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AALFEA ] §8317] A7 InkGarxN 24 2HhE (0001) Alsiele] 7199]o) MOCVDHMHoZ A
As}sict. AFM (Atomic Force Microscopy) ™ RHEED (Reflection High Energy Electron Di-
ffraction) ¥ DC-XRD (Double Crystal X-Ray Diffraction)S Es 700T ool AAE Ineis
GaogiN/GaN o1FH ¥ 720 AAE oFde AN S dv Z& lsisle)h =3t R4 spde] wg-g
#l8l4 800CNA Sizt ZnE FAl =3t AR InGa-N =] dijt 42 PL &4 AHi:e

. donor-to-acceptor pair Foldll &3} Hz|AHo] 460~470 nmellA Yolkir, InGai«N =2] band-edge
ZAFL 425 nmellA RS BejFgick 233 undoped MQW IniGaiN el digh A& PL 23
73}, GaN barrier®] exciton®} DA pairel] Q% carrierSo] well JE2 2 $4l¥e] 7] MQW Zx)4
o] MAshe A Elsksch

Abstract

Single crystalline InxGa;-xN thin film was grown by MOCVD on (0001) sapphire substrate for the
blue light emitting devices. A good quality of Ine13GaogrN/GaN heterostructure grown above 700T
was confirmed by various characterization techniques of AFM, RHEED and DC-XRD. Through PL
measurement at room temperature for the Si-Zn co-doped InxGa1-xIN/GaN structure grown at 800C
to obtain blue wavelength emission, 460-470 nm and 425 nm emission peak were observed, which
are believed to be from donor-to-accpetor pair transition and band edge emission of InxGai-xN,
respectively. The result of PL measurement of the undoped MQW InyGaixN layer at low
temperature confirmed that the strong MQW peak was resulted by exciton from the GaN barrier
and carrier of DA pair confined into the well layer.
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M-VASE dbEAE o143t Faate] Agel 3l
o] 7HAF mgdle] €& wEs] HsirE InGaix
N(1.9~34 eV)¢} ALGaisN(3.4 eV~62 V)2 4
AaAspsigrEe] HAA uhee] AAAert D4 e]
op U alzdssdtee ARE 39 TMGa,
TMIn, TMAI, NHs 59 uhg7k29] Zehqz|7}
thzuz ggewst fapo] 1 aAdvlel 246 2
Wz i) e LT Ao WA
o Almele] rlmake] GHAAG zfold] 243 ofF
R AEHAE wol AR AR AR
PL 24412 Ho spgo) G4 Se 757 HA
3} B3] InGarN 224 2k indium®] #4+
o] wl$- Eolhx] GaNe| AR} 72 el A
2%, B Bghl 984 indiume] Sf2i(disso-
ciation)7} Heol sk ] We wWEshe AET
indium ZAMIE 9 5 oA 9o P =3 A
Aol ezt AA =oy indium 2A¥E F7HI
7 4 A= ofde] wAA vk & 5 gA 2
v} zejEe 2dA B4o] BAEWA indium A
BlY] A E 2d 5 dE A AARES £
Aske Ro| w$- Zgsie} P

2 g7 EMCORE D-125 MOCVDE ¢4
slo] AA A &= ¥ TMGa, TMIn 3-8 W3
AA 74 bulk 2 MQW Z8]Z Si-Zn co-
doped 5 A7HA 729 InsGarN 2AHNE 474
7A A4 2 indium compositon®] H3lol| W A
A gAuie] wkEAC e AFsidch AR
InsGaixN ZAZe] izt 39 Aejet A=
SEM(Scanning Electron Microscopy)® AFM
(Atomic Force Microscopy) 28 ZAlslelw, w4
o] o]¥e] w& Wzl He-Cd #olAE o]-83}od
PL 2AE <4gslydct. 2]z RHEED(Reflection
High Energy Electron Diffraction)®} Triple-axis
XRD(X-ray Diffraction)& o]&3ld =2 AAYE
wrlsle]l AU LED &Alolle] 4 7FsAE &
Arstadet.

II. |nxGa1—xN En_l'jég I_:!_!-I;I_l-p_' é;lg

2 7oA A5l EMCORE MOCVD== carrier

% dopant gas®] §F (flow rate)& $ALE AL
& 4 A = Fefolr}. 7]¥SE 2 inch (000D) At
Tolo}E AMEEI T Algtele] Z|wke] BH Aeirt A
A AR & Jeg v uz keI opE 2
I TCE 490 &xci& ztzt 1853t E5] AlH
83 thA] TCE ¥ oMIE 28| wighe goof 7t
7} 234 58 E9F 289} (ultrasonic) AHE & o
& =oleE 10 B 9 AFEd zEla 80T,
B 319 SHHHSO)T AHHPO.) E3H-8-Y
oM 5 HE<t AHF ok ol 25E 208 Ft Al
23 ¥ pE-E 3] AAs Ak

InxGar«N 249 47427171 Aol undoped
GaN 4% 4heg AJAAZck AAE undoped
GaN-& TMGa®] #% 2 NHyH, fule 22
100 zmole® 7.3/7.2 slpmoE 3} 20% Fot <&
0.78 m HES FAR AAsigck 442 undoped
GaN wdxete] gwie Agwd zgkes 10'%cm’
dje] ul-e Y& background doping ¥EE ZE 7
o2 zAEch FAA AL E 1 vehy
Ak

. InGarN ZHLF ¥ S48

1. InGay-N AAup

1) SEM(scanning electron mictoscopy) &4

29 1+ TMGast TMIn $391& 10/10 xmole
2 FAANZ APREE HspIzE o, AR
InkGaiN ®}2hel gk SEM Za RS vehd A
olck 8l DS Algslas AR AHe] FAZE
o 0.1m ik

3 T

(a) Tg : 740°C, thickness : 0.1 ;m  (b) T : 720C, thickness : 0.1 m
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(a) Tg : 680°C, thickness : 0.1 zm (b) T : 680C, thickness : 500A

:% 1. }g;g"\g:i*q kﬂi}oﬂ ‘4% InxGakxN @_I.u_]'-_o,] x
W SEM ARl

Fig. 1. Surface of IngGa;-xN thin film by SEM
image depending on the variation of growth
temperature.

IPIME & F iRl ALt ALSE
TMIn22%E indium® ¥3l(decomposition) &
o] ol 3 ofe] wle} FEel indium droplet F7]
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257} 738l indium £33 SRR 2AALS
vkRiAl glel g Alee] ARl dxjEs
AAEE InGar-N e FAZE ¢k 7% o2’
Qe 2 DS 2] ZA FiEE AE B
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2) PL (photoluminescence) £

I 2% AALEE WA AAT IkGarN
utte)] sl ARZellx] N pulse #HolAE o83l
243 PL spectrume|th AALEr} A4A¥LE X
wo) indium droplete] %718k SEM Zs}e} ulal
& o] emission peake red shift®A|%t FWHM?®]
A Zrlshs ALR Mol indium®] FAe] Flsl
A2t AAAL indium droplet?] 3o F A shdS
#ald 4 glr} ol FWHM2 Atid o g F71sks
3 S TMGa/TMIn #8dAl2ke indium &A3¥]
 ARexd wet Hd 15% 74 71k

I3 3L InGaxN =] AAEE 680T=
ale] <k 500A 9 7, TMGa®] #%& 10 pmole
o2 3AA7] F TMIn #3Rbe 10, 15, 20 4«
moleo& HIAA A5l Aol it PL #4257
E Jepd Aolrt IHA & F %ol $9
TMIn k) Z7FE4E induim Aol =]
Zkzb 18 %oll4] 196 %= Z71sigch 28yt TMIn
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S 1. InGarxN BZ2A wiure] Agz2
Table 1. Growth conditions of InyGaixN sin-

gle-crystal film.
: L | Substrate | Deposited |  Layer
NO‘; e "Step ' ‘__}‘emp( € )| waterial | thickness
1 H; cleaning 1030
2 GaN buffer 500 GaN 300 A
3 Undoped GaN 1020 GaN 1 m
s Bulk, Si~Zn co-doped, 670~800 oA ~01
undoped MQW InyGay-N InGarN .
Undoped GaN epilayer
Carrier gas Flow rate
NHs (slpm) 72
Hp (slpm) 73
TMGa flow
( 2 mole/min) 10
Bulk, Si-Zn co-doped, undoped MQW InGarN growth
Carrier gas Flow rate
NH;3 (slpm) 73
Nz (slpm) 40
Si doped Bulk 10, 15, 20, 25
TMIn tlow || Si-Zn co-doped 30
( prmole/min) well 30
Undoped MQW
barrier 5
Si doped Bulk 10
TMGa flow || Si-Zn co-doped 10
{ 2 mole/min) well 10
Undoped MQW
barrier 10
TMZn flow
( 2 mole/min) . 67,10
Sity, flow || Si doped Bulk ' 25
(scem) Si-Zn co-doped 25
Si doped Bulk 670, 680, 710, 720, 740
Growth A
temp(C) Si~Zn co-doped 800
Undoped MQW 800
Si doped Bulk 01 im, 500 A
Si-Zn co-doped ~ 200 A
Thickness
well 50 A
Undoped MQW
barrier 50 A

(749)
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16000 TMGa®} TMIn -§3¥)= 10/10 gmole olgth
(a) 740 C : FWHM = 91 meV, x=49% . e 3 = o
14000 - @ (6) 720 C : FwHM=98 v, x= 5.3 % 720C &=l AR S AR A" 3ol
. (©)710C:FWHM=152meV.x=6.8% 3 3 olo. O A
12000 (d)é7oc:rvmm=1zmez,x=1:% H InGaN B2A 92 =T Siet. 67
0CE 258 72AZe o, A upee] 392 1
3 007 of wlalsle] 3x4A1el AAe) Hel Fxe] A
©
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0 e e, |
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Wavelength( nm)
ag 2. AAexe] Wil w2 InxGal-xN¢| PL &
HEH
Fig. 2. PL spectrums of InxGal-xN depending on
the growth temperatures. (a) Tg : 720°C, rms : 46 nm
12000 i
10000 - a) 405 nm, x=15.6%
\\é(b)410nm,x=18%
8000 -
3 |
s \
_E- 6000 - f
i
E 4000 - \
’ c) 415 nm, x=19.6%
2000 4 ) . o }
/ \ (b) Tg : 670C, rms : 565 nm
J a2 4. ARLEe] Mse] B2 InGa N APM X
i e ] o A
T T T
350 400 450 500 550 600 Fig. 4. AFM surface morphologies of IniGai-N at
Wavelength(nm) various growth temperatures.

a8 3. TMIn fkel o2 InxGal-xN® PL A¥E
e .

Fig. 3. PL spectrums of InxGal-xN depending on
the TMIn flow rate.

3) AFM (atomic force microscopy) ¥4

AFMS olgsl] AAexe] Wl 9 Ink
Gai-N =299 ¥d A AFsh ALt
InsGaixN ZAAF e vzl 93 @ ATzl o
8le] masielch EAe) AMEl InGarN Al A
Az AL} 720C e 670C, T 0.1 m,

(a) T = 720C : <1100>

(750)
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{b) Tg = 670 : <1100>
A zel W3ld wWE InGa--N¢ RHEED
patterns
RHEED patterns of IndGaiN at various
growth temperatures.

a3 6.

Fig. b.

% 4% 720C2} 670ColA A F Aldel o
¥ AFM ZAAHE depd otk a¥dkE &
T giRe]l 670TeA AR AlHe] FHel g
rms 7A7](roughness)”} 565 nmZ wi-¢ AAd)
28k indium droplet 2717} F7HE 7] ofEeic)
AR 720Celx AR A" ®dHel AE ms
< 46 nmZ ¥4 AP MdEE & 5 ok
Indium dropleta A3 FA= A 22 =77} A
oA B AWV} ) dEes EMdEnt

4) RHEED(reflection high energy electron di-

ffraction) ¥4

InsGaixN 2F2A| A4#=7e] nl RHEEDZ
ARAE FAkect. RHEED £4A) Axpile] Hbsk
2 InxGarxN9 [1100] Wk ZAIB}9 0w, o]
ae] vk AzEe] A S WAk 2A
A B AR AR AR=r} 720CeF 670T
2 A7) InGai-N 2l tisfja] $=33i5ict.

I3 585 720Ce} 670CelA 01 mZ. ARFAIZ
InxGai<N ¥%9] RHEED 34 &S vehd Ao]
ot el & glRel 720Teld ARAR
InxGai-N u}etell disixle A2k facetd 4+ o
Aoz AR AL & 4 ok zEhdt 670TelA
AAAZ AHell s AFM Aol E 2= A
A7} 3A JehdSo] induim dropletell &J%F 33
Al AAAAe] FmElaL olo wiet H AAAe]
vkl ZAlee Algslch o|de) FrkA| ARl
Al AAE Ao ik RHEED 3% &g 53
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£33 % D 8RR 19

IngGa;xN 28 A o, 700C °lsllrle
T AAA S uhkg )7L o, vwd 4 2
S A7) Asde s 700T o= 3
oJof g} e} AARXEr}E 700TC olEll A-gEhE
IncGa1xN ¥ete] A8 ofAl & A5, 349 AA
PP} T BaAegel 5T ARl ol
% ek 1

5) XRD (X-ray diffraction) &4

a8 6& 700C e TMGa/TMIn #3115 10/17
pmole, NHs¢t N2 f52 242t 7.3 slm, 4 slm, 5
scem®] SiHE E993sld Ak AHO|  triple
axis-XRD ¥AZsjolc) AR Age] FAe o
5004 °]1ck ©] ¥AE DC-XRD #4elle #i$- ¢
old ZIZ(intensity)7} oFstA| A€t AL
undoped GaN peak®el]l ¢F 12%9] indium FAE
2 InoGaossN ©274 whete] FA|Ho] vehdS
o 4 stk

GaN
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100 4
IanamN

mmfl‘m uﬁf

T ' 1

0
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T
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223 6. InoGanesN®| Triple Axis X-ray Diffraction
A9 EF

Spectrum of triple axis X-ray diffraction of
Inp12GaogsN.

Fig. 6.

a8 7& 700C e TMGa/TMIn £8412 10/25
gmolel® ZFMAZHI 400A2) InGaixN FAE
AeJstas Az7de] FUTL AlHe| e triple
axis=XRD #4-& ¥ ZAFolct A= 5004
AR HAA 7Ert 9A vehgoyt IngsGaosiN
@A uhke] JRjAe] FREA FEEE AL 2

TORNE
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4 gt 222 700Co A" IGarNE &
ARo2 1 ARAe] =L
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38| 7. InpisGaogiNe Triple Axis X-ray Diffraction
~H e
Fig. 7. Spectrum of triple axis X-ray diffraction of
Inp.13GaogN.

2. Si-Zn co-doped InGai-N ¥+23 A3+

InGai- N2} &4 Aju)7} 20% ooz Alejst
7] e Aol AN SANE 2d3p] $siA
Sish Zng A =595 InGa-xN e AR
ANA BB Frale 4 7FeAe A ol
AHe] Lol ukggke-2- 800Cel 200 torr ©]
gck Zn7t =998% InGar N FEA wbRE 2AL
317) S8 WA ekt ARSI InGar=N =
A4 whehe AAAZC) SiHet DMZn fle 2
7zt 25 scem3 10 nmole®] AAEASE 3, Zn
7} 3% IngGaixN 24 1hge] FA= oF 400A
o] ElA 3slgrk PL &4 He-Cd #HolA& ol-83}
o AolA FEANE SAsict

18] 8% 800C oA Si-Znd B =33l A%
A7 IngGar--N 2% 9etel] g A2elxie] PL
24 ZAFE Jehd Aotk DMZn $52 10 nmole
sz 3AA73, TMGast TMIn f341E 3/10 2
10/30 pmoleZ H3AA A AlHel| oigt Ao
t}. ZAspellA] TMGa®] st izt #E{emi-
ssion) IS shift7} 9T InkGai-xN2| &=
= ezl zlolrt i} ol TMGa/TMIn ]
2 ZIMAA AR ARe ANHeZ TMGa F%

=

AL F2AE 9% InGa-N 2H4% 2 S497}

&

o] A7| Wil = 2+2¢ indiume] Ga site® T
E)9l7] wEelck 412 nme EAAHAA InGar--N9
band-edge emission(BE)ell <3t Fx)3o] A}
450 nme} 458 nme} EA}AeNA Zn-Siell ¥t FA
~AP(donor-to-acceptor DA pair) FHAFo] LAY
3= Ao] #A=F 3 glok Nakamura®] Al s}
W BE ZAHel uls] <lvx|7} 04~05 eV 2
DA pair FX|He] #3=glot & AYelAe 11

't} WEoiA] Aolr} zkem ok 03 eVE tiehdrh

(752)

[7}

1.8e+5
{a) TMGa / TMin flow ratlo : 3 / 30 umole/min
(b} TMGa / TMin flow ratio - 10 / 30 Umole/rhin

(b)

)\
{(a) \

1.6e+5

1.4e+5

1.2e45

Intensity{ a.u. )
P §§FEq

0 i1 i i

Lot TP ALl
T T T T

3500 4000 4500 5000 5500 6000
Wavelength( A}

3% 8. HeCd #olAHE ol8& Si-Zn
In:Gar-xN9 PL A9 EF

Fig. 8. PL spectrums of Si-Zn co-doped InxGaj-zxN
by He-Cd laser.

i : Liad

=34

3. InxGar N MQW 7= A3}

Alele] oA Alele JR-Eel 75E A=
o]Z)| oJaiA] bulk el InGaN¥ band-edge
ol ® Z7INA = 9lo] FR-E T2 A’ B
Aol AEHT Qirk IAE TR PEE A
o] ArejEzke] WA Hol(radiative transition)<
FrA2A 243 4 Ydx oA FRE sFsEHAl
Ak MQW  #lolAe] e AR =(thre-
shold current density)7} ¥z, &%ol & &<
72N 4 gdvke Aok M AN 2 ¥epy
LED ¥ LD9 2-4% 9#+4 wide-band-gap 23}
E uleAE o]43 QW 739 A} o B4 ¥4
o] dasjch
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£ Adelde (0001) Algjelel 7]ghg o]43}ed
In Ga1-xN/InyGai N MQWE AAAA = A
EAe 7asgck WA undoped GaN =44 wpet
£ 1020CY m2eld AAAZ F, undoped HH=
well, barrier Z}Z}9] indium 2Ado] 15%, 5%
MQW InGa;xN ®FhE AABKAcE  InkGai-«N/
InyGaiyN MQWi oiaiile] AA 45712 st
well#} barrier2¢] A& 27t 2543 50A R A%
AZc}t 28w wellZ2F barrier®9] TMIn -2
Z¥2 30 pmoled 5 pmoleZ 313 TMGa %
£ 10 pmolel® IAAZET: AR 200 torr
aAck

a3 98 700CAA ARE MQW InGaxN &
7] wpate] sl He-Cd #Hel#E o]-§3td 20K
9] A& PL 2AZA%E Jepd Aelch Z3ellA
3567 nme A ex2e] TAAH= bound exciton
o) 23} Aoz 377 nm¥ FAA x|+ DA pairell
o3k Aot} 23 397 nm FATNY ZRE FAHE
MQWel & Zeg Almsc} *

Intensity (aw)

Wavelength [
He-Cd #e)AE 0]47 InGa-N MQW2|
PL 24 EH
PL spectrum of InsGai-N MQW by He-Cd
laser.

a3 9.

Fig. 9.

29 102 308 nme] FY¥E zZe= XeCl excimer
golA g o3l 20K Aol &3 PL 2¥E
ZL bl Aolrk azdAE <& 5 gl%e] He-Cd
HolHE ol43t 24 A} 4AHAI Y 3568 nm
£]2]el] bound excitonol| &3 FA)Ho| Yehly I}
o] ekt Z715l 3786 nm ¢xlX DA pair, 218
3L 3952 nmelld] MQWel &gt HAHo] ASH =

£ o
[

(753)

$3¥H%& DiE £8H 21

Ae &+ 9k

Infensity (a.u1)

Wevelength [

10. Excimer #o]HE ©]43 InGa-N MQW
o PL A9 EY

10. PL spectrum of InGai--N MQW by
excimer laser.

=)

Fig.

20K

Intensity (au)

Wanelength [

He-Cd #o]AE ©]43¥ InGa-N MQW4]
PLE 24 e3
PLE spectrum of InsGai-N MQW by
He-Cd laser.

a8 1.

Fig. 11.

a3 11 MQWS it Exjge] LAshs d3d&
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AE olgsle] 2AF FHd FpAolck Ao HR
o] 353 nm B4 wlekgt E:x)3s 379 nmellA
o] Tx)e] gl&oF Hol QWS PL 2¥EF
£ GaN barrierd] exciton® DA pairel] % 2]
o] B8] i wiA WAshs Ao= whdEct
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