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Abstract

In this study, metal/ZnO contacts were thermally annealed at different temperatures (as-dep., 400C,
600C, 800, 1000C) for the investigation of electrical properties, and surface and interface
characteristics. The analysis of the element composition and the chemical bonding state of the surface
was made by the XPS(X-ray photoelectron spectroscopy). An attempt was made to establish the electrical
property—microstructure relationship for the (Ti, Au)/ZnO. The Ti/ZnQ contact exhibits an ohmic
characteristics with a relatively high contact resistance of 4.74x 10" Qe after an annealing at 400C.
The contact showed a schottky characteristics when the samples were annealed at higher temperature
than 400C. The transition from the ohmic to schottky characteristics was contributed from the
formation of the oxide layers as was confirmed by the peaks for O-O and Ti-O bondings in XPS
analysis. For the Au/ZnO contact the lowest contact resistance was obtained from the as-deposited
sample. The resistance was slowly increased with annealing temperature up to 600°C. The ohmic
characteristics were maintained even for 600C annealing. The XPS analysis showed that the Au-O

intensity was dramatically decreased with temperature above 600C.

Key Words : ZnO (zinc oxide), TLM (transmission line measurement), Current-voltage,
XPS (x-ray photoelectron spectroscopy), Band bending
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o7]M, Ree ¥ ofelle] WA (sheet resistance)
o] RecE #H3EA 3 (contact resistance)& YER

o Aztel Jge & wot Zo) Leg Fedth R
ok Lo ZddA x&F AAE -2RcW/Rs, y& AH
2 2Re, 281 71 &7]E Ry/Wolth x& HH&
A7 Y BEAYZEEH A Lyold F£2
2EE 9T A7 dol=odE Yehly] bl
Ho] Aol(transfer length) LT(=RcW/Rs)E 4 9] 5
o}zl t}, o] uj

L= 7% )
o714, 344 F(specific contact resistance) p
£ pc = WiRCYRs olfH7]. A8 £ wgo

ne AFR-¥Y &F HH, as-dep. Ao v
400 TN e AEAA o @& HE2AY

A7) A2 A 7 83 =F A, Vol. 15, No. 1, January 2002

(474x10" Qo< YeERAATE 600 T2 Az

SEAME 29 o] obd a7 §4& eI A
AT (29 2(a)). oIt 2o dA 2EE F
e A oF P FMeA AF FA
& Yedle dF-4% 548 didyor g4 -
Ay BAYF Atoldl nYg=Hd BeEe 7t
U 53 Zn0 weptel gankgo] @ Aze
dAdEe A we JEAGAA ddE HH
FH A7t w4 ¥4E ASolh dvFor F
&o g dag Hojue W¥eR & AAs
7t ol WE AAFe] 2 gE5L = st
© @A BEFEG oW F&/mieA Hg
o AA AF 7177 &7 &l st s
HA " o] "ol fFEEHE &7 AFS DAY
e dadAe a3 2ol xdE 5 Utk

I= A* Tlexp [— ¢B+\/a—’1})1 @)

ol A*¥ Richardson 4%, a
© AAEY A7l ¢pE FHEEolE YEMT

40

3o (&)

20 F

10 F

o F

10 E
290 |k
-30 F
-40
-50 L | . . L
-30 -20 -10 0 10 20 30

Voltage[V]

Current[m A]

CurrentInl[A]
o

1 2

3 4
Voltage V'? [V ]
a8 2 600CNA Ex8® Ti/ZnO Ao g
(@) AF-AY 547 by 5L 2=,
Fig. 2 (a) I-V characteristics (b) Schottky plot

for Ti/ZnO sample annealed at 600 C.



J. of KIEEME(in Korean), Vol. 15, No. 1, January 2002.

AAe] Aol AE sl E AAGe o
2 Ast Az sle Aol AT
Aeke YAZ £ glom Fdel =g 4
it VV & 484 #Ade ¢ 5 3
2p)E AF-Agel A5H FunAg
gom, A Algol AFAFA HBH
malge vetdogs &7 EAT 600
aAd Nge) AF-AAELS ANFte
&k a7l 4o tﬂw_ 600 Col A g2
f Ti/Zn0 A5 &4 54 5 A9 ¥ole o

o
7> o

o 2 |o

—ngé

(@ T A

m
e 2 jo 4N [

i\ﬂJHnE-lo

A71M, k= Bz o]

]

Arolm, T & dAdex, A'E
olth. $19] Hez 600 T dAHy 2=
Ti/zn0 Adel sl AE &7] FuEold A
e datd AT = o 32A/cm’KX( = 4z q
m'kY/h’, 4714 m* ~027mo) & Ab&3kTHO).
ol Falzl FHEolE oF 1782 eVl #& UE
W?i‘jr. Ti/ZnO H&go 2 2AF FAHE o234
Hizolol dHlW3H S w] AR Z Ad o] Zh

¢

2 »}Ehﬂ—uﬂ o 1¢J+ Zn0 "Abolo] A%
A% 7172 Adsts AWt EATS ue
We. 47 9T Gy Qoy, Tudd, o9k
4, a9n wWFe AgEe Fupolst w4
Fol 9ge WAL =¥, 4%/7nO A, 5
s g sl WY nAFFY AsEo] 7
"ol EABTE Zlo] Ao AT Ao ek

ol ug} olFsle AMEoESE
W g3e st AolEd 45"&
94 Ede—+ 33}1’5‘}04 =W 545 AATE A
oz Ytk § HW 800 T = 1000 CeolAe &
Ay FoE TiZnO HEH Aw/ZnO JF EF
zag F£Ad Zn0s FEV AR FEEH7
2 A5s ME AHe &4 Hdste d71H
B2 FYe e
7vatell upap A9 ol X
ojgstAY &7 A dugiod RIg 3
goz FAE & Atk
AW/ZnO A& A$d= Ti/ZnO HEIA 7o
Nz tE 2% (as-dep., 400, 600, 800, 1000 T)ol

)

A dxg F oAsd SR 9 XPSE o &3
sty A4S Aok 29 3@, ), (©F
747} as-dep. AE, 400 T 2 600 TolA g
# AZo g TLM 238 b}E}LHL Ak 1
o 4] B A ol o 2E A #EH
A/ZnO8Ee 2= £ L}E}Lﬂa’ioﬂf} ol ¥
As-dep. AEolA 7 e AEAFE95%10°
Qar)e AUtk
— 15
14 u/ZnQO sample
2
o Tof
s o
L Tr
) 8 r
o 5}
= 4l
s 3f
.2 (1), ) / .1.4 ) )
-200  -100 0 100 200 300 400
Distance [um ]
- 5
o ] 4l (400 T annealed)
L]
¢ st
g
2 2+ //M
g /\17
N
s
o 4 . . . .
=  .200 -100 [} 100 200 300 400
Distance [um ]
- 10
— sl (600 € annealed)
@
It 7F
0N 5
2 a0
2 st
— 29
] 2r
o 1
- 9 " . . .
-200  -100 0 100 200 300 400
Distance [um ]
a3 3. Au/ZnO A9 g w2 F AZH
o] W3} : (a) as—dep., (b) 400 T EH=
H AZ (0) 600 T X" AF
Fig. 3. (a) The variation of contact re31stivity

as a function of the TLM spacing
between the Au/ZnO patterns: a)
as-dep., (b) annealed at 400 T and (b)
600 C.



A &7 S0l whek Aeghe 400 T 4
AeE MZo] A9 855%107 Q-ar, 600 T &4 A
ZH AZ A9 150x107 Q-arZA dxa &
w7b Fobe 2 T ol A%HA Zrkshe A
FS Bk 800 T 1000 CollA] m2oMe &
AU AZe] AgdAE AT Awe o
Adste] ANH EA9 = Bitssdnt %
7 7n0 wttel HE EWH AN@EE 9sel

&9 FAE F4] 2 grA FAs AT 24
S 58 dojx O 1s, C 1s, Zn 2p3, Ti 2p 9=
o] BMe Az HITE 9e) curve fittingD
AA2E st 29 U AgAEY W E v
stk dddEe M BEld 9= Ay
Ql Aoz =719 FWHMFull Width Half

Maximum)& Y XA 7] 7}§-A) ¢H(gaussian) & X
& TAsEe ol EoF T 2" Br1E AAS
Ztzke] &) Wit core level 2HEH S LleRY
I AL curve fittinge T8 8 Jas v

Bhith @Ael we 24 2ge] AREE vlas
7 Sl A% HEE eEd BE AdEe

HAg Adste] A Fs) shch

Ztzke] dAE 2R wWE

Ti/ZnO AE AdelA 2oz core level ~HEH
o

ot} ZnO Htehe I F o] A FU), F

0-0
—— Ti/ZnO sample ( a )
. (as-dep.})
3
©
b
x
[
<
Q
-
£
545 540 535 530 525
Binding Energy [eV ]
— TifZnO sampte N {(b)
. (400 C annealed)
3
[
Fn)
=
[
t=
[
-
£

545 540 535 530 525
Binding Energy [ eV ]

A7) AR A 585]=E %], Vol. 15, No. 1, January 2002

0-0
TiZnO sample ( c )
- (600 T annealed)
3
©
—
>
=
»
c
[
-
£
545 540 535 530 525
Binding Energy [eV ]
— Ti/ZnO sample ( d )
. (800 T annealed)
2
©
>
=
]
c
[
-
£
545 540 535 530 525
Binding Energy [eV ]
— T#ZnO sample ( e )
_ (1000 T annealed)
3
©
—
>
=
"
c
@
P
£
545 540 535 530 525
Binding Energy [ eV ]
a8 4. 749 €38 2xe mE Ti/ZnO HE

AH core leveld] ~HER : O ls.
Fig. 4. Core level spectra of O 1s for Ti/ZnO
contact interfaces annealed at different

temperatures.

7l aEn gl & 1713 EAEH 2e 4d
of A MR

4 A AEdAM HEHE C das 37
EFolv dAz A HgEdo
g
o3 Azl H¥e
AzHoln Ao
A7bE vad wwe
Zpeke] whgo2  as-dep. A

daE Aa9
7] =&

Al 2ol

1o ox 1o

d Z oqn O ffr



J. of KIEEME(in Korean), Vol. 15, No. 1, January 2002.

M) AEAZ] G vIHAD 400 T A
g exolde Ti 949l O Aztste) Wguvhe
A ZnO vzt A3 E3d wWeE Hgo=
Ti-O Hazt 543X (28 4b) 400 T 4
o] dAg 2=xdd HE: AF ol HA2E e
Witk 600 T A9 Zn-0 4%e H3d w&
F714Q O dzke] AAo] Tigke] wkgo FHds}
A =Hol Adxolet HEAYE WAA 290
ol 7] EHo R @dte] o]Fo Aol A}
2890 0 1s9 A$ 0-0 Zgoldo] O-Ti A%
o] "Art 400 T o]e 2EA vehtA Fst
I 3 oAy rdXE At Frietn Al
U7t 78t 1000 ColldeE @443 Ea 5o
=959l was) Feig dehidck Ti F4e 4
shutztel Wxgol tierdl Ashn Aspl "aw
A AR e 509, ulge] 218 (kcal/mole)
o] F&ET AV Wi kA Al Akst
148 F gdolA & A 45E ¥4
A4S Ado [11]. Ex8 2% w}a a)
ARG AR E ] s AT,
600 T2l 2EojAE 400 CTollA LzE 1 god
Ti-O 2% 937 44971 Al&omiﬂ dxg &
=7t Z7hgel oet Tisgk Oty Ad duAE
530.06 eV(at 600 T)elA 527.8 eViat 1000 C)E
Aaste EgAe #GaE YAEEY (2 4(e)
A2 HE BEEHE O 1s 47 =} 2] /\:JJEEL,]
AEeE O 927 A7 =7 22 Ti (M7 &
A%, 1.54) fxel st B9 #< HAHEAM O
AA(A7 &4 =, 3447 T h& B 5ol ¥l
MAE E wotr]7] &g ZAESAURATE 2oz
A el 2% Frbel wel Zn-0 2 A e Ao
Hjs} Ti-Okte] 2% duiA7 AARRE Zn-0 A
o] BEHm ol W& Ti-O AFe] HA3HA
dr}.
a3 5 ~ () ZZ4e dAZ 2= w2
Aw/ZnO A AP AR core level 2FHE
golth, Aw/ZnO HEe A4S, 448 &=71 F71
el wet O 1so A7t F7Hekd 757“* 2 f‘fo“o‘
Qi 0-0 @3‘94 Z=b Fre L u 2
grel Axe Z438le] 600 T o] '79—01 ’\1%
=7t %ioii‘it} dutx oz Au F59 4
sk HEdo] oiwke] ofd l’.:‘i L4
of Hag AAAUAZ dgoln Al
(kcal/mole) 2 #7] wjitol] Atstetd FA3t7] 4
A @il AR E W AEge] IEE E
o} As-dep. AElA O-Au 29 Z=7 A F

r.\

¢

20

Intensity [ a.u.] Intensity [ a.u.]

Intensity [ a.u. ]

Intensity [ a.u. ]

a3

Fig.

Au/ZnO sample ( a )
{as-dep.)

545

540 535 530 525
Binding Energy [eV ]

AuiZnO sampie
(400 T annealed)

(b)

545

540 535 530 525
Binding Energy [eV ]

Au/zZnO sample 00 (c)
(600 € annealed)

4
r
4

545

540 535 530 525
Binding Energy [eV ]

Au/ZnO sample (d)
(800 T annealed)

545

540 535 530 525
Binding Energy [ eV ]

5 Z+zte]l X 2x ©@E AwZnO H

gt Ad core leveld] 2HEFH : O Is.

. Core level spectra of O 1s for Au/ZnO

contact interfaces annealed at different

temperatures.



FANINE AE
REREDREEY:

o] U3 7J‘P1' Fad A4 Aduxe
FolH, dgto] 218 (kcal/mole)2 ¢t A2 4t
sehg A3k Ti 99 ZS$-ge uidielth O
158 A° 0-0 1}0194011 O-Ti A%< a7}
400 T olAte]l 2EANREH A7 Azt
=7t Frtstn AFANUAY F7hste 1000 T
AAE @43 Bde] SYH a9 Fyeys
2 dh[12,13).

3 H Axgd wa: F&/mMEx AW ¥A

Ao setd 79 wWgst gEd  oF
(chemical shift)e2 yets o]o g 7 zto)

2HEYS 37 69 =AFA

....... as-dep
\ — annealed
N ~ Ec
Er
AEI& i
h v

ad 6.
Fig. 6.

dxg] Wl w=
energy band by

= U= wals,
Variation of the

annealing process.
AES &xo] wE Wile vtz W= 9 A7)
o PG & F Ao Hdl sHRA A (Valence
Band Maximum(VBM))2] #x= Z=7t A9 o
A P A=zt 3@ |43 Frher] Al Fst
E R oiE AR wie

Hazu E49 AAE AT AR 0 eVl G

Hoz Az

sty Aow Fri[14]

238 7(a)e Ti/ZnO FES A2 g 2=d4
dxz A& wo WEsE JEY HE HYFn
Atk Ti/ZnO HEel ZA¢elE 400 T A F
AEE as—dep. Aes} v gt B Holu} 400 C
2 7jdo=w a3y Hide AL % 4 9lth
Ti/ZnO BEHANAE 400 T < 600 T Apole]

21

A7 AR A 283 =7, Vol. 15, No. 1, January 2002

=
0.0} - -
> 0.2
()
=™ 04}
w
q o6l
0.8} - -
1.0 . . L L L A
200 0 200 400 600 800 1000 1200
Temperature [ T ]
0.2
T .\
= 0.2} »,
> \
!
w
q 06t
0.8}
10 . . . . . A
200 0 200 400 600 800 1000 1200
Temperature [ T ]
a8 7. A dAe 2xe 2 = FHo W

HEx8] A9 JE B 0 eVOE A
(a) Ti/ZnO 2 (b) Au/ZnO.

Fig. 7. Variation of band bending as a function
of annealing temperature(Assume A4E

before annealing as 0 eV): (a) Ti/ZnO

and (b) Au/ZnO contacts.

o9 dAE 2xoAMe ¢
dojupx] grow H=En &
olnl gt &, Ti/Zn0O2
600 T oliolA AP
F9 23 dH4L oy
oA &7)
o 298 7 ()= Au/ZnO
g &x Wl W2 4EY
A, dxelE E38to as-dep.
&t 7Jr74 02 eV(at 400 T), 039 eV
(at 600 ), 0.89 eV(at 800 T)el 71x JE7} =
Fagge ¢ Ut ¥ 8@, e 44
Ti/ZnO 2 Aw/ZnO HAE9 dA7 24 u&
WX Zo] wigls vepdh Ti/ZnO U‘E‘ 73 %o
e, €48 %7t F7Mgel oet Ti 949 Ad
A=A 7t 0.8 eV 7HA Frasdtd o li g% 0 ¥
£ote] Ajez 0-0 ZFAUAI ZBAHIS

N
o
fu
1

lo,
&5
o

M,
)
N

o ™

o
BN T N
o o
1A
o
mmb

PRI
N-Rloigu
il
=)

lo ua
2

=2’
2 g Oy

Ehoz

0

oo o B 3 oo o

=
Ao
M o

Ny
E,L‘E‘

2o
EHI
L g
_‘

ol
=

N N AR A )
_O‘L

e o o

i



J. of KIEEME(in Korean), Vol. 15, No. 1, January 2002.

T oopE} WA ZELS A28 V|FEOE 400 T ©]
o] & dAgd wg 0-0 dFolde O-Ti

Nz Agdee Aoz A F7H2.069(at
as-dep.) — 4.464(at 600 T)st= AFH(AAA 7
)& YER T

o o> AE

5.0
40f
s 357
I 30 o
2.0} L4 [
15F
10 A . . . .
-200 0 200 400 600 800 1000
Annealing temperature [ T ]
5.0
s0f
s 35}
T
3.0}
2
o o2sf
20} o . . .
150
1.0 L ) . . .
200 0 200 400 600 800 1000
Annealing Temperature [ T ]
a3 8 ZnO %t FHdE 459 4948 2
Zo] & WA E9 Wk (a) Ti/ZnO %
(b) Aw/ZnO HE.
Fig. 8. Variation of FWHM as a function of

annealing temperature: (a) Ti/ZnO and
(b) Aw/ZnO contacts.

dAd 57 neo2 A4E O-Ti 2% 927t
AE v 9d AR 5yE7] A1Fste 600
Told 800 T9 =A== FHEHAA dd ¥
Bl7b ol ZZ ¢d3d] shve #agE g Ho]
O-Ti Z%el wWE wkxEo] F7}31A] B 23]
7+~ (2.057(at 800 T)3h= LFERU AT
Aw/ZnO BE9 A$, Au 4fe A9 olFL A
9 gUAT, dxy 27} F718d wet Au 9
a7 AE REHAA AEFE CH O d4E7e
oz Qg ¥k ZEL 1.77(at as-dep.) ol A 1.86(at
800 T)e. & ZF7etx Aud ZAA L ZAisld H
ol Wi FEAYFI;ES FAD AR yAd
o 2¥ 9v Xy 2xd mE F43 Zn0 FH

R

2

0l

g 4 el o)lE iR 4Aavt Z
< onsyg,. e 2%

o uwe A AFHe ALk
atomic%7t E7Fst2 Au(ZE T atomic%+
Bt E3 AFAM HEHE thE o
9] <o) FtEo] meEl Auw(E2 Ti) 949 A
ok E=3 Auw/ZnO AE
Ao A Audl 49 el

o ml &
Sdp do ol

o

Eal
2% B2¥E ¢ 5

60
(a)
50 - o — ———a
&,
40 | / .
ES Ce \ /
L 30r .
E
o 20t
b1 Tim -
< w0l \./ \.
oF Iny v v v
-200 0 200 400 600 800 1000
Annealing Temperature[ T ]
80
(b) o
sof v _
c v—"’/ ><
40|
ES
Au®.
© 30 ! o \
£
=] 20 o
*
< ol .
0F Zn
-200 ] 200 400 600 800 1000

Annealing Temperature[T ]

ad 9 dAe 2Ed ©E 5453 ZnO AY A
WolA HER 48 9459 atomic %:
(a) Ti/ZnO 2 (b) Auw/ZnO 3.

Fig. 9. Atomic % of elements extracted from
the interfaces of metal/ZnO contact: (a)
Ti/ZnO and (b) Au/ZnO contacts.
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