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InGaN Films with Low Stokes Shift Grown by Two-heater

MOCVD System

Student : Tsang-Min Liou Advisor : Prof. W. K. Chen

Department of Electrophysics

National Chiao Tung University

Abstract

In this thesis, four series of InGaN films were grown by two-heater Metalorganic
Chemical Vapor Deposition (MOCVD) system. They are varying substrate
temperature series, varying ceiling temperature series, varying V/III ratio series, and
varying TMIn flow rate series. We investigated the effects of growth parameters on
Stokes shift of InGaN films. For varying substrate temperature series, Stokes shift
decreases with reducing substrate temperature from 675 to 600°C. This is attributed to
reduced surface mobility of atoms at low temperature thus prevents indium
accumulation and formation of In-rich region. For varying ceiling temperature series,
in the range of 900 — 750°C, solid phase indium composition is the dominant factor
for the variation of Stokes shift. But when ceiling temperature is reduced to 700°C,
Stokes shift starts to drop. This should be associated with low ammonia cracking
efficiency. Because surface mobility of atoms were enhanced or the incorporation of
nanoparticles generated by parasitic reaction at high temperature, Stokes shift for the
sample with ceiling temperature of 950°C is large apparently. For varying V/III ratio
series, Stokes shift decreases with reducing V/III ratio. Because high ceiling

temperature and high V/III ratio will increase hydrogen atoms or NH, radicals



generated by decomposition of ammonia, the surfactant effect of them can enhance
the diffusion length of group Il atoms and increase the probability for indium atoms
to collide with each other. Therefore, indium will accumulate and result in
inhomogeneous distribution of composition, which is responsible for increasing
Stokes shift. Finally, from the analysis of FWHM for (0002) XRD 6-260 scan spectra,
we found that for InGaN films with low Stokes shift, the optical emission is from
long range compositional fluctuation of matrix, not from In-rich clusters. InGaN films
with low Stokes shift (small compositional fluctuation) can be achieved by using

two-heater MOCVD system, and this is one of the advantages of this system.
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600 900 0.58 15400 0.135
625 900 0.58 15400 0.12
substrate temperature
650 900 0.58 15400 0.106
675 900 0.58 15400 0.069
625 700 0.60 17650 0.187
625 750 0.60 17650 0.158
Ceiling temperature 625 800 0.60 17650 0.142
625 850 0.60 17650 0.125
625 900 0.60 17650 0.12
625 950 0.60 17650 0.097
625 800 0.60 17650 0.142
V/1II ratio
625 800 0.60 15520 0.144
625 800 0.60 13540 0.146
625 800 0.74 29440 0.191
TMIn flow rate
625 800 0.78 25380 0.201

231 & 45 RE2 BN K
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3-2 X-ray $&s¢

AR s AP * Bruker = 2 24 & ¢ D8 DISCOVER # 5 i {7
X-ray $&5+(X-ray diffraction, XRD)§ %% o X-ray e 4 & | * 4t  F o F
dpie @ 18 B X E L 40(kV) X 40(mA) > H ¢* K, A& 5 0.154060
nm- @ K, & 5 0.154439 nm- 2 ] * Bruker = & e EVA #0482 % K
“Tig MBS UEL o F R E T ALY 20/0 ostep scan HoC B R 0 Frd b
5 30°-36° > @ E: 0.002° #F4si# 5 5 0.2 s/step o Bedp /L 6 o 54
BT RS ALY enf 1Y 45 20 B4l 3 34.55% I KRB 1SR

SR R MRS B RS RS A R
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3-3 k¥ sk sk
Bl 3-3 5 A7 BIFR ek oy s ) SLIEHER > AR L& 5 325 nm
1% 4% F &+(He-Cd laser, Kimmon IK5552R-F) i & ez £k § 6% 5 9 5
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2 HE S BRFUEELZ IScm S ERFTHERE YRS LR 0 RED
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d RS 5 oom 2o hih 4 = R 3 k3 ik (monochromator) » iz sk iE ok 3k iR
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% 1 jp| B (photodiode) &1 » £k f& £ & 3|44 4p 3~ E(lock-in amplifier)+z +
BaTuELAEY — B G B R0 RS R RIL S F kR -
A RS- AT 19K G R - =t MR ek e R R E R I R

REH B R BT AR SRR - 0% D R AT B3 AT MR S
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325 nm band-pass filter

mirror
325 nm He-Cd laser

InGahs

k;::uh|::nt|::u:|i|::u:haJ

Monochromator

) 325 nm long-pass filter
mirror ) ]
Lock-in amplifier
Focus lens

f=5cm

Focus lens
f=15cm

Chopper Spectra Hub

Samples

Computer

W] 3-3 %y % 4 % W
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Yr i B¥8H

4-1 B2 TR

R A A 7 H g R E i 4p ot e Juif 4 (absorption edge) ¢ 2
48 LI R B 5 3 1852 £ d G, G. Stokes #ra IR 0 P {8 L ek if
Mgy kg B ehi B LA R B ¢ F  45 (Stokes shift)[13] o #F it 4FB
Hakm 3 0 FZF A B A Ap s e 4] 2 0 e 2353 R AR
B Fieded BRBED RSN BEH A2 0 a bt # (potential
fluctuation) » % ;ﬁd g F BRI ETR P P A B R R 0 AR

A RS T BT A SRR - AL e,

i

F it BE ENETH RPN BEF ETIHRTF B BRAE

2

5 % onit fi % & (effective density of state) - # @ v o T 303t 8 01[14]

27zm:kT)3,2

N, =2(

c Eq-(4'l)
Ao ok THom Ausd o iAo ¥ GHER > U2

TIAFIHBEETF Y BT R F MR T3 ERACEN,

el
WE
=\
&%

E, ¢ % o AR BE M PFET S A B TE,

e, 2 B e fi € 2384k kg > 27 N A1 @ & X E4 (N-type degenerate
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semiconductor) > 4c @] 4-1 #7571 o

m

CB

E abs

VB
k=0
W 4-1N 3§ &L ERE ¥ F
Bk F CAFRR MR R e E R AR E A F A H [15]0 2 d Ref[1]

iﬂ

fr'f;::i- ’L‘+_§ lbﬁ’ﬁr} |L§5:‘ m:l; ;;?ﬁ’.a Ry ﬁ 0068m ’fL"OZlm y r{—‘]LL

—\

TF g MR BT d TR
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m; (X) = 0.068m, - x+0.21m, - (1— X) Eq.(4-2)

PR ek g MR A 15% 5 B0 i EQL(4-2)35 B dehE TR 4 5 0.19
my > 2 ABIF RS R RERBNT T 19 Ko Mt e E &
EQ.(4-1)7 17 3|4FJe & 15%pF chN, & 5 3.3x10"° cm™ » @ § i 4Fgp o ch

FER ¥ #2107 10" emT g RN 0 @ 5B A AT AN,
B TRAF R R R T S e E TR € M BN B g R R e
MO APIRE AR mﬁn«f@;"&{N A E e d B 4-1
FHEL A NG E L EEY R R e R B A AR kR B i
Py EFEERI ORI EFE, 6N MEE 0 SRR
Burstein-Moss effect » @ E,, & E, &34 @97 & Burstein-Moss shift - B &%
A G T R 2T T R AP E g R ER A ETIE, P
iv A5 LB 1) % 3 Jk B #2 Burstein-Moss shift e 1x[16] - A7 4 ¢ H i

Y i

4r(2m)*'?

9.(E) =—3

E-E Eq.(4-3)
% & = % 4p % Jr 3= (Pauli exclusion principle)sff % » — B ic f& © & & -
BT+ AN EANENE+EZRFIRTFERENHEBTLD
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n(E)dE = g, (E)dE £q.(4-4)

R BAVEFE ZFSNRT I RATY TAE

E¢ E¢ 872' 2m: 8/2
N:jE n(E)dE :L 9. (E)dE = (2m,) (E, —E,)*?

3h3 c Eq(4-5)
| Burstein-Moss shift fv & + & & ekl % 5 ¢
h2 2 2/3
AEg, 5\ E o EES z A (37°N) Eq.(4-6)
E Sk B Ix10™® omT L b o 4FJe S 20 — 30%2 § it 4FBR E N AE,, 4

20meV = o Apotpt e A EE Y 2 {4 A% 5 200300 meV &
ARG T BT o kaE Bend BRAE g i B R R
4o 4-2 77 0 R TFR T RBF T HRF > FFFEFLRRLE DT o
T A I F e fs Eg(hv) oo TRt Eg(hy) BRBlY A R Bl L R T

Eo(hv)— T g &b gt St BE FE:71F AR EhTHE

E

,l.

98 £ (Eyuey ~Eyam) # T390 BBy B R % E 5 FR A T i it
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Ph MG B L o Fla AR BB AN EFET Y D ks R
v dd BT R B d BE(LHFE B BRET UE B ik
BoofR B 0 TR G ST 305 ikl o A F CAFRBESY o Bd

B3 it B hZ B> KP ODonnell £ 4 125 #4% X-ray 8 tf(energy

—\

dispersive X-ray imaging, EDX imaging)# =& kB2 § 1 4Fkf & " H 4F)e =
g B w17 d k2 P 7 A S BB {od MEROF RS 3 -4 umy
R. Fornari % % 41 * CL mapping 77 ;%4833 § “4Fpp i wogd L LS
BEa b 7:[18] > d B s g k£ A& frik Bz § T IOERR Y

250 nm = *g** it e %

W

Vit g et bon BEF S F AN AR
BBt R: AP i A ERRAR s gk A RS LR S
i iy B MUELRF 5 FL 5 2 R84 Sk (matrix emission) 0 d Bl 4-2 ¥ 3 R pE Y
FrHBE LR R PR g NI RS
25K ek 30 E AR B [19, 20] 0 #t PR R KR 5 St B IR R B 0 AR

4 ¥ 8 % & (cluster emission) » o B 4-2 %557 > SpFE L AR o F

%

B BT R AR A E o R T o Fes A

200 PR S N IR e ek o Sk kR o
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matrix
emission

v(ave)

i from a few hundreds of nm
afew tensof nm ;. few Hm

W 4-2 § 1t sFpp it i dor A W
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4-2 T if el

WO k2RI T Heh 3% G sk ¥ (absorption spectrum) ~ Gk g
7+ & 3¥ (photoluminescence excitation, PLE) » &2 3 ] k3 » m A @ kX ¥
A % %k 3 % F % (photomodulated reflectance, PR) -~ % # % 7 i3
(photomodulated transmission, PT) » 12 % 237§ ;¢ 7 3533 ®l £ 44 (contactless
electroreflectance, CER) % - X @ » 5 “4FppHdla 35 » Fl5 s 2 353
M A R R T € T e W M fE S > R ST R R ST E
17 ey i fic(absorption coefficient):# 5t Bl &2 2 My E et # £ = > f G

Urbach tail » 4- B 4-3 #751 [21] 0 #* P sz A el s o 28 o

Urbach tail

0. = Olg exXp[(E-Eg)VE | pacnl
S Ideal semiconductor absorption
o o< (E - Eg)”2 (direct gap)

. Free-carrier

o o< (E - Eg)2 (indirect gap)
~.. absorption

Absorption coefficient

[ T emmem e ———— 1 S
Eg Energy

B 4-3 7% & Urbach tail e jz i 57 R B[21]
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\f“b
‘LlT_l

Fokged ka3 o ek R AT AR SOF REE L > AL
SRS SEEE $5 LS I AR S e

LR b A Pl fonfb T g 23] eni B R A B ox e 0 1L pew

=
oo

e R e e RS R D xS S R
PEF g b F R R AT F P LN G S TR > F R &G Ak Beeh

WA AR EY 3 - B2

\q-q‘\

Farag » T 237 b anf S fanis
FlA AR &S o A B i g EEE e

FEINOAPRLEFS TR 7 S LSRR
FleB QR pl il QR RH DT R T R SR S ST G S AR

R FFRORE(AR & AT)S F HEER TR En 7 It g o

B BERDEFILELGOTRERG M R i Je
I h B KRR ehE R A N e B S R e A ¢
AR AR SEFEARRFDTR o FP AP A LT Y gk RS
B i s 0 3 E e SN e T g o

2002 # J. Wu % 4 & £ 7 4FJe 2 50%3] 100%(InN)=§ i &F kg & 55 -
b W Tk S e B JE TR Sa T 4 [24] 0 4o b S, Pereira & 4 [25]2 W.
Shan % % [26]>t4F ) = -] >t 50%q Sk % % > ¥ 7 5] 238 e 2 g 1 4FEf

PR ’]’:‘é%‘ EabS(InxGaHN) » H "ﬁﬁﬂg\‘ X eFsg it B Za3 %%—E; T m%ﬁ LI a3

—

L@ iF
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E = Eabs(InN) "X+ EabS(GaN) -(1-x)—b-x-(1-x) Eq.(4-7)

abs(in,Ga; ,N)

PP B To Bansany & W 5 F VAR M gpasef g E o R B
P H e A W 5 0.77eV{r3.42eV;b 5 ¥ % #ic(bowing parameter) >

d Ref[24]7 #H B 5 143eV - &m » Flo § (L 4Fgg B o &R ™ g 1t 45
$ ik St TRM o 6 R F (AP S Plakhs v ORER A A
T E R b 0 T Gl ET N € FIE R h3 B E A
FoOTECR e WU E A e O P A R 2 B R SR i 4 kIR 24] 5
S. Pereira % A [25]r2 s o kg cng Bl Plw feif % 0 £ ;ﬁd P EAGHT w4
%+ (Rutherford backscattering spectrometry, RBS)# 5 & |1 & - $54F )0 =

PRERBERT AT ESPRIRAI AL AT el SRR €8

e

FAwicihokt w0 dgd AT F RN T e Ao et i

o

;;5

T3

Ik

R R NI E SR 1 SRR S I T

oot M NE 4R S 18 drd Vegard’s law(Eq.(2-5)) ¥ ¥ % 5

XA PFencih 1 ¥ Bice, » £ ¢ (0002) % 7 X-ray 0-20 scan ¥ £ 7 F
Chda 1 ¥ HCpepy > Fld F I 4 &

InGaN Cincan — Co

E,y = Eq.(4-8)

31



WP Z A F R AR R F oo A 45 0
(dESN /de, =154V ) » Fla 49 S £ 7 o je G EP S BTN T 21 &

* %A pEesofTig 5 B (InGaN)

dEGaN
Egel(lnGaN) Eabs InGaN Xﬁ Eq(4'9)

77

N

3 it i {6 (PE[ (InGaN) frdFjie = x e it R l“;ﬁﬁd E ol Bl A = SR ek o
W % dciE 3 Ref.[24]#7 8 5h1.43 eV; i W. Shan & < [26]41% .0 %5 5%
BB W R i o e - AR EART v AT RIER 0 B
BT SR e S RV Stfe M. D. McCluskey % 4 [27]ew %
%0 @ Ref.[27]% et 5B BipIF]) hadhdh taF B E 5 R T hF L Apadhld
Bidk oA R4 T AR & W Shan & A [26]:25% & P p @ ik &
At o AASERE PFT B T GRS g it A
Lutd lcE s 143eV g%k o

¥ - % & > R. Kudrawiec & 4 >+ 2009 # 187 7 ¢ 28 I[28] > fis ¢ =
£ - kAR s (BFYe R 43 14%3) 36%) 0 sd X-ray BB R TR B
(XRD reciprocal space map, RSM)en& p| v ol 4 #2F = 2% -

hiEd ERERANATFAUF MR RPN 2RSSR SER

R e mT o d S S RN RS g Gkl 144026V e
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W. Shan & 4 en/g % [26]i7 02 5 fRm > 5 & I|sjg'd B ¢ <

a
e

Vs B

ts lfafﬁd NTARBN I HEHREREFSE T
E,=E,(6=0)+E, (¢ =¢") Eq.(4-10a)
E, =&, +E, Eq.(4-10D)
O, =(a; - & C—”)g' Eq.(4-10c)

13

~ (D -D. %D, D, Sy,
%k, =(D,-D,=*)e+(D,-D, =>)¢ Eq.(4-10d)
C13 C13

He OB frdE A n i $2A LB LA LIRS S uF kB E afr

al » & » 25 % =5 (hydrostatic deformation potentional) » @ D, ~ D, ~ D,f=
D, & L% w142, 8 =it (shear deformation-potentional)> C,,frC,, % 38+ ¥ #c

(elastic constant) » &' % %% B4 o el G SERS KDL 6 0 9 Gk
i 2 2.1+03eV s o S Pereira % £ ehi % [25]% % 0 ¥ i R F A
fcif g £ R0 2 3 o W, Shan ¥ 4 [26]f= R. Kudrawiec[28] % + 38 & 1
B EFH S SRR o & S Pereira & A [25]8_0 w sk g e 50

V}»"](E‘i Yol Lo andidh o d PX T Sk S L»lm‘z’»‘i(\%"g{ 2 ﬁy\’}',

Eﬁ]l@i”‘iﬁ’ pu ]‘"Q\T'P\-:’vtallmg‘}’/\ ’ ﬁ’}f :3;\—*/};)?,@% ,g
EAETFRARIRT T B P AR R N ET A RIS NG A

b

fo

> H

{ % P Fg i sy fe i+ >y pfd Soje B AR & T E T

=i
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STy g S H AR o Fet 0 § 7 it S, Pereira ¥ 4 [25]#7 18 3]

N

T

g g H e BRI ABR A o R Y e g A

L

Fafed  @BFABE G jcBSips > B R4 B0 e Gl R
# 143 eV 2011 # S. T. Liu & A $F 238 o= § 1L 4FpR & 908 (7 2T L 3¥
F ok 0 -8 R F eofTif H4v'f 4 4 v Burstein-Moss effect i = ik 43
B B A e g b R B 2 RN RS E T
W lciE s 1.9+01eV s A A EFaE Y fhilicie 3 1.3+0.1eV[29] -
R. Kudrawiec % * [28]5.5 % £1T o 4ok Lm0 a3tk - 0 2 B Sk 3% § {8 ok
Yo s ®ar > @ R, Kudrawiec % 4 [28]e7 < @ F 41% X-ray 544 i3]
FRRROTRESET BRI HEIROER T AHe Y SR LG

Bt Bt &R AR R B S Gl s 14 eV

F_&
et

'S
]

Ehed e m pN HEW GlcE s 21eVe K o ABHe AT Y iR

Ay

C R E (TR X-ray BEST R E 7 BB R 0 ATy D% B g 4
AR o T g TP etk e S Bl 5 & 3% R Kudrawiec & 4 [28] 2
S.T.Liu % 4 [29] tedrlee & 50%11 T et e iedn 4 0 e B 4 % AR
A WAHED, > B GEcE BT L4eV o

4ok 2-1 & 41if > 5 d (0002)w &0 X-ray 0-260 scan > 3P E 0 JE R 2 &
PR S agFe s o - A T 0 FlG F MAFRRTR F 2 B A Ap A Lenhf 1%

[4] » B p e fens mE 2325 g d 2 Xray £{LePE L5951 mm»
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TRREFER S AZ1WE 1 um o F)pt - 42 d (0002)w X-ray 0-20 scan $E&+47 § T
I B EBY Tiam S B B2 5 D o B2 88 (matrix) 2. 4F)e
ST ISE o @ A A NG TR e o A §R 2 4R 50 (Bg.(4-7)) & e
AR T e Tl % T3k 2 R o A AP E 0 E-d (0002)
w1 X-ray 0-20 scan #7j& 7 cndFle = X » EQ.(4-7) > @ F “4FHeg (L 4pen
SofciB s E o d Ref[1]7 (7 H AR ™ andicid » & 5 0.69eV f-3.51eV >
o TR 14 eV d i Sl B DR s T R E, 0 Sl K
FrE R KF OB RT EE L kSRS kR B i B By o Mt

Eops frt 6% i £ B, & #9 BT E IR M AE 0 Ao RN ATiE

AE=E, —E, Eq.(4-11)

@ 4-4 &2 gx ¥ MOCVD[30 - 33]f~ MBE[24, 34]siik &8 ¢ # 5 24
"EFAFe S g B o B ¢ Ref[33,34] %] 5 i s fnif e sk E o A1
Hojzif s eyt EQ(4-7)35E @ 17 > @ 4 Ref[33]#r Ref[34]¢ i3
X-ray $stm % 2 BB RS S > AA PRI EFESSRL - B RGN
AR A gty B A 14 eV o o d BIP VR T HRSA
MOCVD & MBE & » H g £ 5. =it X K} %\%%}ﬁzﬁﬁﬁ‘zﬁv@' s H
ABEY S 4RV )30 050 R 35 A € ST FAFYE N i 4o A H 4o 4R

XA 05 g F R EHEFAFE S S e R0 o LR LR S
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a3y Men- 3F Ry 1345 1996 & pF G. B. Stringfellow[4] 3 42 c03g i) -

bt 2

FERARERITY s fprdeanfim AT > Flt A E LBt g

5

=

Rl

e NTH2PZAPLT L AEH FRELFE S0

(s

2,5,
w5

ER

TR R Sl U R

« Typical MOCVD results
o Typical MBE results

Stokes shift (meV)

m\O

80 02702 06 08 10
Indium composition

Bl 4-4 < get 3 R =B AEFE S R 1 F]
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4-3 ARAFER 15
Bl 4-5 % ot % 74 5e0(0002) % X-ray 0-20 scan 3% B 0 2 PR IR AR E

BB 5 650 4 675°C pF > € 1T B MESTE B H AR R F — ¥E5t
ME o NP ARR] S B MESE EA K p YR &P IR 4 & (strain layer) o3
A Rk K (partial relax layer) & = > ££55 & (fully relax layer) » %] 5 2= 4% 1%
T B A iR BR €W 7] EREDBRAT RS KL
SPIUEL o Bl 4-6 B & etk AR S e UR R EE R 0 AR R 5 650 fr
675°C pF A W ARG £ plenR A es B kg o LT 5 A K e R
5 K Tig A 2 G o Tl IR R R G RA58 B R B o T Y AR R
B % 650 fr 675°C sk 5 AV L 1 Bra KoerdF e & o ko B kol
Foa bR R o At ks AR AN S 6006256500 %
675°C s &0 H $H R cndFje S 4 5] 5 0.29~0.24-0.24> 12 2 0.18 - @] 4-7
SHRHEALCHBEAFE X LB o d BlY T PR ,Thiffljmﬁf]?_%\ 7
TR ARERS 675°C RS oy g E L E B BERT > A
i B 650 ~ 625 > - 600°C i i > B 3 5 A4S YR IO 2 gk b cnlicid

A WERTFFATHTI LD R E AR R G
700-800°C > vt Azt o gt sk A4k ik RehBA A R A 5 B AL F o0t b
"EEA PR IE A D 675°C % KT 600°C 0 ¢ = R A B OIRTE MR

oo P L AME X E R T FNRK®E FE RSN S o 2006 £ E.
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-~

lliopoulos % + * MBE = & 7 4F)e = 0.42 ] 1(InN)=ng - 4F g5 & 5% > o
X-ray $Ebtensg % # R & J’rsnﬁf HESTE B o BEor AV G AR A BLeD
HA[35] e B P mIATT P HRE Ly NRERIER R T R
FAAAHORF] E F1S MBE & & SRR ek gk MK
R RS - BRI AT Y > HE BEAR 43400 7| 435°C o A
- 4 MBE = £ 4F)e = 05 3| 1 hL & iF & 5 470°C 3] 570°C @ =% - P B8 if,
Moo 8 PG EMEFRT s AF B dad g B RIARFEA
(freezed-in)enit S R H @2 B A 3 p A8 - R E Arhv Ay
#o AP E R MY BT5C B & NI B B E R R o
Flr MAFRE R 2 oAPT NS E A E 024003 2 F o ¢ i ix

#9350 meV g i 4Fkg RS e
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Intensity(a.u.)

31 82 38 34
20 (degree)

W 4-5 3 % 2448 & % 52 (0002) & X-ray 0-20 scan ¥ ]

T _=625°C

Intensity (a.u.)

T, = 650°C |
TS:675°C:
2.0 2.5 3.0 3.5 4.0
Energy (eV)

W46 APEAFRE JF2 K7 Ly LT
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500

9 T = 90(I)°C ' ' - ' e Substrate temperature series
o 400¢ l. | (TS =600 - 675 C)
é « Typical MOCVD results
+= 300 u » Typical MBE results
= O
i ] |
om
w200 o £ T -esc
n O s
) [ ] _ 0
é 100 | - . o7 = 650 C
N T,=625°C ® e T.=600C

80 01 02 03 04 05
Indium composition

W47 AREAF TR A2 ELHEE
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4-4 ARFIEFFER L5

31 FH/INAFTT 2 Fle d i d L33 o ki % A
et B P EEARR G IRMEL FFNARFLE LS DR
oA A AR R H TS 625°C el o AR F4E A 700 ~ 750
800~850~900 2 2 950°C » H % i cdF)e & A w4 0.46+0.42+0.43-0.34 -
0.30 72 2 0.15- @] 4-8 {r ] 4-9 & %] 5 v % 7|4k &(0002) & X-ray 0-20 scan
W E MGR RN KB EHEOER L 950°C stk - H ke kA )
TR B E o R R R B R ik o At - R ko E
KA ok Fevt e B 4-10 A kPl enR K BRI Blod BP T
FIo F P EHRER S 950%CHE s TRAF AR M ¢ LRI P A
Wk o R EFEER P EFRERLS ER AR BB NS > RFRS
WF A RE S F RS BEF L F (parasitic reaction) # 3 — & 2 3 <
k3 (nanoparticles);s » £ &¢ «@ + 48 B4 900°C *# = 750°C p& »
RFEEHERB Al > PR E T R oA e e Mo A S
(o5 SRR A 4 el OO0 2 e % 0 R LT R AP A AR
BRAEER  BEALNE > § P EFERARBFERT 700°C) B e
AT 0460 m R IS EAEIE D T o APRPIF R NRFF =M
Fo 0 P EFFREAERT R AFREAE MR- €A i gD

BEi 4 o mkrRAp A AL 0 TR L E S A BhBR G Fo 0
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) 4-8

T, =800°C

Intensity(a.u.)

st 32 33 34
20(degree)

\

iR

okt

8 R % $120(0002)% X-ray 0-20 scan ¥ ]

!

/ Wavelength(&rén)

T, =950C

T,=900C

_ 0
T, =850°C

Normalized PL intensity(a.u.)

0.8 16 2.4 3.2
Emission energy (eV)

W49 AR FHFER A2 R LY LHE
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600

Stokes shift (meV)

N
o
o

200¢t

T _=625°C
s |
u
T =950°C m
° m
L)
. (o}
0 T, =750C
S el " T -s50C ‘e
- o ® T =80QC
u = N
n T =900C T _=700°C

e Ceiling temperature series
(T_=700 - 950°C)

= Typical MOCVD results

- Typical MBE results

80 01 02 03 04 05

Indium composition

W4-10 BRI HEER JF2 E BB E
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4-5 AT = 17

THEHET IV RE I EL S AP AR TAFER
625°C» + ¥ 8 R 5 800°C thig &= » #-7 =1t d 17650 #* & 15520
22 13540 > H ¥k cndF)e = 5 0.42~0.40 12 2 0.40 - B 4-11 -] 4-12 » %)
200 % P14 5e0(0002) & X-ray 0-20 scan Bl 2 UE kg kR 0 A B

4-13 5 » iR S F SRRl o d Bl 413 ¢ TR T b d

17650 "% & 13540 ¢ =5 =45 d 237 meV "5 % 187 meV > H T E 5

a

0
meV- @ + 408 B _750°C *5 3 700°C» ¢ 4= 5. =45 4 227 meV *# & 157
meV-H T F 2 70 meV 5-%2': Tt F AT wﬁqagww%om 7] 0.46
ZLRE AP A E ST R & R FRZE TS T ST e
2001 # N. Grandjean % A §%0 & 3 q fd 2 = & 4F)e = 13%:hF 1 4Fhz
A PR EF L TR R D MR RS 2 5 R PRE
BERGED ¢k HplE g Af3A4 503 R+ A EANH, hpd A4 2

B ® & it e (surfactant effect)[36] - @ 2004 # > R.A. Oliver & % * 3 %
ERBFEIE G AR EER S B 5B LsimAe
10sIm P> 5 -4 5 € d B3k B4 (spiral mounds)ibribrig % 5 Fi 50 B
(step-flow mode) » B or H = £ 558 d = s 5 = A[37] o Flpt A daip o

PLEFRRLSASAT 2 Hepr o A fRd kehd RS & ENH, hp

ABE L B BR G B RH A ZFERF AE G P E R
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(diffusion length) » 3 4r 7 4F)n + Lyt pLfd m R i € > ERFE {7

R N S AL P
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- V/III ratio

. X =0.42
s | 17650

X =0.40
15520

X, =0.40

Intensity (a.u.)

13540

33 34
20 (degree)

w
N

W 4-11 # %7 = 272 (0002)& X-ray 0-20 scan 3¥ ]

6

1.8x10
~
> VIl = 17650
& 6
= 1.2x10°
e
D VIl = 15520
c
@ 6.0x10° VIl = 13540
c 0.UX i
1
al

0.0 - - -
1.0 15 20 25
Energy (eV)

W 4-12 AT = v G722 KF LY LHT
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e Our results
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e Our results

« Typical MOCVD results

o Typical MBE results
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