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Study on characteristics and impurity effects
on Ga;Os thin films grown by MOCVD

Seoyoung Lee

Department of Materials Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

B -Ga,05, which is one of the oxide semiconductor having wide band gap of
4.9 eV, has much potential for various applications because of its outstanding
physical properties. Since p-type conversion is essential for optoelectronic device
fabrication, a number of researches were reported on p-type doping but none
was completely succeeded. In this study, we demonstrated a new doping method
using Mg and Zn acetate solutions and revealed their effects on Ga,Os; thin
films. To optimizing growth conditions of GayO; thin films having proper
qualities, undoped Ga,0O; thin films were grown at various growth temperatures
from 600 to 900 C by means of a customized MOCVD method. It is observed
that rougher and polycrystalline surface, but larger photocurrent were measured
with thin film grown at 900 C than those of thin film grown at 600 C. With
the optimized growth temperatures, the intentional doping of Mg and Zn into the
Ga,0; thin films was carried out using metal acetate solutions as dopant
precursors at 600 and 900 C. Enhancements of the leakage current from
samples grown at 600 C and photo-current, UV emission efficiency from

samples grown at 900 C by impurities were revealed.

KEY WORDS: Ga,03;; MOCVD; impurities; photocurrent
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transistor, TFT)s T3 A} &%} okl sk d+7F A& o [7.8]

olH 3 AHgtE WA FTAAME F-Ga05(Gallium oxide)= C2/m F3+Toll <
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Si.

‘ 4H-SiC
GaN "

[3—Ga203

Enhanced
performance

S

100

1000

Breakdown voltage (V)

10000

Fig.1.1 Relationship between on-resistance and breakdown

voltage of representative semiconductors and 5 -Gay0Os.

Table 1 Physical properties of various semiconductors.

Band gap | Breakdown field Mobility Relative dielectric
[eV] [MV/cm] [cm?/Vs] constant
Si 1.1 03 1400 11.8
4H-SiC 33 2.5 1000 9.7
GaN 3.4 33 1200 9.0
B-Ga,05 4.9 8 300 10
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A2 o &

2.1 48t &

ZHE(Gallium, Ga) Y947} 1875 Lecoq de Boisbaudran®l] 2J3] A3 &7 =

IE2 F ST AT SF} AAAUD (14, T 3 DER 4 Y2
B A BEFL FAEN NFFE AT 2] BEEL B U
Nz Al Ao Aele $4% BYH 54 AFdol BFF $§

Fsgel @ Bk A7k ol o3 gtk

2.1.1 Ga,0:9 T3 A

Ga0/= B4 2 A3 = BHA o B, 7o 0- TelI c-o BB
doz ZA & £ Atk A WA A2 ¢-Ga,0s= rhombohedral 24 TXE
7FA™ @ -AL03;9] corundumTE9F FARSIT Y EEA loew Fr] FolA
GaO(OH)Z 450 ~ 550 CE 7}gste] FA AT [15]. B-Ga,0s= monoclinic 2
A TZ2E 7HA C2/m kol &3t & Ee Y Ga,0,F 1204 &
A st Aol £-Ga,0: 2 ARSI doju= Ao dHA des dHL
2 7 bR o)y wiwel AFst dEel i tiREe AT 8-Ga050)
& o] FoiX L Yt} [16]. y-, 0- LB I € -Ga,0; = 19523 Roy et al. [15]
of 93] A5 AFHANSM Z+Z} cubic, body-centered cubic “L2] 3l orthorhombic
TF2E M= Ao dEA Ak [17,18]. ZF Ga0; A4 T2F EAL Table
201 AglEol Atk BE A9 Ga,0; FOA -, A- 28I e -Ga0; WO
CVD WHoe = AA 7hs3 2= HimUT.
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Table 2 Ga,O;

polymorphs.

Polymorph Structure Space group Reference
o rhombohedral R3c Roy [15]
B monoclinic C2/m Kohn [16]
y cubic Fd3m Arean [17]
o body-centered cubic la3 Roy [15]
€ orthorhombic Pna?l Yoshioka [18]
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212 B-Gx,0,9 &3 54

B-Ga,0s= Fig2.1o]l HI%X C2m &Xtwol £38k= monoclinic 24 725
7FA ™ tetrahedral geometryS 7}FA= Ga( I )3}, octahedral geometry®] Ga(ll) €
a9} AAgHoZ FREE M Aba U4 o(1), O(ll) 2 odl) & T4
ol k. F AtA dAY HifleE 30lH sty 4kA dAh e 45 7RG
[19].

4

49 eve Y2 W= AHHolY WME FERE F-Ga0:d T £
E4 5 stU4E #3IY B-Ga0,98 71A EAol tigk dAF+  density
functional theory (DFT) <3 [20,21] hybrid density functional theory 7+
[22,23] &2 HIHEHASH 1 FoAX hybrid density functional theory <
Tl Had W= Sz AP Ae O fARRE o2 aHEHAT. #d
EdE W= Fig2.29t 2ol £-Ga0;8] A=dle] #H 3} (conduction band
minimum, CBM):= " pointoll X3 lom 7lAANE Ao HFstty &
HA AR 7RIS FHdE F(valance band maximum, VBM)2] A &gk 9
of M= o] E&EstH. sHAF AaHq o= VBMO #x]2F CBM9| 93|
7F AeHA] FtE P Ao ) ofskal A3 oo IHHH ol b oA A4t
7] ol APl Me F2E 7IITa A AXIH.

A

=
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@, | o .

Fig.2.1 Unit cell of £ -GayOs.

Energy (eV)

T T R zszam=sewazere ===
A AT O T T L L

Fig.2.2 Electronic band structure of £-GayOs [21]
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2.1.3 Ga,0:9] 97 T 9 &8 Hof

B-Ga,0:= T &4 3 AR THE T8 oY FxE d7HL AT
Ga(NO;);-9H,0 % metallic gallium®] 318+ A4 2 AHZHI 2ZoA9 EA g
g A EE Y Ga0,E Y g der EE Ga0; &2 700 T ol
A dAHE & HE f-Ga,0,2 AHs 7 dojdt) [24]. T3 chemical vapor
deposition(CVD) [25,26], atomic layer deposition (ALD) [27], molecular beam
epitaxy (MBE) [28]5 &% 29 474 2 melt growth W [29]S T3 7] A
2 HA RuE3 9tk 1 FlAE MOCVD e w2 3RHE wieA &4
of A% 9 il AEHI de AF TPHOE L-Ga0:HEe HsiA
trimethylgallium (Ga(CHs);, TMGa) =& triethylgallium (Ga(C,Hs);, TEGa)E Ga
AFAZ A&t 0 AFAZE nitrous oxide(N,0), 0, 7H2= 5o] o]&5H 7]
WO &= sapphiret melt growthE &3 A2H £-Ga,0; 71 =& Si o] A
=3 AT [30-32].

o
ol
n
O
o
r
o
mlo

sl AFE A7 729 £-Ga0,= 33, =8 F
4 [33] 2 AAFSEA [34], B-Ga0:9 AEA 0] 44
S o] &% 7k AIA [435], & =AY FEHJS
o 422 [36,37] ¢ 580l g Avr &ds] P

)
o >
o
ofo
o
o

fr o o
M
>.

2

rok
o
Y

o
PS-E
- &
WE o
ol
U

0 0 4o
o oob o
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o e
-
o
>
rlr
ol
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rjg
P~

£ 23ete 7€ bubblings B3 AR BAAE F

FY YHE 1dste T84 24U oM E4EH(metal acetate)
i 2 AT o] W AHEH =dE& wt
°|E 4 F3}={Mg acetate tetrahydrate, (CH;COO),Mg-4H,0}%} ©}
2 %3}&{Zn acetate dihydrate, (CH;COO),Zn2H,0}& & T
25 EstE oMAEIClE w3 EE dHA A 4 =2 sty 15 o
2% 2 MY oM E|O]EX](CH;COO)E o] FolA glom o]&9 38 Fx=
Fig233 #Zt. 8o Holx & oMAEAIHA 15 4471 olAH o] E]
o o] Agsta dom i H7 A% 8EE AL Aok o] wiE

=
ft

{ i
&

flo
o)
op
O

o

lLﬂ O}A
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T8N A2ste] bubbling & AS Ao FAE B o]e3td olAEH o E
ol 23} H& ool FAHE FUHM WhoF o] 251H A ¢4 ol H|EZ] 7}
ZABE = 600 Colde] oA o]FoA= B AdPdAaes 27 &3
2 Ao o4ET [3839]. B YE FAH oMAH ] EZ|(CH;COO)= 4

QD 22 Fshe T WgH ojitdtdazs dEsH o] WiEdH.

CH,COO™+ H "~ CH,+ CO, (2.1)
webA] B ATFA v AAF EEE FYS 93 Mg 2 Zn oHAHICIE
€ ol&stlem AAZ =& HFAY A AA L v Fol dF 2 Ao

&

0 0
Y0 = =04
CH CH

Tonic bonds

Fig.2.3 Chemical structure of metallic acetate.

(M*": metal ion, here, Mg”* or Zn*")
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2.3 P Hioloj 2o A Y A7 AA

o]F M7)H B4 BAA TOE T4 AR FAF U ola)E F7]
S tholeEe] ouka wloloj oMo AF] L Tt 2L e Lol
gopnglth. TholoEe] FH HARE T 254 of 9P witm

HA ek [40]. R HA = Hpd}

st

& 7138 YH Q1o &3t bulk-leakage”}
o <ol 4 Shockley-Read-Hall 2] generation-recombination (G-R) & F(Jor)
SeeA Age =S FRzAM Aol 44 2 ART o A
_ﬁ_ A

o}

oW 4 (22)9 ol mpelojzo] FFL WA Yor FRZe| Eo WP

A7NN g AR AsE, nE A4 AL BE, = AL FFrHol
|

direct tunneling A FUpe A7178E Ao vldstH ol & 23)ddA4% &

g 5 AT

Ty~ Eexpl—4\/2m* B} [3ghE) 2.3)

E= 7%, m*e FEAY, Eo olyA WMEA, = Dirac gerolty ET
HEeA 7 Aol osf A" A A Ffoll &3 trap-assisted tunneling
(TAT) AF(UnpE 2 2.4)0] Hol= Ar)Ae] nl#dc}

Trar~ ENqexp(—=4+/2m*(E,— Ey) /3qHE) 2.4)
9 AolA NE AF 99 TE=o|th Bulk-leakageol ¥ ¥4 HF| IV
I ZE Fig2.4°] JERATH

Aol o8] LAS= edge-

leakage AR =2 =& AS3 ety E4AS AW o= WAIT [41]

F kA o] Fedo] NhmA| 9] oux] ME(E,) Hoh B 2 oUAE THA
= 95 2 (E=hv)o] AW TR /AR AAs AEGR 78
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of FAelolE A drt olFA FAH F AElol= A o) 7t&H
of A FAol 71dstH oA 4, =9 po] Fdol o8 I FHF] 2
2 (2.5)% 24 [42].

7=

L, = (qn)\PO) /he (2.5)

1E-3
- Total current
1E-4 _ ="~ G-R current
:\ = - * = Direct tunnel current
. IE5E " = == TAT current
< f
© 1E6E
Q 3
—_ —
L. -
> 1E-7 3
O ?
1E-8 L
1E-9 | i ] . -\1 ; ] R W L 1 i
-30 -25 -20 -15 -10 -5 0

Voltage (V)

Fig.2.4 -V characteristics for dark current considering G-R

and tunneling currents. [40]
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A3 A48 UH

3.1 MOCVD A|2H

MOCVD<E epitaxial 7S 93+ AH¥|Z MOVPE (metal organic vapor phase
epitaxy)il]:_ BAY. M-V 1-VIF 33E 9=Ae dFo F=2 o]&3H
2y, FEYPoz FEHAT JE3H MOCVDE T2 FAFo = o]&5HH
A o] 7hestal uniformity’t 5% S 7HA7] W&o diF A4S 9

AR A2 go] o] &FHa Aot [43]. A A2EE oragno-metallic &~2~7}
AAgEE B dFdAe dEZAHYd ZF &2 F 0 U TMGa
(Trimethylgallium, Ga(CH3);)E M &2 AFESIRIL IF &2ZF pure H,0

g Agatsict.

ay

_‘

e

2 ARg3te] Figs.lol YeEldT. BEEd #og

a22Ql TMGa ¢+ H,0E <Al
TUE g4 Axes 7bEE 7| HH gas flowoll &8l AAdE boundaryoll A &
el Ho] 71de] xHo FRHE AAS AXG Z1He FFE 22 A=

oA &4t & FEWS] growth siteoll A AFAF L A

e
FlAl ®t. o]w]l TMGa®t H,O 420 dis A4S 22t 24 (3.1), (3.2)%
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Fig.3.2 Schematic view of MOCVD system used in this experiments.
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Table 3 Growth conditions of Ga,0; thin films.

Substrates n-Si (111)
Reactor pressure 760 Torr
Flow rate for atmospheric N, gas 2000 scem
Low-temperature buffer layer deposition 450 °C for 3 min
Growth temperatures for undoped Ga,O, thin films 600, 700, 800, 900 °C
for doped Ga,O; thin films 600, 900 °C
Growth time 30 min
Bubbling flow rate for TMGa 7 scem
Bubbling flow rates pure H,O or solutions 300 scem
Molar concentration of Mg or Zn acetate solution 0.27 M (Low) / 0.53 M (High)
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Fig.3.4 (a) Energy band diagram for isolated Ti, Ga,Os and Si. (b)
Energy band diagram for an fabricated Ti/Ga,Os/Si vertical diode at

thermal equilibrium.

Collection @ kmou - 19



Al 4 & Undoped Ga,O; ¥rute] EA

4.1 Undoped Ga,0; ¥reto] tidk AL H¥ 39 FTF

Figd.12 A2 AT 570 wet 28 A-E Ga,0; BHehe] & AR
Btk 183Fe] TMGa A4 pre-flow O]—r 450 ColA 3%
HEFL Si (111) 713 foll vAAL] Ga,0; layerZ2 A=A
e 7A-F(Figd.l(a)oll= oA o] whah Aol Si 7] el A]

2
2 AR RAYE o7l Rstu were WIS £A R Iy
(o]

£

A= 7d-9-(Fig4.1(b))oll= EHe| AZ77F A7
1784 9] Ga,0; EHE 1 wato] JAEAY] wfol whehe] "Iy Er} £
1 FM AR= A& = AAh wFol Sigl o] Ga,0; 9
7—% F e Zpolzb & 73S AT A ddle A HHFTY ALgo] Iz

2]
EF A #ASe ARgste] RE A

CwE A m ol

H

SCA S
N

N

O.>"
O

s j>
rok
N
o
_l {
)
mgi

o o
o mlo

Collection @ kmou - 20-



Fig.4.1 Cross sections of as-grown Ga,O; thin films (a)
without LT-buffer layer and (b) with LT-buffer layer.
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Fig.4.2 SEM images of Ga,O; thin films grown at (a) 600 C, (b) 700 C, (¢)
800 C and (d) 900 C.
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Fig.5.1 SEM images of (a) Ga,O3:Mg(low), (b) Ga,O;:Mg(high),
(¢) Ga,0;3:Zn(low), (d) Ga,0;:Zn(high) thin films grown at 600 C.
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Fig.5.3 Semi-logarithmic [-V characteristics of Ga,Os thin films grown
at 600 C with various impurity conditions (a) in dark condition and

(b) with illumination.
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Fig.5.4 SEM images of (a) Ga,Os:Mg(low), (b) Ga,O;:Mg(high),
(c) Ga,0;3:Zn(low), (d) Ga,0;:Zn(high) thin films grown at 900 C.
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Fig.5.7 CL spectra of (a) undoped Ga,0O;, (b) Ga,0;5:Mg(low), (c)
Ga,05:Zn(low) thin films grown at 900 C.
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