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Study on the epitaxial growth and devices

about compound semiconductor using by mixed-source HVPE method
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Study on the epitaxial growth and devices about compound

semiconductors using by mixed-source HVPE method

Hunsoo Jeon

Major in Semiconductor Physics

Graduate School of Korea Maritime University

Abstract

Compound semiconductor is largely used as a material with which many
kinds of optical devices, electronic devices or solar cell, widely employed
in everyday life, are made, In particular, nitride semiconductor with wide
direct bandgap is largely applied as optoelectronic which emitting and
detecting the light of blue-green UV range, due to its advantageous traits:
high thermal conductivity, strength and chemical stability. Although light
emitting diode(LED) is more highly commercialized and developed than any
other devices, it has some tasks to solve the problems, such as defects,
dislocation density, electrical conductivity and crystal quality.

The CIGS, another kind of compound semiconductor, is the I -II-VI,
chalcopyrite compound semiconductor with direct bandgap and optical
absorption coefficient, 1<10° c¢m' which is higher figure than that of any

other semiconductors, so high efficient solar cell can be produced even

_Vi_



with 1~2 wm thin film, and the electro-optic stability of it 1s very
excellent for the long run. Hence, it is emerged as an inexpensive, high-
efficient solar cell material to dramatically improve the economy of
photovoltaic generation by replacing the expensive crystalline silicon solar
cell currently used.

The HVPE method with which nitride semiconductor can be grown at the
rate from dozens to hundreds wum, faster than with MOCVD or MBE
method, 1s largely used for the GaN substrate production of thick film.
Because of this trait, multilayer structure such as LED of thin structure is
difficult to be grown with the HVPE method.

In this study, we suggests the mixed-source HVPE method that is a new
one to control the composition in solid-state by adjusting atomic fraction in
aqueous phase of solution, and the growth and property of matter of Te-
doped GaN crystal are investigated by this method. And those Mg-doped
GaN layer are examined by the same method. Based on the basic
experiment above, the traits of ultra violet LED devices, produced by
forming the DH(double hetero) structure of AlGaN active layer, were
evaluated. And the CIGS(CulnGaSez) thin film, a kind of compound
semiconductor, was fostered by using the HVT(hydride vapor transport)
method which was a new method suggested in this study.

On the other hand, it is known that AlGaN layer is difficult to be grown
evenly by using HVPE method. With this method, hillock or island forms
of flaws are likely to be occurred from the concentration of Al because
the response coefficients of Al with ammonia are higher than those of it
with Ga. Hence, the thick film AlGaN crystal growth of even surface is
not easy and there are also many obstacles to the crystal growth due to
the combination with oxygen or nitrogen. As the growth of thick AlGaN
layer with composition of even Al is not easy, it has been known that a
lot of researches and new technologies would be needed in the future.

In this study, the AlGaN layer grown by using the mixed-source HVPE

- Vil —



method was grown into three types of 0.05, 0.12, 0.26 according to
atomic fraction. From the SEM measurements, it was shown that the more
Al atomic fraction is increased, the more island or hillock on the surface
are tended to be increased, and the result of XRD 26-0 scan measurement
shows AlGaN(0002) peak. Based on the XRD peak, the composition rations
of Al were approximately calculated as 30, 42, and 55%. It is determined
that the reasons why Al composition is not linearly increased in spite of
the increase of Al atomic fraction are the increase of Al distribution on
solid AlGaN layer due to the over-distribution of liquid mixed-source of Ga
and Al or the decrease of Al distribution on solid AlGaN layer due to the
oversaturation of liquid mixed-source of Ga and Al, because of the
difference of distribution coefficient of Al in liquid source boat of Ga and
Al of mixed-source. Based on the findings above, the potential growth of
the AlGaN layer is shown, with the mixed-source HVPE method.

For the doping of GaN layer, Te was used as a ntype dopant. The
amounts of Te was modified from 0.14 to 1.6 g, with 20 g of Ga, and the
atomic fraction was calculated from 0.0038 to 0.041. The carrier
concentration ranged from 1.8x10"" /em® to 1.0x10" /em®. As the atomic
fraction of Te was increased, the carrier concentration of Te-doped GaN
layer was also increased. The carrier concentration is usually known to be
linearly increased according to the amounts of dopant.

Mg-doped GaN layer was grown by using the Mg as a ptype dopant for
the doping of GaN. For the source, three samples were prepared by
applying 0.04, 0.08, 0.16 g of Mg into 20 g of Ga, and each atomic
fractions of Mg were 0.005, 0.011, 0.023. The results of Hall
measurement are as follows: the carrier concentration was 1.4<10" /cm?
for 0.005 of atomic fraction of Mg; 2.6%10"" /em®, for 0.011; 4.2x10'7
Jem®, for 0.023. The more atomic fraction increased, the more carrier
concentration increased. These results suggest the possibility of the
growth of Mgdoped GaN by the mixed-source HVPE method. And this
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method can be very useful in getting not only ntype but also ptype GaN
crystal.

Based on the basic experiment above, SAG-UV LED was febricated by
using the mixed-source HVPE method. Sapphire substrate with GaN-
template was used and the structure of SAG-UV LED used the selective
area growth method(SAG) which has the advantage to reduce the
dislocation from the substrate. The SAG-UV DH structure grown with
HVPE consists of Te-doped GaN, Te-doped AlGaN as n-clad layer, AlGaN
according to the atomic fraction of AI(0.05, 0.12, 0.26) as active layer,
Mg-doped AlGaN as p-clad layer and Mgdoped GaN as p-cap layer, which
were in turn grown by using the multi-sliding boat.

The result of EL measurement, after metal process and thermal
treatment, suggests that when the atomic fractions of Al of active layer
are 0.05, 0.12, 0.26, each mean wavelengths of sample was 330, 300, 280
nm, respectively. Each compositions of Al was calculated as 25, 38, 45%
by using Vegard's law on the basis of the mean-wavelength of EL, As the
atomic fractions increase, the main wavelengths seemed to be move into
short wavelength area. This result suggests that the modification of
wavelength can be controlled depending on Al compositions, with the
mixed-source HVPE method. In general, if the composition of Al in UV
LED exceeds over 30%, the problems between Al and oxygen and
difficulties related to the use of AIN substrate may be occurred. However,
SAG-UV LED grown with the mixed-source method was proved to be an
another method to solve the problems above, which demonstrates that SAG
-UV LED can be successfully grown with the mixed-source HVPE method.

Although some flaws such as nanopipes occurred around AlGaN active
layer grown from TEM result, the dislocation from substrate was not
observed. This result shows that the SAG method serves to reduce the
dislocation between substrates and growth material. If the conditions of

metal and thermal processes are optimized from the measurement of I-V
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and aging, it 1s expected to produce the SAG-UV LED which has stronger
traits: better operation voltage and reverse voltage property. The SAG-UV
LED with multilayer structure was produced by using the HVPE method.

If the mixed-source method is well utilized, LED research will be
economically supported through the method to produce the UV LED.

CIGS thin film and nano structure were grown not by the co-evaporate
method, previous GIGS thin film manufacturing one, but by using HVT, a
newer method. For the growth of GIGS, four elements, Cu, In, Ga and Se
are put into one graphite boat with mass ratio of 3: 3: 1: 4, and
synthesized at 1090 C for about one and a half hours. Then, it was
grown by HVT method after the production of a power form of GIG pellet
with a mortar in order to enhance the uniformity of materials composition.
Therefore, the GIGS structure of hexagonal plate was formed in the shape
of butterfly, and Cu, In, Ga, and Se were detected from the measurement
of EDS.

By fixing the temperature of source area at 750 C and changing that of
growth area from 850 to 900 to 950 C, the modifications of GIGS nano
structure were observed, according to the temperature change of growth
area. When the temperature of growth area was 850 C, the nano
structures were formed in the shapes of nanohair, nanospoon, and nanorod.
Each shapes of nano structure seemed to be formed according to the
compositions of Cu, In, Ga and Se. As a result of EDS, Cu, In, Ga and Se
were measured in two types except for nanorod grown into the shape of
spoon. In general, the nano structures of GIGS formed on substrates were
not grown in a constant direction. This is determined not to be influenced
by the atom arrangement of substrates.

When the GIGS nano structures were formed by using the mixed-source
HVT method, nanoplatelet or nanorod types were shaped at 900 T of
temperature of growth area, and nanotorpedo was shaped at 950 T of

temperature of it. Cu, In and Se were detected as the nano structures



formed from EDS. For the Ga source, nano structures were not detected
over a certain temperature level of growth area. This suggests that the
reactivity of Ga metal is influenced by the temperature of growth area.
When the temperature of growth area exceeded 900 C, CIS nano
structure without Ga was formed from GIGS one. This is determined to be
the application case of SLS mechanism used in synthesizing CulnSs.

Based on this result, the nano structures with CIGS or CIS structures
were formed by using the mixed-source HVT method. This suggests that
HVT method can be also one method among the forming methods of nano
structures with CIGS or CIS structures, and it i1s expected to be economic

and useful method for the CIGS nano structure photovoltaic production.
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2. M-V 3% w=x 24 43 A}

- 1915 : AIN was synthesized

AIN 2 A4S 19159 Fichter®t Ostergeld[1]e] 93] Loz A=
o, o5 Now?l7]9] AtolA 7HEd "H2dl FH Aedd

O
S Aot wak, AIN FA4L 1928 Tiede et al.[2]9] <3

metal Alo]]
NH;7t2~E S8 A S3AA AINS A7 WS 30 ol &9k AINS
2t A4 22 g9Hz A8 4 92 HHo] =AM s 22 dAAS

AHE] AT 5] % Chu et al.[6]<= CVD(chemical vapor deposition)
AF&3te] SiC 7)ol AIN ¥FeRS Al s}t

- 1930~1932 : GaN was synthesized in powder

GaNi= 20417 Ze w95 gH= FHAAIL, 81, o3 24 GaN
AT, AR Jotd SAS aAel AE7k Hgle

- 1969 : HVPE epitaxial growth of GaN

GaN9] oy 8ld A=A Maruska®t Tietjenl[9]e] 2o]&] HVPE 7]|&<& o]&3}
of AL, olg]sk AW A= 1970 A9 AbE HEEA V)

A WA Aol Be 7127F He AFAT HE 9o Ade 9
LAQ n-y =Fo] ofd AREARl n-¥ =P o= GaN7} A EJAARE, o] &
ANEE GaNe Eg e EA10~171S AT dnle d=2 HFFch
VPE A& o] &3te] 4% Al 0.9 ol metal AloJoll Ao Qo] =3 A
oAZ oHA sl =E FASH] T A AT pE &
A2 Qlste] 1970 the] GaN /e Ao Fud ”FJ] 1t} o] A& dopant
passivations 1% Hy 9T &3 oz Qs HAT so=m AT
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- 1971 : MOCVD growth of GaN films

MOCVD(metal organic chemical vapor deposition) WH<S 1971d
Manasevit et al.[18]°] 9]8] HZ =2 Si 7| A3}E wreA o] Al#o] 7153t
= SHsth MOCVD W2 v 2 Al7] &t A3t vieA] AdHo=

7

P FEE Rk A4 dske WAl axpe) S8l glo] e 7

Madar 152 39 GaN A& o] Ga N0 =2HEH Hx=Z & N, ¢4
= s)-Ga()-Nz(g)A}e] <]
Aosr] FEAH

H o
T R4 =
of wiiLel o]yt Ayo|Me A= & AEEE Ad n¥ GaNwro] A%

N 4
rlr
()]
o
Z

1980 dt] ZHbel]l Warsawoll )+ HPRC(High Pressure Research Center)
oM ¢k FelM GaN(s)-Ga(HNy(g)el Aehs 5S4l wgk AAA <
T7F A=A 20]. FE-2% HYPFHL T FATE ARREHAS o, 20
kbar ©]3}e] f&elA & FEgwr AGHAT 1990 o] H7HA GaNe] %
o Qe A Al EEAQ FAS dEy 2k W g er <l

sto] HuA st shAwt ol2fdt VEs HEeR 10~15 mm HEe
A

- 1981 : MOCVD epitaxial growth of AIN

Morita et al.[21]12 H %2 MOCVDZE o|&3}le] Alglo]o] 7]sto] AIN w4

g AT 3 AA d=oln.

- 1986, 1991 : Low temperature buffer layer approach

& d2d4e] A3sE S5 AFsdva sdete 2-oz 7|t vH
A E39Th Amano et al.[22]% MOCVD 7]4S AF&3sto] A& w3 = AIN
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- 1988 : P-type doping of GaN

A3tE vbuko] v ohmic p-d =S CL(cathode luminescence)S ©]-83}
of whaks AFst= ok GAHRIT o]E Fote] A oYX A=A F9 A
2]= H, passivation®} passivate® acceptorE @A 3lsts= Aow AT

[25]. o]&]gt 7ﬂJJrL GaNe] p-8 Edo] AAR 715 Adzd= Aoz, 3}

FVE A3E e TuE Aoz Ao o=drt E do| AU T
H; passivations AAsH7] Yste] Hyrt gl AEHIE 1289 1 dxa=s sh=
Wlo] A|=E Q6] 18 ¢lete] AsE ZAo] &yl pale oz o
AEEE Aojd = A HQA3L, pn junction FE|S] FZ2E WHE 4 AA &
At

- 1989 : Single crystalline growth of InGaN by MOCVD

Nagatomo et al.[27]2 FHZ = MOCVDE o]&3le] InGaN @A A 3o A
TRt olg A AddE e InGaN2> ZH GaNE 7|Htoe = b gz}

o] dFor Bol AHEHaL 3

- 1989 : Cubic nitride technology



nte} o] MBE(molecular beam epitaxy)+ B3 A4 WHo=z w2 A
el FARMY 22 dHE Ad) 9% 729 GaN, AlGaN# InGaNS *%
ek vk Avk29, 301.

- 1993 : ZnO buffer approach in HVPE growth

Suk GaN(F7 300 um ©]) F= A443t7] 918k Detchprohm et al.[31]<
7n0E WY=L A8 AL Aorsda, v)BoA 3l o x WS E3}]
AA =7 wiEol Zn0 WHSS ARESESITE tolrt, Lincoln A7-4[32]90
100] W7k 700 W 2o sk AL A5 s, AA) Alsfolo] 7]

7

Foll AAA FH 2l GaN F9 S A% HyTos Zgwa gl

- 1994 : Nitride contacts

H = widegap WF=A2] A3t AlzHS Si 52 GaAsol W3] ©% o
= ZORE AR 7]1E GaAsd LAY 7|2 FE AFEHY AsE
REEA7EA] A E QAT QU 71ES AstE AR 71e] s 9

3 s Adsfor & T as HF FAHTH33].

- 1996 : LT interlayer approach

198611 MOCVDE o]&3t k2ol AlGaN 9 Aol H %A qH34], 10
o o] AyAol 429 A2 “interlayer’olg} Bl HIHITE o]83ste] HS
dAo] AlGaN T2 AFE 4 AATh olFHA AL XA

AT }% interlayere=
=9 FE

al S Alolol AbdE o] GaN=9] A9 %=(dislocation density)S =]

T 92 AFEEJY. Fe W AJE®E =2 mole fractiong 7FF AIN

WSS 0|83l crackfree AlGaN Fo AAS A-F3 Aldl: BHuF At

188k A== 23le] AlGaN 59| defect densityE =L o =X AlGaN

= 7K LED® &&°| 7FsstA HATh. ol#fd T2 crack-free AlGaN
=0

cladding & waveguide <=°lA underlying basal 59| optical leakageZ ¥
Aol HolA aF @Y A5 A & T 36].



- 1996 : Low-dimensional nanostructure nitride growth
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=
U}l A7) W BEE o AL Aojd 4= 9]

- 1997 : Lateral overgrowth technique
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GaN 474 Al threading HHUEE Fo]7] Slste] A4 AP (selective
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layer

GaN Ga(g)+NH;(g) GaCl(g)+NHs(g) GaCl(g)+NH;

a =GaN(s)+3/2Hs(g) | =GaN(s)+HCl(@)+Hy(g) | =GaN(s)+HCI+H,
Ga(g)+NHs(g) GaCl(g)+NH3(g) }
—GaN(s)+3/2H, | =GaN(s)+HCl(g)+H(g) | (CaADCIn(2) +NHs(2)

AlGaN =AIGaN(s)
—AIN(s)+3/2H, | =AIN(s)+HCI(g)+H(g) g/
Ga(g)+NHs(g) GaCl(g)+NH;(g)

I1GaN =GaN(s)+3/2H, | =GaN(s)+HCl(g)+Hy(g) | (GaIn),Cln(g)+NH;(g)
In(g)+NH;(g) InCl(g)+NHs(g) | =InGaN(s)+HCl(g)+(g)
=InN(s)+3/2H, =InN(s)+HCl(g)+H(g)

Sidoped | A& PNILIE) GaCl(g) +NH;(g) | (GarSi),Cla(g)+NIls(g)
GaN SiH, (g) 2 =GaN(s)+HCl(g)+H(g) | =SiGaN(s)+ H(g)+Hx(g)
Te-doped :Gééi)(:)N E;/(Zgl-)lg « (GaTe)uCln(g)+NHs(g)
GaN (CH:)2Te(g) =TeGaN(s)-+HC(g)+Hx(g)
Mg-doped :Gééi)(:)NJrH; /(2g})1 GaCl(g) +NHy(g) | (GaMg)Clo(2)+NHy(g)

GaN CpoMe(g) z =GaN(s)+HCl(g)+Hx(g) | =MgGaN(s)+ H(g)+ k(g




1) X-ray diffraction(XRD)
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2) Field-emission SEM(FE-SEM)

<1¥ II-3>& FE-SEM(field emission scanning electron microscopy)2]
AAp s} gue] AjEFes ket Yebg itk FE-SEM2 107 Paol4de] %

T Fo B9 AR EUS 15 nme) AAUOR xy oA WFo T
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ol At F& 22k AAVE Al FE) #F, WAL AR XMool AR 4
AH-&-F T,

AAA S ARER ABe] SF(filament)S 71D ste] A3 Axpr}
o7 7t&EEojZt) oju] BHE 0.5~30 kVE 71E5H AAHNE d=E 2480
2 HFASE 3~100 nme] AA7A] wABIA Y A5 x| ZAEC o]
A v A AAAS AR} probedtal FErF WA prober FAFTZ U 93
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4. Te-doped GaN¢} AlGaN Z¢ AF3 EA

It o= MOCVD 4% WHdA+«= nd EHEZ+« SiHy =& SiHe7}

2 ARgHT o] WM E =HES fFFo wEl Agle] vhe HAHow
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Te-GaN +¢ 34 peak 7} 20=34.62°c14 #&=Jtt. FWHM(full width
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5. Mg-doped GaN 9] A&3 EA4]

olr
O

1989 H. Amanos< MOCVDE Mgs =33 GaN & A% 3%
LEEBI (Low-Energy Electron Beam Irradiation) 7| o2 *jglste] A Ag
A pGaN F& d=u AEFsHtH49]. o83 A7 @3+ GaN-siteo] Mg 9
2HE A9 acceptor7t HEFH 3k }'iﬂr F A A, 28y o]# 3 p-doped
GaN2 92 A& s=o 7|Qlste] 1 Addo] g o] Aol 12y
1992 S. Nakamura L3 GA gl oJgh v A3 p-GaNg f=H 43
skt 50]. L % p-doped GaN 2782 AA2 el os) A 7Hd BadH
o8 AREEA HA
ptype GaN ¢ A= MOCVD WH S Algsle] “HE A2 =E CpoMgE
ARggHTH 51, 521, 1EU B =EelAE pd &
g Aol A ge] 2holar Y Zno] AREHAL lovt Zn
acceptor level (~340 meV)S A7 wiid] &34
At g g ez e shallow acceptor levelS ©]F& Mg pd =
HEZ AFE3FaL Jrhs3]. ¥ =FoA = pd “HEZ metal Mg
ST
w =xolAE Mgdoped GaN 242 A47d3at7] $lete] EF42 HVPE W
= ol&sion dAe HAFS A o= HVPES A4S HAg dejx
A 39tk Metal Ga &=l Mgs sl BEC] 7] o] hxg FHEI
t}, Mg-doped GaN =9 AHL A2Addo] 2x= 900 C, AAgde &%
© 1090 C= 3&}lem HCl %2 30 scem, NHs &2 800 scemo2 =
3 2058 Agatgih. A2 Ga 20 goll Mg2 0.04, 0.08, 0.16 g& ¥
Al FF Q *éa% RIS e o] uf Zpzke]l Mgo] ¥AE&2 0.005, 0.011,
v 5 747 AlES Hall $4E 98k pmetal 2

< TH8R o No/02(20%) 9] 91712
450 °C°ﬂ/\1 2% 5 dA7ste] ohmics ¥J3k3lH
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400 C Aol A Hy, NoE Ha]E1 53] Hoi= acceptorE passivate3} A]7
GaN ulTto] HASAH S HolA . 53] Mgo] =¥ GaN 27482 Mg ¢
7% Gazbglel x| gke]  Ho]  MgeBHE  EAstAY AAre] At
(interstitiaD) o] 1= (Mg)at71%= stw v Y ie EAjate Hpoll oste]
2 FES FAsY Mg A ZHER ZEste RS gAY wEhA
olF Fi IFEEFH Hy Ao AZAE Fojuojof Mg dA/ HER %

88 5 Ada 2EA Aok WeH 07 T3 297 shaold A
= 49 0, 9A7F GaN uhete] wiio] Eatsle] H,E EAHOE AA @
o

<a¥ M-10>L 3579 AZol gk Hall 54 23S Mge A&
AR eI Hall 54 A3 Mgo] ¢akd&0] 0.005¢] 45 Mol &
1.4x10" Jem®o]ar, AAHEEo] 0.0119 A$ Aol HEE 2.6x10"7 /em®
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6. CulnGaSeo¥r2te] A3}
1) CIGSY EA
Cu(Ini«xGay)Sex=2L 49 3IIFE= CISAHE: [-II-VIZ 3}3HE2A4]

chalcopyrite 7% o]F 1L Ut} AE Ao s W= =4S 3 H
o

FAA mgel P A5 W

_L4

e B55 AF(x10° cm)E Bl B} gre T v
BaA 2] AAAGE AaAA nEE DY s
AZ A flexible® 54 5 BFAA F4F ARE 3@ A

At <29 IM-11>2 CIGSe F-%¢<! chalcopyrite T+

=

b
o,
)
ki
o
R

® Cu Atom ® Cu Atom
In Atom . Ga Atom
@ Se Atom @ Se Atom

<719 TI-11> CIGS chalcopyrite 24 7% (a=b=5.78 A, c=11.62 A)
(S. Viswanathan, et al., Solar Energy, 85, p. 2666 (2011))

CulnSesi= WHEFHe] 1.04 eVZ oAl WI=A] 1.5 eVE 2F7] 3



[54], In® YHF-E Gal &, Sed UFE SE Afs7|= oted, Fa=
CuGaSe,9] W=7 1.67 eV, CuGaS,= 2.43 eVo|tt In9 dH-E Gal
Sedl dFE SE diAg 2Y3FEL CIGSS [Cullni«Gay)(SeySiy)o = 471
e, EAHoR o8 CIS e CIGSE ®7|s7|% gt} <® [M-3>2
CIGS® &4& YA

<3 MI-3> CIGSY =4

property Value
a 5.78
Lattice constant (A)
c 11.62
Density (g/cm®) 5.75
Melting temp. (°C) 986
Thermal expansion . 6
x
Coefficients at 273 K (1/K) a axis 8.32x10
¢ axis 7.89%10°
Thermal conductivity at 273 K
0.086
Energy gap (eV) 1.02
Energy gap temperature -4
-9
coefficient (eV/K) 2x10

FR Y sl A71A AEAE Y A 1988d 114 Al#HEE vl NREL
(National Renewable Energy Laboratory)2] 7] &< AlgZ23 10 o] 9
= omao ¥zt fle o= yehd v vk CulnSe: 3HgHE RE=A] vt
A= 1980 M= BoeingAh7} 719 @24 el (20 Wke) B
AAE QAT 5 e 789 AF 188 dIdAZ AS dT7HAS 1
T afo] =il kAol S, 58 HFEAANA T Fad a4
G TFde] o] dA GGl AL oF 100 Wkgo = 7]E9] Sio
GaAs BRFHA12] 20~40 W/kgell wla €538 -8ttt T3k 1980dt) &

g =gz Al gEHo

= [e]
=71 1.2 eVe @A H3g CulnGaSe, BjSH
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IV. UV LED A%+

1. A& Z(selective area growth)

A3E wteAe gt o wjg- hgEo] glorm R GaAs AlY =S InP
AlGANA AAF A2 o] &5 A= wet ol FS 3% etchant”7} gl A A ]
o}, wEbA] LDoF 22 2ol ek ridge 7E9 AFE QiAo TtAE O
23 dry etching® F& o]&stx ¢t} 12l ZA th3d damageet £
o EAZE B A HA| &g Aol oL AEAde] A B orA
2 Jfdto] @ E =2 damage free 3ol HRSHA UG A8 AAGE
o] 83t ridge 7% A2 =A<l damage $lo] MAMFR A A= FFE
sl A8 7bed Vle® HF A vk ERk A 271o) Alojel ofal] thekst

=
Rk *d_E“HXPO] 7Vs st ridge e SHEIEZ 4% 4= 7kl DHY =
o] A o] HirEal IH1, 2.
HEA O 2 {\jE‘“é?f}% 2lulsk A% (epitaxial lateral overgrowth: ELO)S
AEE A4S &7 st 7 Wol ol&¥a vt
S A7) 8 ol 85k ELO WS 7| Ao A%
g WHF ol SiO#S AEAddE vt (mask)E Fer MOCVD W
=2 HVPE "9 v&d ddxdow e sA4o=z dio] P
A &k olyg W oR Algtolo]l 9] GaN Tl EAste e

=
dislocation®] SiO, wl=Fol oJ&f ApetkEo] & dislocation EX=el EFZA
GaNT& 95 & ¢



o]-§ =il 9l
LED Alzto] glo}l Fofsfof & & wg o] AT Zxe] #dstol
t}, o]x= WAl LED9 ¢ correlated color temperature(CCT)E Z 23} A
% color rendering index(CRI) ko] 1000 <4 3t== afjof st} CCTY 74
T Y A 2EE Al 2R Ui Aow, wiAgel wekde] 4=
Lo wel CCT7F a4 Eepxivh. H+- Foll= CCT7F 3000 K Bl 42
b vlste] fEugel A& 6000 K FEe] 78 zt=th CRIE Egdol <%
EA¢] AAS 713 (CRE 100)0& 3slo] ¢lgdomr A&s 28-S n5:9S
o] A AFo]l BgFds HFS wWeke] A Ay keAlE UE
Aoz 0 oA 1007kA19] k& zteth =, CRIZEF 1009 Hshe 9
FLATE g F ollA QA3 Eol QA EAe AR o]zt §l
AdS =7 Ak webd dskE YA LED: LEDOA vhes Ao
A =W dAg CCT9 CRIE zt= WS A& sh= slo] &7}
solAl "ok w3 A LEDO] shgo] wdstAl 1 A FFA G o7
g wslh wAE s A5 CCTeH CRIS Wsprh dAdc aejes A
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<19 V-1> SAGUV LED® SEM
(a) top-view, (b) cross-sectional
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<713 V-6> SAGUV DHS TEM
(@), (b) B F HZ2 TEM, () FAF Ho 314 vl
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2. CIGS solar cells
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e = Ytz g8 Aer weld, EDS 23 &viE ez A
=REE AL 5 FFlA Cu, In, Ga, Se7F SAHHAT. AA A o2 7]
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el FgH CIGS =725 AT 44UFS 7HA stk ole 7%

Az Aol o3k JeFe wx e o FuHTh F3 AJgdde =Tt
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271 He dAEe] 7Rl gk 5 91—5— AR 7} FEEA] 27

Gual 04.35 05.43

Sel 68.75 67.91
ik 1047 07.11
Cuk 15.93 19.55

Gal 00.00 00.00
SeL 64.92 63.13
Inl 10.23 06.84
Cuk 24.85 30.03

Elemernt

Gl 00.46 00.46
Sel 41.12 36.13
inl 00.79 00.48
Cui 57.63 62.93
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dHE wglomw, YFgde] %57} 950 T 4% A=z 9

g gggele] AY % ool W uTrel AEHA o A%
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BYTh o] Ga metal?] WHEAo] AAgde
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2 yehE

Gal 00.00 00.00
Sel 3548 3119
InL 0341 02.06
Cuk 61.11 66.75

Elament

GalL 00.00 00.00
Sel 47.09 42.42
Inl 0331 02.05
Cuk 49.60 55.53
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