l Te—doped GaN 2 ZA$-olx & 5 9l

%ol ol= Aol #E5 F7HM717] S8 Te dAEE&S S7lste] 4%

=

Te—doped AlGaN o Yeys A (defect) =2 A

(dislocation) ¥HAell oJ& AAA A= Yehs Zloz &

rﬂ
i
i)
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oluf Al A& XPS FHCZHE o 16 %= FHHALH Al 24
< n% AlGaNZT = o]&slo] o]FolFA S 3o &&st7] flste] 16%
2 ZE3EY. Al A9 W3le] wE Te doping? #A, Ted
activation energy, doping %%} activation energy? A, Al A9
319}l Te? activation energy A & "-$ B2 A Fol7) Hol 3l
o E =wolA s mixed—source HVPER Y] Y& Tes nd =HER
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W

4 EFAA HVPE HHd 218 Mg—doped GaN ZAA 2 A

{2 W dzke [I-VE A3E HEEA S o] 83k H M} 5 A of o] 9
LEDY LD9 7]+ Wder EF-5tal ofA7MAE slds A ¢ 7|34

Ql A+ undoped GaN7F n8 9 conductivityE 7FA 1L o] p&E 2 A

EAE 7H= GaNeg Aol oyt wAldel stk ol#d ol

A3 E ok GaN 2dA S pd AEA Aol st we A3y A&y
ofo} 8k Aoz Azt [30,31].

NI-V AZENEAoA pd =3 1989 H. Amanos&

o
1o
o,
o

MOCVD® Mgs dopingdt GaN & d3stalem LEEBI (Low-—

Energy Electron Beam Irradiation) 2.2 A #3lo] # A4 p—GaN

E Hﬂ

ofj
ftlo

A= AFsdet [32]. o]H 3 28] &+ GaN-siteo] Mg ¢
AHE A Y acceptor’t HEF sk @¥7F A Ao 18y o]H S p—
doped GaN< & A xo] 7]alete] 7 Ado] S o] & Aol

Ak 2eY 1992\ S. Nakamura 152 dxgel] 93 & %38t
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p—GaN< d=d AFstgdtt [33]. 7 & p—doped GaN 2AL Az
W o] 93] dA] b REAR o g AL A ®Hou)

B R E pd AIEHIEAE AAEEH] 9@lA mixed—source

HVPEYH S o] &3t3low Ga =5l

=

go Yol IIIF 949 pd THE
2 o] 839 o Mg—doped GaN & A &3}o] mixed—source HVPE

He ol gkl Askm WHEAl Al et vk AdEo] e ds B

% Ga 220 Mg shihe) BE6 @7 %ol £AE Fulsgon
A2 ARE Mg $5S Hwo SRS AR st He e
Qs AH4atieh Mg—doped GaN %9 442 2rqele ert

900 T, AFYPYe] =5+ 1090 CT=E sk ow HCl %22 20 scem,

dRYol F72 500 scem@E ek A 1417F Aske] 0.1 pm
AR FAE 48 F YA £22% Ga 20 gol Mg 0.15 g& ¥4

om o] W Mg HAHEE-S 0.021 °]dth Hall 42 3at7] 918k
p—metal2% Ni/AuE Z+ZF 35 A/35 AS e—Beam 7|2 52813
°om Ny/O, (20 %) 2 #9712 450 ColA 2% dxglsto] ohmics &
333l T,

Mg—doped GaN?¢] A% AtA7F Mgeo] E33¥ GaN ®E-& p-

<

typel® W3 Al7|= A T3k o

i
ftlo
ol

A B}, AWk o2 NH,4

7)o NHy= 400 C 23 oA H, N2 Heluw £3] Hyx=
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acceptorE passivate 3A|FAH GaN vlHo] HAEAS Ho|A Tt}
E£3] Mgo| doping® GaN AAL Mg HA7F Gazbgle] = 3sko] o
Mge, FEZ Z=AEAY AA7FY] #Fg]  (interstitiaD ol 92 (Mg))
71 sk whel i EAEE Fhol e FAiA ITETES
FAstel Mg 97 =RER Afshe AS oAst. weks olF
T2 SEEFEH AUz dFS EHojof Mg dAE ERER

A4 ok whebA AbarE E3E 29171 TRelA

AHYE s A9 A A7k GaN o] el satsle] iz

23404~ HVPERHCe®E AY%E Mg-doped GaNeol AAAd%
ALef 9l Mgo] ¥3F R = Eelshr] 93l XRD9 AES(Auger electron
spectroscopy) & ©]&3l =A3%¥ e 19 3-24+= Mg—doped GaN
NEE w-20¥Ho2 =43 XRD #ElS 2 hexagonal 7+%% @44
GaN7F d4st As &l & & Ut o] A|R9] ¢ AR 45+ 5187
AolAt}. w scan Al peak ¢ FWHM %2 5 arcmin® H| W% k3 3+

.
294¢ e 02 5 ATk o AserE Edas HVPER]

1o
:(!)gl
o,
ol
i,
=
0Q
0.
O
o
D
a9
D
o
Z,
rl
e/

HEAQl GaN 274 Tx° dHet
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Intensity [arb. units]

GaN (0002)—_ 1

Intensity [arb. units]

(a)
Sapphire(0006) ]
5 | zio‘ — % 0
20 [degree]
FWHM =5 arcmin |
b)) ]
17.1 . 17.2 17.3 . 17I.4 . 175

w [degree]

1% 3—24 Mg—doped GaN<¢] XRD spectra
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Intensity (arb.units)
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Kinetic Energy (eV)

1% 3—25 Mg doped GaN 29| AES spectrum

sk a9 3-259= AdE $H GaN dA Fol Mg A

o]|ZMA AlFel Mgol EE Slue &AUT F ATh

0Q

19 3-26% Mg—doped GaN 2742l Mg A& wE slE]o =
=9 #AE yERYE Hall 82 5 mm x bmm FE9 A=FS A
3}l van der Pauw WO 2 A2oM =S4 Stk Mg %2 GalOg

of 0.07 golX 1 g 7k# W3siglon olwf 9dx &2 0.004°14



0.052% AXEARE & A A3 Ao vx9 Wile= 1.5 x 101
Jem® oA 3.2 x 10'° /em® 744 & 4 QAT wEkA Mg 9AES S
138 =77 A AA3E Mg—doped GaN A4 9] hole %+ 3u] AE7}

A 7 sl

Hole Concentration (cm™)

16

107 1 " 1 : 1 " 1 . 1 . 1 7
0.01 0.02 0.03 0.04 0.05 0.06

Mg Atomic Fraction

1% 3-27 Mg 9A2837 Mg—doped GaN =9 78] &

uelaA] olglst AyEiE =34 A HVPEW
ofye}l p—typed GaN AAE 9+ wl$ F&5 %
debdn, o w2 A% 23 HA3 ddEs FIAA w2 AREREE

7}A+= Mg—doped GaN ZAAE& 7] fst A7 Fg Ao=x
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3.5 E¢4A HVPE Wel| &3 InGaN AR

InGaN 1n2 mole fractione] @} 0.8 eVolAl 3.4 eV 7}# 9] y&

¢

MRS sHa Aol Felel wEAel dAE Brbsyd
Agldgele] Farsh Fagel 4ol sbestth [34-36]. AAole

InGaN T2 4] ol = F=54 LED 735 9% 245z

FaA AFAl In Aol InGaN T2 Abgtolo] 7| 4l GaN

MR Zae 2 Az PARow du A4 HEe AsdHEz A

A7 flaid= HVPES 22 AdEo] wE Wilo] Fesith. InGaN
A7 GaN&} InN Ate]o] & AxP Apol2 QIgh & 53 (stress) ¥
A 8 (phase separation) 7} doju7] witell /4ol & InGaN T
A7a 7178wl offul [39]. T3 InGaN F9o AAHAS TFAFAF)7)
AalM = oA AAZsloF A RE T2 T Heols w2 In

205 Zte InGaN = 4717 ol [40,41].



3t HVPE Wl g8 InGaN 245 437 984 2% In
o] Gad e REC 3 o] AAE FH|EIY In 10 gol
Ga?l 4= 2 g EFser Gasl A& 0.256% . InGaN 32
A Ardgd EEE 900 T, AAYYe &%= 990 C=®
sFF o HCl 32 10 sccm, $EYol f%2 500 sceml & 3}t
% 3-282 AR InGaNg &kd SEM AMx ¥ EW SEM ARRS &
T %o 1 A7 AFste] 6 pmAES #U3 InGaN AA T}

mirror—likedt TS IS 5 ST

18KV 1.24KX 8.06F 4880

1% 3—-28 InGaNe SEM @+ 9 9 ALz
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19 3-29 InGaNe Ao XPS =A34dys} 7t 4o Adtou A

O%¥ 3-29% ERAAHVPE WRo® AHAd InGaN Fol digh
wide—scan XPS =% A¥2ZA 2 <to] 19 In Yol o3t
narrow—scan A¥%E HolF1 It} Binding energy”F 444 eVel In3d
¥4, 397 eVEl Nls 94, 1117 eV Ga2p A5 21E F glloH

530 eVel 73 I A= oxideol o3t Ao=w dAdHET ol= HVPE

>

J&elA =& 2n
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EATE FAT F YT 7 9] ZYORVE Ind £l

InGaN Z#A9 In A x = PL¥ #& ##Q EA]oZ Y
o]z bandgap energy #CSE Vegard WHAS o] &3t AxE

Ath Vegard H &2 v+ 2t

E.(x) = 0.8x + 3.39(1 —x) +bx (1—x)

o] 7] A4 bowing parameter bix 1.43 eVZ 3} o1 InGaN9 oA
e 0.8 eVE aFth [42]. 19 3-30C InGaN ZAA L oA

WMEel 24 xeoke] #AE YEUSlT.

InGa_N Bandgap Energy [eV]

05 . 1 . 1 . 1 . 1 .
0.0 0.2 0.4 0.6 0.8 10

In Composition x

1% 3-30 InGaN A7 9] oyA MEel 24 x| #A
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°]& ol&ste] EFAa HVPEH o8] 44 InGaN T2 354
545 Yotry] fls] PL A9 ER 54 A3E 19 3-31° etk
362 nm (3.42 eV)ellA YEtv= F 938 382 nm (3.27 eV) oA oF
o v 37k ARG F gas Algtolo] 7] ol ¥ GaN
o)gt vax AdEw 382 nme| °Fd A+ InGaN ol 9§ Ao
AATE Vegard®] HAS ol &ste] In 2AHE A 2 AR oF
3% A% He As FAT F Ao o] wWe] bowing parametert

1.43 eVE stk [42].

20+ | GaN _ .
i) 362 nm(3.42 eV) T=300K
5
5 15+ .
@
>
2.q :
E
o InGaN

05r } 382nm (3.27eV) 7

00 f | ' | ' | ' | L

340 360 330 400 420 440 460 480

Wavdength [nm]

7% 3-31 InGaNe| A%< PL ~HEF
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5.2 %7hA W3lE o] HCl 5 WHale] o8t 24 24L& 1 avrt 34
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of o AlGaN Ade d< =+ A eH AlGaN 242 Al £A7HA]

28 EAQ Tes 0|83 Te YAEES =71shHA] Te—doped
GaN =& A4&3 A3 Hall 4% %3t Agde] v%7F 1.0 x 10V

/em® o)A 2.0 x 10" /em® 714 Wl A3
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dE 7 AAT. Te—
doped AlGaN¢ ZA$ Hall =4 Ao 28 dxE&7 slgo] x99}

o] BARKE Aol HE7F AAACE 9.0 x 10'° /em?® o)A 7.5 x
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10" Jem® 744 ZS7bebed] RHES oF, & Te YAE-&0] 0.018 714
S/ W A¥doR Frksta glon o] Fe= Ao TR X
35 dAYs B 5 Uk

p & EHER Mg =55 |83 Mg—doped GaN A4S A5
T} Hall 78] 9Jd Mg dAbE&of wE g sx FAZFH

1.5 x 10'% /em?® oA 3.2 x 10'° /em?® 7449 &% 52 zk= p & GaN

T A HVPEWHY] ddds ol&ste] 394 3g=d

InGaN ZAAdS AAstdct. 7 A3 mirror—liked W3 A4 6

e InGaNZe FAYLES Lolrr] 93] XPS 24< At In
AAE glsilor AAFES Wabe] 98] In 2Ao] 3% 10%
29 InGaN T+ 9= F Qo] FaA9] d4Tow 7P Q=

InGaN<5-2] “d7el Q1o & shute] 3 7S AAE 5 AN
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o] Ao A= okAo A A A EF mixed—source HVPE®] 2ol&] A &71%
3 Te—doped AlGaN, InGaN, Mg—doped AlGaN, Mg—doped GaN =2
o] &3sto] o]F A S (hetero) T-25 FAAst] AxF &9 7MsdES A

Alekazt g,
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4.2 4738

InGaN%, ps n¥ & =3¢ 52 ol§atel olE43 722 FHsho] &

A2 A4

fd

BRI AdetEs o]FAE TxE ogn 2.
AH

obe] ¥ 4—-13 o] n—GaN templated Abdtolo] 7]

mlo
>,

ol o] FAS TE2E AASH] Al SputterE ol&3 Si0, & S3 8]
22F BeF) SiO, mtAAE AT F o]Fo|F 4 (doublehetero: DH)
TxE AY AFstdth DH +%% n-clad$<?l Te—doped AlGaN%,
InGaNZ=<% A =0% p-clad=°2 % Mg—doped AlGaN=, p—cap=2°

Z Mg—doped GaN =2 2 A=A Q).

Ni/Au
|—] /transparent metal
I ]
<« p—GaN
p—AlGaN
« InGaN
n-AlGaN Ti/Al
‘/
<« n—GaN
sapphire substrate

g% 4-1DH +%
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HVPE #"ES# Wold #etdt DH 25 d&5zxHoz2 AHs7)
A8kl multi—sliding boat A/ARE E918tlom 1 NEEE I3 4-
2o  HAth. Multi—sliding boat:= =2 LPEWlA ®Wo] ALgH
o g Asts WA Aol 839

Multi—sliding boati= &< A9l & HEgo] wl§ FolA I

AA7L LEE FAM e 4TS T F UES I 5] FoA

boatol| 412 well REeFoln] metal €92 FHo] HCIY o] HES

AAee. a8l BE g4 F&# (top plate)> of#l well &=
3] Wasty F3kel open Y9S F9] top plate® 50 mm °]F &
W vith 2hzhel wello] opend & XS 3% SF3ATH oW top platex
well &5 943 "o sHA slidinge] 7Fsdt=% ko] baking Al 2
welle] E4dEFo] 7lgtHo] Az A F=F sigler EHES

WS A RS s,
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HCI inlet quartz tube

| - -

—_I-_ < . Top plate
|C1adding| Active |C1adding| Cap |

1% 4—2 multi—sliding boat?] 7leF%

b2 HCI inlet quartz tube?} A AE = FH o=z 2 XA top
plate®] ©]%2 HCl inlet quartz tube®] 2Jsl] o] Fo] XA =} HCI inlet
quartz tube? ¥ FE9 A= &4 S E chlorideE FAd+=d w5
T3 QARA B AAAA = welld] 8% 4 5 mm, 10 mm, 15
mm?e| HAS Fo| AAE £AY F AEF AASAH. 17 4-32
B =FolA AFE-3F multi—sliding boat®] AA] AFZ-E Hoj=a Qo)
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1% 4-3 multi—sliding boat?] A Az

DH 7% A% Hdol= HVPES quartzth boatel] Holdls =HE

olrt

9
gekS A3t 7] Y5kl source?t QlE boat®} quartzE baking
&k Abg-shelth

&8, DH 725 Jdst7] flald AgddS shlsdl o w ARgst
vk~ =9F DH 4495 nd} pd A= 4 AE vaas A#edvh 2

=Rl 228 H7]E= 350 um x 350 pmE &R 4732 mask7b

i)

Ho3 x=E AAEAY. A 1 masks ABEAAELS 93t el Ao

rlo

o3 mask®A A 200 pme EeFoz AAET. SAGEY Fok

AE g 4gE wEel o

ot

AFE Arst ] ARFAS

ot

TdstA 37 Yste] 9 mekom AAHGTE 232k mask?! n—

ASe) AgE A7 425 umE Fol FA Aol 28 n-metal
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@Al Wali7r W4 kEE stk Keydl 91x= 27t wafer?] +70]
Vet s Sl wiAE I th 23 maskE n—8 A= maskzZA lift—
off 340l 7tsates kil AFE ddstA FHds7] st ¥ FH=
AA G T W Ho #4285 pymolw 2 AL 325 umz A A
Be #2 20 pmE AAEHST pad A7E> 100 um AT

3%} mask®= p HAFES Y3 lift—off FHHAFE maskZEA  1xF
mask® SAG ZA7]d wg} #7 185 um = AAEHAT FHHAT
A7l Hulg WAy XE Fgo] o5 fekste] SAG Aol Ed
¥ p—cap 59 edgedlX FHHAT edget HAS 7 pym=E ST
42} maski= chip 712} p—pad mask=A] chip® F7|E 350 pm x
350 um#z FEE XM p-pad] A2 100 pm= AT 19
4—4+ 12H7E] 4% maskst 4709 layers HAFS Fe HGlow

Mask® Z7]& 52X = 3k}
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4.3 A&=z7

Multi—sliding boat?] AWHA well® source® metal Ga (6N) 20 g
7} metal Al (5N) 0.95 g, metal Te (5N) 0.36 g& EF3t3ich FHA|
well®] source®+ metal Ga 1 g3 metal In (6N) 20 g& =33}t
AHA well®] sourceZ+E metal Ga 20 g3} metal Al 0.95 g, metal Mg
(3N) 0.08 g% =35It} UHA well® source®+ metal Ga 20g
% metal Mg 0.1 g& E§aFrt. Te, Al Mg 50 % HCl &
etchingS 3}9] cleanings}itl. Multi—sliding boat®ll sourceE A& F

top plateE Y& % HVPE®| loadingdle] ¢k 900 TeolA z+zt

1o

2
=
rlr

Mz
ﬂll

sourceso°] & Mol|=2 1 Al A% soaking 9tk AF
Al multi—sliding boatE ZAU]o] source® Aefo] whe} TS ol
AT},

Te—doped AlGaN cladding & AA¢9¢ &%= 900 C, AFY

ool £x= 1090 C, InGaNe FAZE& &

[
of
12
1o
rfo
kit
rr
O
o
(@]
a
oX

25E 900 T, AFYde 25 1090 € 183 Mg—doped GaN
capping < A£2A999 2XE 900 T, AF99e 25+ 1090 TE
sttt 19 4-5°] DH +x 43S 9% profile s 1ERY <)
=3
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>

)
3
©
o 100 —— . —
2 n-clad p-clad p-cap
S -1050
3 _/
— 990 {
QO active

- 900

source zone
HCI gas flow [ — 3.* _ I —
| — 3 3 3 3 3 3 >

Growth Time
4 4-5DH +& A4S 93 2% profile

M A n—cladding 522 °]&3}7] $3to] Te—AlGaN T2 A3A
ot A7 200 pm 2] EoF pattern 9ol AEAAS vt weba E
=AM E SHETE A carrier? §%S 1000 scem o2 3FST
Te—AlGaN A Al n—GaN templated 7| %S AFE3FG ™ n—cladding

=07 Te—doped AlGaN =& HVPERZ A A3ttt o] weo] AAF &

I

o] Te AAEES 0.004 (0.13 g), Al €AEE & 0.093 (0.6 g2

bt

ol
Sa

gt o A HCl %2 20 scem, AES 108 EoF 24

112



o] A% n—type Aol FiE °F 5x10" /fem® Bt} A& Fow F4

] Ale] AL ok 5 g2 FAECH

InGaN A& HCl 32 20 scemC 2 A% Al7HS 305 Fob AA
39 t}l. p—cladding 52 Mg—doped AlGaNZ=2 A}£-39t}, o] ujo
MAb A4l Mg AAEES 0.006, Al 9AEES 0.07327 9o
HCl %<2 20 sccm, &2 107 <2t AAISHItE P—type 7l &
T 9 1~-5x10"/em® AEE FAHHH Al 24 5 % olU®E F4

ot WA E e 2 p—capping 5 Mg—doped GaN T AME-sIRiH. o
wo] el nxe] Mg AR ES 0.00822 3tom 4 HCl +3

£ 20 scem, AL 5E FE AT 7 & 3] TR
oy ot JFAEe g oAsli™ n—cladding T°] 23 gm, F45
o] 1 gm A%, p—cladding =°] 9 gmA%E, p—cap =°] 10 zm I %

ok ~5x10Y/cm® AEE FH =

rlr

2 FAHET. P-type Ao &

s
ofje
o,

1>i
>,
N
[

o A 9o &%+ 900 C, 1090 CT= LA3HA
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* 4-1 dEE Tz AT 24

n—cladding layer active layer p—cladding layer p—cap layer
Source/growth
900 /1090 900/990 900/1090 900/1090
temperature ('C)
Growth time (min) 1~60 0.5 ~ 60 1 ~60 1~ 60
Growth
~5 <0.1 ~5 ~1
thickness (£ m)
Growth rate
5 0.6 3 5
(£ m/h)
Al composition (%) 10 ~ 15 10 ~ 15
In composition (%) 0~ 10
Carrier _ _
, ~1x10* ~5x 10" ~1x10"
concentration (/cm”)

V/II ratio 100 100 100 100
HCI (sccm) 20 20 20 20
NHj (sccm) 500 500 500 500

Main Nz (sccm) 1000 1000 1000 1000
Back Ny (sccm) 400 400 400 400
HCI Nz (scem) 200 200 200 200
NH; Ny (sccm) 200 200 200 200
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J[m
o
M
1%

% 4-6< mixed—source HVPEW W o4 multi—sliding boatE ©]

43l n—GaN templated 7] fo LED 249 SiOy masks A sH

o
& Te—doped AlGaN cladding =, InGaN &A=, Mg—doped AlGaN
cladding %, Mg—doped GaN cap =% T+ FHZ FX2E

nd p A=E A 8 24 7=

il

HolFs

f

i
p—conta&t

10KV 175X "857.1VF 5563

% 4-6 SAG-SHZ 7% SEM AR
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19 4-7& wafer A o Q= 22 EA O 2 A mixed—source HVPE
WS o] g3 A3t Te—doped AlGaN cladding &< 2= SAG-3&H

A

L.

2 729 -V 54

K

KeX
=

L3

7} Ho]l 3 9t} Turn on S 4
volt ol Aae 253 Q 183 I A —5.5 VoA —1.2 mA

9] leakage HAF7} @AY3FA T}

B~ (o]
T T

Current [mA]
N

8 o Y > 1 6
Applied Voltage [V]

9 4-7 SAG-dHE Fx -V 54 A4

Ty Jeke] 542 interface MEIZF 4 X3t B-9E interface

of EAsts A2 =919 dgEol A A A7 dEol =2 Ao

2 Pty webA leakage Aol ogh A AR S F7F W Ao A
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o Azpe] o] ol = delo g g3k 4= Qlty. wElA interface

o AgE HAs] gstel AEzTE g 24 59 Adel Best

9 4-82 Te—doped AlGaN 9 SAG-dHZ +x° EL 54

||\

3

o
n

HAFE Ao® FYAFE 10 mAolA 30 mA7ZHA] S7FsHH A

Aot A2FdEH] SIS 10 mA 4 W 402 nm, 20 mA 4 W 400
nm, 30 mA & ] 393 nm2 EAS ¥ FUAAFIF 20 mAY
FWHM= 0.38 eVE Yebsth 58 A7F7F F7hskell wef blue shift @
dol Yetwed ol FY AR Skl wet sfEois] Aol 2%t
band filling A 9=® <3t Aoz AFATG[12-15]. FIAF7T 10
mA ¢ W EL A2FEHS] FHakgdo] 402 nme! AFHEFEH InGaN &

9. 19 4-9% FAR

oX,
ol
1o
—_
5
B
o,
o
(09
X
julod
o
2!
o
ﬂl‘i

30 mAY W A FEHo] BFHE EsoR FFT BH ofdfM =
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3x10*

@
c
S H
2 'a
B, 2x10°F : i
> 'a
& i [ 30 mA ]
2 :
E ? / 20 mA
— B ; T
w : 10 mA
0 . 1 . ! . ! .
350 400 450 500 550 600

Wavelength [nm]

1% 4-8 Te—doped AlGaN 59 SAG-3|H = +x° EL 54

I% 4-9 SAG-HZ Tz AA HF EF(FYAF 30 mA)
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45 A&

o] oA+ mixed—source HVPEWH A sHZ 25 A4 &
QI E = multi—sliding boatE A8+t n—GaN templated 7] £
A ®29Fe] SiO, maskE A% & Te—doped AlGaN cladding %,

N &A= Mg—doped AlGaN cladding %, Mg—doped GaN cap =
o7 FAHY Q= FHE FXRE AYAARESE Y. 183 nF p metal
225 AFFe Gt 713 de] SAG- SHE o tiE

o
-V EA A3 Turn on AY¢o] 4 volt Aol A2 253 Q 181

12

W Agte] 5.5 VY vl ~1.2 mAS] leakage MF7F HAEAT. =

& FAAF7E 20 mAY W 2zke] EL A EY ] F4 9ol 400 nm
o] 54& I3 FWHML 0.38 eVE YElRTh £ AF77E 71l
w2} blue shift A7Fo] YEAEH ol +9 AR/ F7kel wel Azlof
o] =3t o] o3 band filling &/ w2l Aoz sdddn EL &
AEY TGO zRY 452 InGaNF2 In 24°] 8 2 =AS
ghelsk = AAT. Wb mixed—source HVPE W o2 A3t n, pd

GaN¢e} AlGaN%, 1831 InGaNT< o] g3l FH=ZE F+2E5 zte Az

2 A&ste] 1 EAS AATFOEZRN HVPE HHHOoZ 42z Azte] 7b5

ShS HolFEa Qi mSE B o =Fo A A|9Fst mixed—source HVPE W
M2 IS5 AstErbeAl] Ao glo] 1 §&Fo7F thakste] ofF {8
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80 %A 0.5 %e] Al S zh= AlGaN A4S 44T 5 A%tk =
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EN
o
s

3 HCl §=H2 5904 20 scemZ7bA Z7MA1A A3 4
4.2 %A 5.2 % AlGaN 248S 945 F AAG. webr] 2 =FofA
A etsl= &3~ A~ HVPE HHH

om 22999 &

A 7t AvE 42 4 AU Te—doped AlGaN9] 734 A&

et dARRE AAHFOoRE 9.0 x 10'° /em® oM 7.5 x

10" /em?® 7FA19] Ao =52 71X nd AlGaN dA S A8 = Q)

Atk p 8 EHEZ Mg #52 o] 83to] Mg—doped GaN AA S A

3 A3} Hall SHCZHEH Mg 9AEE] WE 1.5 x 10'° /em® oA

3.2 x 10" /em® 74X 9] £ S Zh= p & GaN S 4& & U9
E:

o} ok gkt EAS AT 4 %l mixed—source HVPE®
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f3Fo] F A (optical device) 8] &4 3 (active layer) &= FHuky 9l

i InGaN 274& AAsteltt. 343 InGaNZT2 XPS 4% F3to] In

=dAa2 HVPEMHOE Agdd & e At eAE o &35t 3
H=E 7325 7M=& Az 87582 Bdd ol fl8 =394
2~ HVPE WHelA &z 725 e 44 + A%F multi-
sliding boatE A5t n—GaN templated 7] $o LED &9
SiOy maskE A3 ¥ Te—doped AlGaN cladding &, InGaN &A=,
Mg—doped AlGaN cladding %, Mg—doped GaN cap S22 T4 %3

ol Pee Audgsdth 2283 ndt p metals FA ] 24

= AFsAY. 713 Aol SAG-FHE e tidt -V 54 A3
Turn on #Ao] 4 volt FEolv A& 253 Q 18|31 g Hto]

55 VY Wl —1.2 mA9 leakage 77} @AsA T £ = A7}
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3 FWHM=> 0.38 eVE YERth o] Z5E &/45< InGaNZF2 In %
dol 8 AEE AJND = ATk mebd s HVPE Wio®
24 nd Y pd GaNel AlGaN%, 183l InGaNSS o] 835t dH=
TEE Ze 2AE AFstel O 5A4E AAFeEA HVPE WHo=w

ad Agel A5Ee BolFm Y.
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