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Abstract

One dimensional GaN nanostructures have recently attracted much attention
because of their potential applications optoelectronic devices in the nanoscale. GaN
nanowires have been synthesized by many kinds of synthetic methods. However,
most of the nanostructures tend to be randomly distributed and the density of
nanostructures was not easy to control in those fabrication methods. It is very
important to control the position and the density of nanostructures. In our newly
developed method, the GaN rods could be grown only on apex of GaN pyramids
by using of metal catalysts. The hexagonal GaN pyramids were selectively grown
on a GaN template with S5iO, dot patterns (diameter: 3micrometer) by metal organic
vapor phase epitaxy(MOVPE). After the formation of GaN pyramids, SiO, film was
deposited on the GaN pyramids and followed by photo-resist (PR) coating. PR
could be partially removed only on the top area without using of any mask. Au
was evaporated after removing the SiO, on the apex of the GaN pyramids. After
the conventional lift-off process, GaN rods were grown by using of metal catalyst
remained only on the apex of the GaN pyramids. The growth temperature was 800
°C. For the growth of GaN rods trimethylgallium (TMGa) and ammonia (NIHs) were
used as precursors and nitrogen was used as a carrier gas. It was observed that
there were preferred GaN rods orientations toward <1-100> directions. The GaN

rods had triangular cross section enclosed with (11-22), (-1-122) and (0001) side



facets. A particular feature was that each rod has sharp edge at its very end. We
found that the GaN rods could be formed not by vapor-liquid-solid (VLS) process
but Ga-Au intermediate state. This work opens up new growth methods for
position and density controlled II-nitride nano- and micro-structures which have

potential use in high functional devices, such as field emitters and gas sensors.

KEY WORDS: MOVPE, GaN rods, GaN pyramids, VLS.
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Wurtzite 729 GaN& ==3eo] 2500C HAEehA wl$ =2 259
A= Z At carrier mobility7} =3 electrical breakdown field”7} =
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patterning technique, vapor liquid solid(VLS) mechanism[10-13]& 7]&
O 2 3} catalytic reaction[14], sublimation method[15], NH;9} <% Ga
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Aol A FEEALY FHol ot AFHR[S] GaN A Fx=
hexagonal-GaNe 2 X HE| = wurtzite 73 2 cubic-GaNez X HF
= zinc-blende F+Z=2 A Uth. Wurtzite -2+ [0001] Ga 23}
[000-1] N Foz FHeEr dubdoz GaN Age vI=x iz
h-GaN ©2 T #H3l= wurtzite 739 EAL ZH= basal plane F,
c-plane Alspolo] 7|H-g o]&3te] AAsta vk M-IV £ wurtzite 3}
TE Htz Ao lojA polarizationd FHARF = ARFALR ] T
+ hetero Fxo] Wl F FFE IH1819]. F, FATE F
LED ol $lojAE= quantum well ] A=}l &g o] ]
[20]. wEtA o]2fst EAE 3| ZA3tA} sapphired]
st FA4do] gle o ZAHW GaN g w3t ‘%“%'3% A3t
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2o GaN rodg 43% + UAs WHS AMFA AU Metal
organic vapor phase epitaxy (MOVPE) A& Al&3} GaN
epilayer/sapphire(0001) 7] &2 oll 3 ume] FHHL FAst 2 9o GaN
pyramidE A&3slx, 43% GaN pyramid ZA3H HE= FE&Zu)
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o FHE s —?48}04 Field emission scanning electron
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3} transmission electron microscope(TEM), cathodoluminescence (CL)
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21 GaN 9] E4

211 FxA/E84 B4
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GaN+ ¢ J—‘]Qi G M E(unit cellF F 719 @9 FZ(formula
units)E 713 S (hexagonal) wurtzite 725 7AW, BEX}3-2 83.728
g/mol o]t} Space group symmetry = C',(P6;mc) ©]3 point group
symmetry =Ce(6mm)o]tt GaN & ZAAFzo] T3] Juza Fo] HE=ZE
wurtzite FE2hE AL HiF o|F B2ATFAE0l GaN & ARG
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i 1. wurtzite GaN9| 5@ 3 EA

Bandgap Energy

Bandgap@300K = 3.39%eV
Bandgap@1.6K = 3.50eV

Bandgap temperature
Coefficient(T=180K)

DEg/(dT) = —-6.0x107eV/K

Bandgap pressure
Coefficient(T=300K)

DEg/(dP) = -6.0x 10 *eV/Kbar

Lattice constant a = 3.189A
(T=300K) c = 5.185A
Coefficient of thermal Aaja = 559 x 107%/K
Expansion(T=300K) Acle = 3.17 x 107%/K
Thermal conductivity k= 1.3 W/enK

n(leV) = 2.33

Index of refraction

n(3.38eV) = 2.67

Effective mass of electron

mMes =0.20 £ 0.02mg

Phonon modes
(T=300K)

A{(TQ) = 532 om™
E:(TO) = 560 cm™
E» = 144.569 cm™’
A(LO) = 710 em™!
E{(LO) = 741 om™
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Ga polanty M polarity
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2.2.2 non-polar GaN
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2.3 MOVPE 9

GaNE AA3st7] 913 MOVPEE= H|HE <dY9383H (nonequilibrium
thermo-dynamics) AFejol A AHAsl= H
443 Bl ME7 AP 471353727 VES 298 Sa3
FEE0] 7FEE wEgEUYAA AME AE5ZHA vgS ol AR ET
webd 29 2404 EE AXNY MOCVDe] 4% 93t 94 AZ Eal

A
HhE-# Qte 2 ¥hg gas7l FrYUEA BHAL HI gasTolAl 7|H F
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A3 ALY
3.1 GaN pyramid9] A& A%

MOVPEd] 93] 434 ¥ undoped GaN/c-plane sapphire (0001) 7]
2ol RF 2=HEZE o] &35}y SiO;, %S 1000A A= F2sl, X ETAT
B WS ol&ste] HES IS oW #F (photoresist :
AZ5214)& 3000rpm o2 ABAWo] Z=XFdn 90TolA 1087 hot
plate 9lollA baking 3}t 2 F A 3 ume] 9¥ L o] &3
=3g AASZ AFAMIF 50094 60% Ft wH-EAIZL Fofl, 120Tq
A Al hot plate oA baking 3FHTE 28] buffered oxide
etchant(BOE)Z o] &35}l Si0, =2 A AT TEZH] B A EE
AFex 1050°ColA 308 F9F 47338t hexagonal GaN pyramidE &
Atk ol of TMGe} hEuyolo] fae Z4zb 20 181 3000 scem
oz zt7r £33, TMGS NH:E Ga 7 N9 982 AMestgx, A
2F 297 2 FF V=2 AR T MOVPES o] &-3te] 473k 13}
GaN pyramidE 2319 ERAT
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2% 31 3um FHHe| FFE 12 GaN pyramid
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3.2 GaN pyramid H X% ®£o] GaN rod A€ A3

4745 GaN pyramidol] SiO, =& ThA] 10004 A%
pyramid 2|3 FE9 SIOE A AsE7] ¢ls] Alg AW x
31 587t soft bakings AAISIPT. I &, nf2=7F e Ao =3
< HAsta dAY &oflA 52 B ¥HEAAH GaN pyramid HAH K
e 3 228 AASAT dAgrls T3 FE <
buffered oxide etchant (BOE)ZE o]

143t ZmAId AuZs 50A F&3STE ol F
GaN pyramidol] FolgleE PRS A AstL EAH HET Aug d7)7
flste] lift-off & Fa A F&E PRE AASIAT. TE ¥
455 A EE thA] MOVPE Hb-g-Foll F3H3le] GaN pyramide] 2|3
HE ZujAed Aud |83t GaN rodE 4% sttt o] o TMG
o] ofo] W wWaE dolwr] 8 42 7, 10, 0scem L2 FHFG L
, NH;9 %< 3000 sccm 22 ASYTH AFex= 800CE §A
sl A7 20802 AT AFE GaN rode [1-100]¢] wako
2 Zo] 44um = 0.38um ¥ 20 T 4 ATk T3 stripe GaN<
EAHANAE 3o 42 AE FE5F0 Auvt GaN rodE st
ZojA =AY TS =R EAst7] fl5t stripe GaN flo] SIOE F
s

T TEHLIYY FFL AA FE£E20) Au 50AS FFste] e
=z

E-beam evaporation ©

l

o

SEM(scanning electron microscope), EDS(energy dispersive x-ray
spectroscopy), XRD(X-ray diffraction), TEM(transmission electron
microscope), SAED(Selected area electron diffraction),

CL(cathodoluminescence)& 3] S48 433}
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41 SEM =4 A3}

2% 419)E GaN pyramid 9o FE5Z0 AuS AMRSA] & AA
A3 A} Aus ALY GaNE 443 SEM 23 A2 ehich
AuE /\]-%—8]-2] o AL shEd e 1'} ‘37 pyramidot 22 FE

%Q?i%% gAagd %EE] 220 TEFH E3 A3HoZ AYEHAS
< g9l stk E=3 FE550 Aus AHESHA e Aese 2E, 85
ol Aug AREStd AT B9 GaN rode FFA4E e
<1-100> ®WEFoz AFAEglen, Fo| WEf A= FE=E AFFo] ofF
4g Holm gtk TMG %d) WE GaN rod®4e Wat= 73 429
UER AT TMGS] ¢Fo] 7ecql ¢ = 100nm Zo] 1.5um, 10cc®] 73-¢-
Z 380nm Zo] 34um, 20cc® A$ Z 630nm 7310] 44um 2 A HS

=

TMGS] ool B]&E 5} GaN rode] Z3 Zol7} Z715ts AL 33 319

2 =Eds YehA FRAR 550 Aue] ol FUF &5
£ GaN rode] 47} Bo} &€ FAY 4 AATh BA GaN rodE
4Rl slo] F&20 Awl R ARE I AL G o
T stripe GaN¢| ZA A5 FL2ud 28 GaN rod7} (1-100)
o2 AAFEX] 3215t 98] 800To A 2087 TU3E A A]
AL ZPstHEA TMGE kgl 7cc, 10cc, 20cc® WHAstSY AH3s Ay}
E O3 439 el AT A3 23} stripe GaN A% pyramid GaN$}k
nlAtA R Zoz 7EE MEFHAE [1-100]9] GaN rod= 3ol & &

_19_



1o e TMGO] oFo] F7hstel wet 7ced] 3¢ w-% 7t=a i
#9] GaN rod7} [1-100]¢] =S 7R JYATH

10cc ¢} 20cc 9] A4 Z3 Ao AAE AL FUsHow, A
3 [1-100]0. 2 A
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to] ol thE wrgko |
2E Zdo 93 Z2H o site2HE PHHoz HFHE GaN rod%°1
TMGe] FFo] ZolxdA EA3 sitedl M Aol 57| Alztsles A
o7 HA wmEhA [1-100] HEFe R A EE= GaN rod—°1 7+¢ A
Hog A% =He R FEHHu &, 7|£9 VIS BHe 550
AuZ} 2o A droplete 2 FAE ©o]Z o] nanowired] Ful| TS 3}
A HedH ol TMG A24¢ NH; 7127 Z&5 o] GaN nanowire7} %+
Eolx & "ot} &A%k 4R E GaN rode] & Hl“i—Oﬂ—‘E 112), (-1-12),
2 59 9 de A44F FH dHs 7HA1 den,
L 7]Z9 VIS A Hold F<& dropletg <)
g 4 gt olo Wik AME 82 EDS 2 XRD 53 ZutoA b
F235 H& pyramid GaN o] FEZHo=w MelA
¥ GaN rode pyramid GaN<¢] ZAFAR] {1-101}A A A2 = A =T
Aareke (1-101)9He] 2 o] old <1-100> o2 AFFHATE Holth

_IINI _ll")‘ m

= 43l 49| three-fold-coordinated®] Ga I N =7 %
Hojdth mabA gt e F2A A E gle] FAAMHNE

4 JE wE (1-101) EHAE F 7He E Ga (N) 927 =
St olg] 9AZ9 F /19 N (Ga) A8 ZFEHAAAH & & 3}

5 Z9] shte N( a) YAkt A= HTh mpeka (1-100)A
7 (1-101)H-2 EHolA Tl MZ] zolg 7HAA ==, & AA
ZAdAE (1-101)H Brt ( 00 FHAAAZE 7] wj & Ga

d | <1-100> ®&o =z 2 A 75}01 AR Ak FS53

=

A

z
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- L —
I3 4.1 GaN pyramid 9]o] GaN A A3 A5

(@) ¥&Fv Au ALE-81A] &S (b) F5F0 Au AL§

_21_



a8 42 TMG %ol @2 GaN rod¢] W3} (pyramid)

(@) 7cc, (b) 10cc, (c) 20cc

I3 4.3 TMG %ol w2 GaN rod9] W3} (stripe)

(@) 7cc, (b) 10cc, (c) 20cc

_22_



42 EDS =3 Ax}

FEZ] AuE AL3ElY AA3E GaN rodE =33 EDS 23 E 19
449 JeERYRITE GaN rod o A BEFEH € FE714 A% 27 N

9] weight Zte] 11.53%, atomic Zko| 26.91%, Ga2l weight Zko| 65.43%,
atomic Fko] 30.20% olem H=z] Si, O, C= Si0,, MO source,
susceptord] Q"GL Zolgt F5HETh B =Fd= vel A ggkA|gh GaN
rod®] £ F&ol thslod point scan § Az} T3 Aurt HEH XA &t
EDS Zu=z %i FEE HL GaN rod®] EFEoNA Aul HEHA &
seH, ol FEH5FWMYA Aurt 7|9 VLS oA s =GaNt=
o2 A dAUZA A GaN rod 7ol F

"ok ZAE g2 XRD 2ol 7]=stz.
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Counts Ga

19 44 GaN rod ¢ EDS Z¥}
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43 XRD =4 ZA3

FE5EF1 Aug AMESIY AAS GaN rode] Fx7 S48 FUsH]
28 XRDE =4 st pyramid GaN Z A3 FBEo7 Au 50A o]

ZE AREE 800TelA 208FS TMG 10cc 2 4743+ GaN rod
theta-two theta scan® 2 =A3t A3E 19 459 Jehfdct. =70 3
Y= 200004 14002 &4 9o 3 A} 344° 72.6° 90.68°, 125.7°
ol A1 (0002), (0004), (20-23), (0006)9] hexagonal wurtzite FZ¢] GaNe]
peak 91& <l sk =3 20.1°, 41.2°, 515 °9| A peak’t HEEHE
¥ GaNe¢| peak7} obd GarAus(0002), GarAus(21-32), GarAus(30-33)<]
Aust Gao] 3}3E thdlk peakdt= AHAE JCPDS card2 <215t}
GacAu; 3FEL GaNe| pyramid typed] A7Fo] obd rod typee A%
< ot oA Z2ZAHAJ] 98 ot AL G st VIS W ¢
A4 F&Eu o) 93 GaN rod E F2of droplete] AAE=H, A3%

).ll
T olN

GaN rod®] EHF-ZolA= droplets #Z & = QIth E3 F&5F0] 9
=7 _1311 To] WA GaN rode] Zo], %, Zo] Hal=H B 2

ﬁoﬂjﬂ 2&5&F0e FAYL 2xE S FASHAT TMGO 4w

& FALNE GaN rod9] ZAolét ”EQ zol7} Qe AE &
gau} malq 44E GaN rod= VIS 44He w27 Ro: VS 4
S w2s Aoz FZHHEY olo thdk 7FH3t mechanismS I3 4.601]
e,
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GaN(0002)
GaN(0004)  G.n(20.23) GaN(0006)

GaAu(21-32)

Intensity

GaAu(0002)

GaAu(30-33)

140

19 45 GaN pyramid 9o A8 oz AJFH GaN rode] XRD
A3}
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MG gas —— \l,i’ ,/

flowing GaN GaN rod
Au metal . particle
—— liquid

VLS mechanism

TMG gas ——> \ ‘L /

flowing GaN 4 _GaN
‘ ‘T/‘ oo IJ " particle
VS mechanism

==p
1% 4.6 (a) VLS mechanism (b) VS mechanism
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a8 47 o= AAHE GaN rode] @ TEM AL ®HYth GaN rod
SoisiA B 23 <1-100>9 FFEdE e F& 24AE vHAx
A & 4 e} GaN rod®] tHFEoA = stacking fault7}
. Stacking faults®] @Al F} rod WFo EES= strainol] o3k
{1-101} Heoz2HE AAH GaN rod7} ZHAIHC 23k

o wZ  ¥O
 do

ro,
lo 1 o

b 32
S

<1-101> wWake 7 AMAst= il <1-100>22 AFZFHAT= e A4
F At 4, stacking faulte] A2 ZFAPHCNA <1-100>w 3oz ZAA
d7go] o] FfA7] fAshA rode] sHETlA step growth 7} HAS}7]
mzel®, ol& ¥ 48l HERIT. E & AJe == SO, %
il

o] YA E3}7] & dJer ZA&FPE 754l Art selected
area electron diffraction pattern (SAED)E ©]-&3}le] GaN rodE [11-20]
Wl A FEI A I 4990 JEATE (a)ol= [11-20]e014] #
3t GaN<$] direct spaceo]™ (b)= [11-20] Wakol A FTZ3dE GaN rod<]
reciprocal space®|t}. GaN rod+= [1-100] ®3Fe g AA oz ¢z 9
hexagonal wurtzite TZ2YS &2 & 4 AAT. o]|2A] GaNel A=z}
F AYE | g1]=(0.2739nm)/ | g2| =(0.518nm) =M oo I+ H]-&-S 0.4999
o FE & T Unk sAT " 49(b)elA @2 GaN rode]
reciprocal spacedl = |gi|/|g|ol W v]&L 05149 oz GaNe

o] 27kl 0499H T} = ZFS AUt = GaN rod7} tensile stressE WHo
WA AAFERTUE AL Fol & £ 9J\E}. tensile stresse]l T3k Qo=
rod WH9] straino] @48 (b)o} Zo] AHFo] &EH rode] SIFE
ol F-Eo| Aol L # L' 9 Aol& 7HAA ==l 2 ot Fe 24
o] x}olof] 2]3k strain®] =X P HE7} ZEbA rod WHol straino] Zx)
SHA He Aoz FHd 4 Qo

fr

i)
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s ® V 4 8
O
, -

47 AAA GaN rode] @A TEM ALA
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/ step growth

(a) (b)

1% 48 (a) step growth 24 % (b) GaN rod9] A7k o}
Zolo| W3}

rln
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[0001] N 2 . »
LA g <
o M v . - % N
® & (0001) * . _
; (1100)
@ M | ! o « g R_n(1100)
N: @ \ i . g2 =
\\\ \\\ ® - .
o .| o
LI LI
10 [1-100]
[1120]

a9 4.9 (a) [11-20] W3Fo] Al & Direct space (b) [11-20] W}3koll A
23t reciprocal space?] GaN rode] SAED 3| &
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ol B F xo] tF ,_Q GaN rod&2 9% :} 437+ = 9] band edge
emissiong WEMAI UFE FAstAth I 49 (b)e] 2HERHAME
GaN rod¢] 3+ FE-L point scan modeZ o] HAHS GaN rode] &
| 1A Ao (ZE 49 (a)9] 1, 2) B3HA <A SA9
g das CL 2FEfocz Yeplidth. € FEIA4¢ band edge
emission & 368 nm ¢ ®HlHo), =7 BEERAE 366 nm YL Q15
ot & FEE A2 band edge emission 9] red shift ¢4 GaN rod<9]
FA7F 7@@ 7bso] AMA] strain relaxationd] ¢]3F Ao g FekgEich

== == )=
BE T FEE
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25000 1

(b) . —regionl
el p
/ ‘“ ------ region 2
— 20000 - .
=]
]
= 15000
2 |
w1
S 10000}
]
E L
5000 +
0 | L
300 350 400 450

Wavelength [nm]

a9 4.9 GaN pyramid 9]o] 43 GaN rod CL (a) image, (b)
2HEH
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V.4 &

=

2 AFdA= u-GaN template 9lo] 3ume] 9F W7} 2Ego|x
S FA3E T MOVPE 23 A7 38 £33} hexagonal pyramid
aN ¢} stripe GaN {1-101} Ho Y= = nmlo]m 2 =7]2] GaN rodE
s20] Aug Al AFeATh GaN TakEl= BAY o) A4
® GaN rode FIF4L 7HAE <1-100> 3oz & HEo| Hy W
3| A= single crystal= 7% IFEASS Felstint B3 TEFHS

Fol Wevs BAY BEAT FHI AuE olgaid Uit AN
7t GaN rod & WM]?M w}a} GaN rode] €2 Alo] 58 =gl A7}
7H5ee g9l st¥th =, TMG %% 7cc, 10cc, 20cc® A g el what v}
=uy Z7|FEH mtelm2rH ZA77HA 22T £ JJT EZF GaN
rode] F BEL 378 R 7|E9 VIS AFWHoA HE droplets
& F QIS SEME F3 sttt meks FE5Fu Auvt GaN
rod®] g7de] Ao ouwd AFE st=A| EDS$F XRDE ©]-&3t A
g B4 ¢4 EDSelMe Aurt HEHA ¢hskerl, XRDeA=
GaAuy7F Gast Aud] FFEAL JCPDS card® F<lstyct wabaA] &
ZZu] Aue VLIS AAHAE F& &3 GaN rodE
Aol ol VS A4S wEe Aoz 9 Hied FEET Auwl
pyramid GaN7} old GaN rodE A#sted 83 982 e AL
Edgitt. =3 XRD dHeolHdl o AFE GaN rode wurtzite
hexagonal T2 Y& A5ttt AFE GaN rodE TEMo g ##3 7
7} GaN rod 3}-of stacking faultZ 3ttt @<L (1-101) =il A]
(1-100) ke 7 MHAEE= GaNe QXujdel =folo] 23 step growth
7b w@AgE Zlolgt FFetm, Si02 o o FHo] mjnygA R3 FEE
stacking faulte] 93-S w| L& Aozt AZ3T) a8l GaN rodE
SAED pattern #4-& %3]1 /‘é%}t‘ gFol [1-100]-& Fstsith 28
GaN rod®] |gi|/|g|e Hloll 23] tensile stressE Wi Q& TSt
H=H GaN rode] /\T%:ﬂ]— ofAFE O Aol Xjolof oA WA

O g

o2, ol

N
ot

o.
=
o
o,
®
lo
o
%,
0
o,
)
E

o

el
mlo
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A MOVPEZ 4#3F GaN rode T&S9 34A, field emitter, gas
sensor, Wx+z% LED, Yx3FZF 7], SED (surface-conduction
=]

o B8 5 Ue AoE BHW

o

electron-emitter display) <} 72
o},
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