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A study on the electrical properties of ZnO films

according to the post-thermal annealing

Eun-Soo Jung

Major in Semiconductor Physics

Graduate School, Korea Maritime University

Supervised by Professor Hong-Seung Kim

Abstract

This work presents the electrical properties @OZfilms according to the
post-thermal annealing in the different ambient. Afplied the post-thermal
annealing in N and air ambient to control the oxygen content ofOZ
films, which improved crystallinity and optical gerties of ZnO films. The
oxygen concentration was measured by Auger elecspectroscopy and the
electrical characteristics were obtained by Hallasuwement in the van der
Pauw configuration and transmission line method. r&sult, it was shown
that the electron concentration varies from°1@m’ to 1G" /cm’, while the
resistivity from 10’ to tens Q-cm with respect to Zn and O concentration
ratio. Also, thermal annealing in NHambient was carried out to form
p-type ZnO films. ZnO films showed better crystaty and electron

concentration of 16-10" /cm® with thermal annealing in NH ambient.



These films were converted to p-type ZnO by adiwvatthermal annealing
process at 800C under N ambient. The electrical properties of the p-type
ZnO showed a hole concentration of 1.06 x°1@m°’, a mobility of 15.8
cnt/V-s, and a resistivity of 40.18-cm. The N-doped ZnO films showed a
strong photoluminescence peak at 3.306 eV at 13 wKjch is closely
related to neutral acceptor bound excitons of thgpp ZnO. In the SIMS

spectra, the incorporation of nitrogen was confatme



Zeu ol gk A, WAl LED 7=l 7 Z wAlRe olefjt V]wo] BF
dater wEAel ke Fal v Zojtt. F3te wik=Als 19714
Pankove (RCA, Princeton)”} blue GaN metal-insulator-semiconductor
LEDel #g ®a1 o]% 1981 Matsushita®] Akasaki® H|Ee A3l 9
3 Aa-e° GaN MIS LED (10 milli-Candela)7} ®.31% ]t} 19861 A9

Akasaki 27} AIN WSS o] 83l 3159 GaN 24 HAEE A

ol

3 a1
1988del+= Mg =3 % LEEBI (low-energy electron beam irradiation)
A g ol gste] & A7elel 9 GaN LED AZHAl 7bg 2 ol o4
p-type GaN7} A|zt=Qt. o] A7-AaE wpgow 1991ddl= p—n &4
°] GaN LEDE xelgith. 1994 = Yo} 583 F23]xLe] yats
TAZE AR AdE GaN WHE Abgste] Ao Aspdg uhehs st

1EE° GaN p-n g LED ¥ LDE w#sut. 71 & LEDE 113%49



InGaN/GaN A} = 25 @45o= 5= Y4 LED7} 7=
LED d77F $&==2 @43 HAvh 1995d0= 3= 54 LED7F /i
of whet vlo] AhlAel HA, A, =4 LED7F o8 ZbeshAl HAH1]. |
Aol Al gl iR ol2] gk GaNE 7] o g ste] AFE I ek oA
o] = A LED 7|9 7 & ZAoIth o3 GaNg 7oz 3
LED= 229 Az g4 BF 54 =7k 714l 93 532 5o

o] Aoll= o3t £AlE iAo ah= Avkst HAE St = Aolnh

i)

)

A ZAY A EE5E ¢ e A%E 22U AL E9ysit

Aol olelgt wAE A3y g WS AAY EAE] giAE Ee
dHEs 9] gHoln. o7 GaN& HAlst7] A =d == SiC, ZnSe, ZnS,
Zn0 59 3t W EAZE A elth o TeA A4 7HE 79 E dAEA
2 FEEI Q)= ZnOE GaN¢t 543 Wurtzite(Hexagonal) 7224 2.2

AAE ey, sk, SAW 4H, F8dS, G340, 7tRAAM, S S

’

:

3

A g glo] B2 okl 2olal quk[2-4]. 3 ZnO = 1 SA4°] GaNg} v

T FAFE ¥ olygl 25 meVe GaN Etk =2 60 meVe =

rlo

ol }\]E 7‘:13?;5:}-

-1 L
NUAE 7HA7] wiitell Faxh A=A B S G SA4S vUEkd A
oz ZldHa oy 1 Rbojuyel FFo v|we] EAstal F4 A 7ol 7}

st AR O] wFoll Aelthe gl St

ZnOE 7IRte® & FAaAE JhEstr|fside ZnO n® B pA e AlZte]
golafopgttt. ZnO vhets A xst7] 93 WHol= ~HE % (sputtering), 318
71’452 (Chemical Vapor Deposition, CVD), Ex5 o3 €lA] (Molecular
Beam Epitaxy, MBE), 9445 52 (Atomic layer deposition, ALD), 2= ¢
o]A S (pulsed laser deposition, PLD) s vi-f- thF3 Wi 5o ARE-HaL 3l
oH[5-8]. 3tARF S2HE ZnO BHEE bAEE, HYH ofdd, ofd T, HYH

R, Az v A9 B B WAY AFS A ol @ ARES T2

)



[9,10], &4 [11,12], 4714 [13] A4 &= v 53], tbaga2 1

el A 2kE skl Zn0 HhEte] AdA o' ng o] AeEs Hol

ol a1, AFA = pd Zn0] Aol olHT[18]. ZnO= N, P, As 59

o=mM pEo A=SAS 7IAE 5 A dAw 729
o] A1 ALkl oJstH ZnOWloll ¢k AAlH #9915 P37 fsiA= Noj
7H A3et =HE EZo|tH[19]. Minegishi 52 NH3E HA A22 ARG}
o]  CVD (chemical vapor deposition) HEZ pd ZnOS A ZFAFHI[20],
E3 pd ZnOE N0 Zg&=wtE =] AFE3Y PLD (pulsed laser
deposition) Hell & FAHATH21]. Look & Ny A2~E A1&3 MBE
(molecular beam expi- taxy) Heoll 93] 247l =3 % pd ZnOo sl &
Fetiv22]. 2y AT AAE XEH 7] flelA =, Nz, NHs, NO, N0,
ZnsNo 59 A4 =81E 24 F e davks ¥3sta 3= NO, NO;,

NH; 59 B850 #a dUAZt £ N, (09 V)& T8¢ Bdnct o4

o} U202 NH; #9714 Exglstz] Aol 2 €A2 (pre-annealing)”}
A o] Fo] HE we aHRE Hriekgla wiA Yo ® NHy #9714 EA
o} A &8t EAE7 o] FARE WY aE XA



A2 o &

2.1 ZnO ¢ EA

2.1.1 ZnO9 +x4 EA

ZnO 7HA1 B d ol Fah&o] 80% ©l/FSo = solar celle] FEF2
2 AREET a8l Zonvt #Yd Ag AaE dWo Z2A T xE 0 o]0
hexagonal siteol] ¥ X]8}aL, Zn o] tetrahedral interstitial site 9 X]ol| 3}
WEE A s Zn T3 0 Fol w2 A e FEACE(Wurtzite)
o] AA Fx= AR F4E a = 3.25 A, ¢ =5.21 Aolt} ZnOY AA Fx
= 29 2.1 YErATH1]. o] g 7=+ Znd O 9o Ao v=7] wi
of Bz Z AMHA Aol EASHH Zn AL o5 Aol Fste] IF
@ Zno] "tk HE 7 o5 A AMRAl Aol ofYaL, ¢ WEke] b
Aol thE o] Fko] AlHt} Fom o|E <l effective ionic charge?l H]
7} 1:1:201th, (10-10)Aell B alQl cFo) =14 Fola, cFell F2<l (0001)¥
I (000-DHe] =4 Wolth ZnO+ F-RAL® ol A¥Y SAS 7=
Zn QA7 0LAtel HAAE S AFde] UM Zn dAERE A4 =000
= iAo FAstE A AL O FARRE 74gE (000-DHL F18kE
HAA AoH2]. olgg A SAHSE A& Zn & 0%l Hlste] dojH o=

2 EU&OHHX] ME YRR, 2 B % vhe 4842 ZHth 2009 WE

=

o2 BAEErt 4.21x10% molecules/cm®dl @&t} Zn0<
gurA el A 7 2.19] YEFATHS].

rr
o1
ﬂ
N\
0
~
(')



3 2.1 ZnO "Hehe] geFs 54
Property Value
Lattice constants at 300 K
a 3.242 A
c 5.206 A
1.602
a/c ,
(ideal hexagonal structure shows 1.633)
u 0.345
Stable phase at 300 K Wurtzite
Melting point 1975 C
Termal conductivity 06,1 -1.2
Linear expansion coefficient a:65x 10"
(/C) ¢ 3.0 x 10"
Static dielectric constant 8.656
Energy gap 3.4 eV, direct
o < 10° Jent
Intrinsic ] 20
) ) (max n-type doping > 10° /e electrons,
carrier concentration . 17
max p-type doping < 10°" /erm' holes)
Exciton binding energy 60 meV
Electron effective mass 0.24
Electron mobility at 300 K
o 200 crt/V-s
for low n—type conductivity
Hole effective mass 0.59
Hole mobility at 300 K for
o 5 - 50 cn/V-s
low p—type conductivity
Work function 4.5 eV




C axis
gg a axis
a axis
@® Zn a=3.25A
e O c=5.21A

(b)

a8 2.1 ZnO 24 F% : (a) wurtzite 248 7%, (b) ZnO =9



Zn09] Foh4 A2 dnkA o= He-Cd #lol A (A= 325 nm)H+ A2 & o]

hotoluminescence (PL)/cathodoluminescence (CL) A+& E3lo] +=2

[

p
o] Fo] X 11 91 © ™ near band edge emission (NBE)S} 713 2.20] 4 H o]

a9m AW ol Sel Be FRe) A%l /@ 73

g

Al Al wkako] w=Etl, 8] BEE = HA(510 nm, 2.4 eV), A4 (650 nm,
2+ 3 (590 nm, 2.1 eV) Sol t3h wgo] Yl thsfe] e o
3ho]| o] sk Whago] golo v y|H A o7 |3}t
W22 A3 (intrinsic defect)ol] 7]1¢18}

A Alg A2 A FAFNA FHEH= EEE o3 9 A3t (extrinsic

o g
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o
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defect) 2.2 Ux 47} 9o} A& Ao g F2 Ak 23 (Vo) Held of
A (Znpoll o3 =Yy F=9 et ofd & (Vz) B AbA dkxbg] Ad (0z,) 5ol 9

3 A E97F B4 HE A s o® S o &2 =Y 919 A o

Hioll o5t Vo 2 B £ = ¢ vte doH[5]. Vanheusden 59
fr Aate] D=7t obA Znidt 22 the =y
s TS| = gk o] 9ok WhAE SA, Fol7] g 2 EY o] 24 W=
AL 55 St =Y, dAE Y olyA] & 5 ofe] 7HA B
o] ol YA zfol& HRIth ZnO9 =4 & Q@A A w2 247} Ak g B A

UG obd = EHolA A £ =2 Y-l dol= dejxaL 9t
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°
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Conduction band

" - Ec
LI )
........ 50 meV
190 meV
Eg=3.3 eV
deep level emission
oooooooo 25 eV
v band edge emission peak
Ev
Valence band
()
Conduction band
Y | ‘ Ec
Zn;
S5 162 eV
* 228eV
E,=33 eV 3.06 eV v, l 238 eV
29¢v Y. ¢
318 eV 0. e
...y. ...... \:’ I DZn
v uv Zn
E,

Valence band

(b)

a9 2.2 (a) oA W=t F3hH wste] e, (b) ZnO Btk A3 #9



7F (Oo) 2H-9] 7k o= ofFstu Ata Es e Adfolth ol

wrgA e vheat gk,
=1/2 0,8 + Vo + e (2-1)
o A3t ol Ak FEel olest HuA MAZ YEem donorzA AE

Ak A4 Al ol zak AYW 07k B 9D Zot AA DE Al

o)sto] o] &3t Wi},

=

Znl@As ZnHee (2-2)
of Aok Aa &&d vIRVHAE donorZ 88t AAE Aleste] nd

HtEAe] 545 vepdTh Ak 383 w7 R conduction band edgeell

2 717h& levelel shallow donor level ©] &AJo] wo] A2oAx A A
sttt AY9E Zno A5 tha Aol o3k F |1A o3t g AXA H9H
o] IA JA| HAE AleetA At

/n, = 7n % + e (2-3)



2.2 p¥E &3

p-type ZnOE %&7] 918 st EHEES o] &3t A7 WqgHa 9l
om F2 VH A4 N, P, As7b 2 =HER ARHIL [ A4
Ag, Cus, 1¥]al 852 co-doping W< ©l83to] p-type ZnOE 47| 9
& =o] xaua §)

e o] 22Q1 Altkell ojat No| 7HE £ AE =¥
2 Hi low Tz3E& No| ¢z vhgo] 09 dak vHE 3 A 7] o]
tH8]. No] =% p-type ZnOE CVDI[9], MOCVD[10-12], MBE[13],
PLD[14-17], DC[18,19] - RF[20] sputtering ¢ WHo =z A% FHr}
EHEZ = Ny, NHs, N2O, ZnsNg, 18]35 MMHy (monomethyl hydrazine)©]
AHEEOl g OF NOo= 2 8eb7] 9]éto] N} izt 71 w21 ].
wtebd gk o] Fawks el 3= NHs, NO, NOzsol v 23t
2ol By wEW NHy =3 HORE p-typed] Zn0E IJvta HiuE
At} 7] HaE Il 9l p-type =3 H2lo® 1997\d Minegishi 5[22]
of 9J3 NHsE o83 CVDHO=Z AZy p-type ZnO7} HE=E HI¥
Zn0O powder source®| ZnE F7}=2 #7}slal Hy carrier gas o 9|3 NHs&
sAll 7kl ZnOE AAAIZ G 200239+ Look S [13]1¢] atomic Ny
gasE ©|&3% MBEWS Al=siqlth 2003del B2 A+7F Bawdler .
u 5 [19]e 93 NHsE °©]-&3F DC reactive magnetron sputtering el 9]
8 p-type ZnO7} A== QATE ¢]5S CVDHolY PLDHS E=HES vhe &
slol =g apgel A F2 A B 98 p-type ZnO9 3o ofu& wb
W Magnetron sputtering®] 73 c-F W FAe ZnOHte A5+ 3
A g A FHo] Jhsdkal
A E71E 29 e 8% Woldta skl 28y Sato w231
¥} Futsuhara &[24]1¢ 4% 2

e |
sputtering®™ &2 p-type ZnOu4% &S A|Esglovt Ass3itt. Huang

_10_



S[18]1%= YAl NHzZ ©]&3F DC reactive magnetron sputteringtHell 2] &
H A go] 1 Q@ gl p-type ZnOE LATH J.Wang F[12]2> NH3E o] &%t
MOCVD®H el &3l p-type ZnOE A28}t

B PE YA ubAo] 2,18 Ao ® Noj| Hlste] A8 2 Aoz = o
ZH HA s AR AARSOH, PE o83 =S B A dEAAL
2000 Aokis[25]9 9l&] Excimer laserE ©]&3te] ZnO 99 ZnsP.& &
b Ao ZA FEFRTS AFsEATE Egk 2003del K. H. Bangs[26]9
ogl InP ©ZAA o Zn0E =Fstu dAgste] PE Ao ZH
p-type ZnO9| FAJ& Hildhn Lo 3 e AgxlEel o)
p—type =0l Hi¥ il Ql=H[27], P:0s7F H7HE 2HE E3lE o]&st
350~750 CTolA A4e P 525 ZnOE tFEo] n-8 A4S FA3n.
= 10" ~ 10" /ar), 800 T eldelA Ny &£9171el4 F&AH g Fa}o]
p-type ZnO& W3stel= S A58kl
g PO Aok ol Ase] A WAL 223 Aow A AtaETE AA
gol & o] FofA A FE FORE G FHAARE 2000 Ryu's[28]e] 93

(i

o,
rlo

%o
o
X
o
H
r l

H

B2tk GaAs 92490 PLDE Zn0S £&3la L2 2dsle], AsE
A&kl o3 p-type ZnOE A2 AR Zn SHibol]l o] gk GaAs W€

T3gd) o)st p-F oz wWaelx ko)t 20039 Ryus[29]d 93t pulsed
laser deposition®} molecular beam expitaxyS A}F&3F hybrid beam
deposition(HBD)®W ol 2]3] Al.O; 7]#9lo] As =3 % ZnOE L E3FATE As
o] ko] F7hetel wal A, n-typedl A p-typel 29| FolE A
H, As®] FE7F 3x10° JarelA 7] olFE7E 35 ai/Vs, H3 wE7F
4x10" Jem, WAl 2 @ ¥ As EFHE ZnO0E AAEUT. E 2.2%
200437441 ] pd ZnO A%t S HAFrh

il

o)
e
ol
o

2,
lo
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¥ 2.2 p—type ZnO #|#+ &3t

Resistivity

Year

1st author|Technique| Dopant | Source |Substrate [Orcn] publ. Reference
Jpn. J. Appl.
Minegishi | CVD N NH: | ALOs 34 1997 | v
1997)
Jpn. J.
Joseph PLD N N:20 Glass 4 1999 |Appl.Phys. 38,
L1205 (1999)
Physica B
Joseph PLD N,Ga |N:20, Ga| Glass 0.5 2001 | 302-303,140(
2001)
2001 J. Cryst.
Guo PLD N N20 Glass 2 Growth 223,
135 (2001)
Appl. Phys.
Look MBE N Nz Zn0O 40 2002 |Lett. 81, 1830
(2002)
J. Vac. Sci.
. Technol.
X. Li MOCVD N NO Glass 20 2003 A21,1342
(2003)
. Fused J. Mater. Res.
B. S. Li CVD N ZnsNz silica 150 2003 18, 8 (2003)
J. Mater. Sci.
Huang | DC M2 | N NH; S5 1 2003 | Lett. 22,
Sputt. 249 (2003)
DC Mag. Mater. Lett.
Lu N NHs Al203 31 2003 57,
Sputt. 3311 (2003)
J. Cryst.
Wang MOCVD N NHs Al20s3 100 2003 | Growth 255,
293 (2003)
Semicond. Sci.
Butkhuzi | Quasi—epi| none none Zn0O 900 2001 | Technol. 16,
575 (2001)
DC Mag. Appl. Phys.
Xiong none none Si 3 2002 Lett. 80,
Sputt. 1195(200)
Appl. Phys.
Kim RF sputt. P P20s Al20s3 0.6 2003 | Lett. 83, 63
(2003)
Hybrid Appl. Phys.
Ryu As As /Zn0, SiC 2 2003 | Lett. 83, 87
beam (2003)

_12_




A3F A 9

3.1 Zn0 Wohije) BasEe] BE A71% 54 W

B Ago s Si0y/Si 713 $lol RF-23E ZAXE o] &3to] ZnO vhehS
ATh ZnO ¥Hehs ZF33H7] Mol 7|¢2 o EF wehs g %

o AAHE S §7IAE & ZnkE 29EH X AlsE FEEGa A
o 2% Zn0UN)E Abgetgon E2 A Au Yol ¢ 10° ~10° Torr7HA
AEL FA3AT. ZnO vy =28 98] MFC (mass flow controllers)=
& Are 50 sccm Y% AA| IFEE 5 mTorr® 243193 RE 919
£ 200 W2 3l Zgkzuts BA A7l H, 7@ Zn0E S&357] Ao
ZnO Bl xWe] 2 AS AASY] sl 1 AlRE Ax dn] ~HER skl

I FH MEHE 93 40 # Ax S8t 260 nm T4 ZnO ¥tERS SESh

ZF2bo|l Byt H, ZnO ¥HS IAFstR (thermal oxidation furnace)el] &=+
3] N9t air 97104 600 ~ 800 TolA Z+zF 30 &, 1 A7 2 AT &
oF 32 Ay AT AF-AQ Exy 27 % 3104 HolF )

TZAel EAL XRD (X-ray diffraction, Rigaku D/max 2100 H, CuKa)
7 AFM (atomic force microscopy, SPA-400)o] ¢J&] ZALH ATt FsH4
54L& He-Cd dlol# (A = 325 nmE o7|¥o2 ALg3le] A2oA PL

(photoluminescence) =Ao| 9& FAERAT. AES (auger electron

_13_



spectroscopy)E ©|-&3te]  ZnO ®teje] Atas®=E S48kt Hall 574
= 2ol A 051 T ¢ A7 S17Fske] van der Pauw Aoz SA33
t}. S TLM (transmission line method) s{®e] &) W74 548 H7}
akdtk. 200 ~ 800 /me] tAoZ 40000 wm® WA Al AT A5 AV =2
T&ste] TLM Hjds dAaksleh w=A Alg #£47] (Agilent 4156005 &

=

=

~—

l TLM 61 Z4ste] 1% uAaS Axtaigin.
3 3.1 ZnO ¥tupe] dxg =4
Sample ID | Temperature [T] Time [min] Ambient
N
120 2
B 600 air
C N,
120
D air
E N2
700 30
F air
G N,
60
H air
I 800 N
120 2
J air

_14_



3.2 NH; £971914 %

dly

ARl % zn0 Hete] 54

2 A A= Si0y/Si 713 Yol RF-2=HE FAE o] &3t ZnO vteks
2t glth. ZnO ¥hahs F&sh7] Ao 7|3 ofAlER wehEg & 2
o AHE A FIAE - 2utE 2HE A A RE FEEla B
o 2% ZnOUN)E AHgstglon Z2 A v Uol oF 10° ~10° Torr7HA
AEe FA8 e ZnO e S2S 938l MFC (mass flow controllers)E
=5 5 mTorr® 24333 RF 39
A2 H, 71 ZnOE Sk Al
Zn0 B2l 39e] eAE AA] el 1 AR A v 2HE" gkl

2 MEE € 40 B A& SFEe] 260 nm FA9] ZnO 9SS S}

of

:(I)L_l‘

>

=

o

o

o

[4)]

(@]

(@]

=

g N
A

ol

ol

&

2

N

o=
of

Zzbo] By F, ZnO WS e AAs R (horizontal furnace)ol
sl NHaw 97144 600 ~ 700 CollAl 242k 30 i, 1 AlIRF &<t €48 &
Atk A EAe (pre-annealing)™= NHs #9764 dA2ls7] A Ny 917
oA 700 T &%= 1 At &<t EAe HArh &3t €A (activation
annealing)= NHz Z917]ollA dA2] £ N #97]e4 800 €T =%=& 30 &
S dAE FHAT AFA XY 20 i 3.2004 HolEt)

T-ZAel EALS XRD (X-ray diffraction, Rigaku D/max 2100 H, CuKa)
6 - 20 WA o= 2AHAT Hall 24 AedA 051 T o 4713 <l

7}sle] van der Pauw W2lo2 Z743}3lth PL (photoluminescence) &7

_15_



He-Cd #lo]A (A = 325 nm)E o7|deE ARgste] 77 K, 13 KolA 573
s ¥here] LA RS SIMS (secondary ion mass spectrometry)® 5

43t

¥ 3-2 ZnO ©ee] dx7 =7

Annealing conditions
Sample 1D
Temperature (°C) Time (min)

A as—dep. ZnO

B 30

C 600 60

D 30
30

E (+ pre—annealing:

700 No (700 °C, 1 hr))

60

F (+ activation annealing:

N2 (800 °C, 30 min))

_16_



oAM= Si, GaAs T 243} wlasM oz vig- @2 2A
3 Ao BA, ThE &

q, 27 5 Sabe A W st AL HFE wEAe] Aol v

il
)
o,
ri
2
ol
v
o,
Al
i
o
—
BN
i
o,
N
N
ol
K
i
o
O
O,N

F8F Ao Wrh EW 4714 54, Y44 5HS Bokstn AYTRG B
AZ B e AL AAFEAY, WY /T 5L Beldom g e

o}, AAe] Fx Hr7F WHoR+= SEM (scanning electron microscopy),
TEM  (tunneling electron microscopy), STM (scanning tunneling

microscopy), XRD (X-ray diffraction), AFM (atomic force microscopy) &

o

] 2 AFgE3 Y. MBE (molecular beam epitaxy)E o]-&3F A% 1A
9] #=o A= RHEED (reflection high energy electron diffraction) 5] A}
853l 59, phonon &9 BH7tell= et 3ol AR8H L Qi

Columnar, ®A}o]A7%4e] AA T2 2 T2 SEMS o8& 7t
AR EET RS AFME F=2 ol8sir] dxpede] ATz e
TEMe] AR&H I vt cF¢ 71&7] 3K ASdts 71&7], EFIEE 5=
Z3bste AAAY H7ke= XRDell 93] #H7be o ok 88y 34 v

H
bbb A9, £ A9 59 2% 49

olg® Fx9 H7 of gl = TEMS

ARGl 8T ATk mAag e ASddn 3, wF 54 T Etel

= gk 23939 CL (cathodoluminescence), PL (photoluminescence) %

o] Wo] F= o] &Hi lom FTA Il A= PLYH, FWHAL FEg, 7

T HFEdY T W7 el @ol ol&Ha k. aga A7 54 3
e}

o rE E33HA @8 B BEES =39 A5 Hall effect 54,
SE= AHe] olxd AP 7tx2e] F EA, AF-AYEA, DLTS (deep
level transient spectroscopy)Hel 93t deep level® H7}, 1ga

TLM(transmission line method) & 93t A= v] A3 H7} Fo] P&l A



3.3.1 XRD (X-ray diffraction)

XRD (X-ray diffraction)
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3.3.2 AFM (atomic force microscopy)

AFM(Atomic Force Microscope)®]l#t force sensing tip¥} sample®] 3% ¥
Atolof] ZH8-3h= AAF 7ol o] oldk e ¥ (cantilever)[1]9] w3 S o]&
st (AR oA B4 xH 5SS 39 3% topographyE 374 3)sl=

7172 19 3.3% 72tH2,3]. AFME A 59 #A71FQ EA FHslng &

a9 3.3 AFM %
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contact

e droplst witer droplet

3.3.3 PL (photoluminescence)

Luminescence[4,5]% €12}, &2}, 182 L A Ao 2JF oA ZE <l7}
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3.3.4 AES (auger electron spectroscopy)
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SIMSE o]&3F ¥ ¥40= imaging, ¥4 T4 Y4 A4 2 AHH &2
BTz BA 9 zlo] Wkl 94 B BAQ depth-profile 52 E

ATk AT ol A= positive =2 negative mass spectrum®] 3= %]
€5+ Y% nominal massE ZE o|2Eo|] EAT A5 o] #
& 98liAeE o+ A o] mass resolusion®] H8stth A A5 F*
Ao e A7 W oA fragment patterns ©]-€3FAY dimer, trimer

5 de] dgE A SBFOEN FdE=H olF 9= 10000

1=]
amu g9 A#FS AT 5 = spectrometer’t D &3teh SIMSE ] &3

relative sensitivity factor® ©]-83f= Wi o] dutA o]l o] 23 o]9] Ht
2y Stgo] Y4 wet w9 2 Ed T die JES W] o]

.

3.3.6 Hall-effect measurement

18790 mj=+o] &7 ezl Edwin Herbert Hall& 13 3.63 ¢ xWao =z

19 3.6 Hall measurement 7J&F%=
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(3-8)

V= WE ,= (i BE, V]
ojty. w3k o] 218 thS3} o] FASH HEEA A & ZIHE &= A
o] HEstEE Wt £S5 , AR FEE , TE2EE AFE A& st g
2 = () (enn £, [V] o]JE=
p = TRALLIE B Ry gy (3-9)
ent ent 7
olth, 719X @, =1/en lcm 3/coulomb] & & A2 g},
3.3.7 TLM (transmission line method)
A9 12 "HolA 9l

Zo] (w=100 gm) o] HYH], d ¢ 270e] contacts©]
79~ Total Resistancei= t3 #o] #+& 4= it}
(3-10)

o
=

contactol] A 9] sheet resistance

where, Rsk -
Rsy @ semiconductorel] 41 9] sheet resistance

Lt : transfer length
1:10]

WA Ree Ra) | F77F QAT 49 w9l Wage] 432 gt ¥
o gwglel = AR W B A WA FY
sk,
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R=pLl =p_! (3-11)

R(sheet resist) = WM-/ = pl (3-12)

|
ko)

p = R(sheet resist)xt (3-13)

:JELE’E, sheet resistance®} Ag(R)e] #A= vy 2ol & 4 Ut
T l
xX_ v —
R(sheet resist) W (3-14)

o] AlogHE 99 total resistance 2] S IS F 9l

o

il

= contacte] F70 93 7k semiconductorZb ¢l FEE zbzte] WA &)
I} Zo] Zog yeld 4 Adr}. o7]oA Lp (Transfer length): metal
contacto| A o] A= AulzEA 19 3.73 o] F contact?} total resistance

9] curveE 1¥ 1 intercept #S o & AL & 4 i)

a9 3.7 Aol mE Age] I
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o] w, Specific Contact Resistance®} LrAloloE theaf 7o AA 7 Ayt
o},
pe = Rsg + Lt (&, d>>L1) (3-15)

9 A (3-1003 Rr#bAl 2z =FE yH3e| intercept S Ao z=A
Re (contact resistance)#ts % 4= Utk o] Wl interceptgta 219 Re #
ojt}. o]7]A Re #& AA contact F-9 A S ofw|gith, 1 B=R Re
S} Lyoke] ¥Al=

R-W
Ly = 2 (3-16)
b Ry
o] 218 2](3-15)°l thY3std,
R: .
p. = Rske Lr 1= Reg (L00)7 = oW (3-17)

1714 Rsk = Rsn 2 7} (0} 71AE e =EdA e B 2A& Hole A
o7 Wil 9g&)ste] &3 o] specific contanct resistance (po)& T+
PN

T A

£}

w? (3-18)
R

Pc =
2dkA © & Specific contact resistancet™ U3 o] YeRf o]z}

Rc = pc% (A : Contact Area) (3-19)

Z, Specific contact resistance (po) Zol7F gl oW 23 HH = (A)

contact resistance® H|E vEbdcia s 4= 9t}
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A4 23 2 EZ

4.1 ZnO ¥ehfjo] AAEEd WE 7|8 54 W3

a9 4.1@)% as dep. Z7nO ¥t No9b air B9 7]104 2 AJ7F S¢F I3
g]® ZnO Btete] 9 - 20 XRD ~#HEFo|t}h as dep. ZnO ¥tz Az s
Zn0 Hhe R 2 9 = 344°04 I3z BEEYy, e A

(hexagonal) ZnO ZAA F-x2] (002)Wel <3t A9} UXsH= o)™, ZnO
ghubo]l Si (100) 71 Woll tisf c-F oz FAWEEYS uditt, F& I3
2] o ZnO (002) H3 Z=7F 433 F7etlal A% sl 1
d 4.1 EAHP 2@ wE ZnO (002) WHe] WkxZ (FWHM)9| ¥3he
Bol&Et}, as dep. ZnO ¥Fere] FEWHMe| 1.62° ¢ w¥bH A3 g ZnO vh9t
o] WEX|ZL& 0.2° ~ 0.3°Z2 #asAT. 53], Ny £2710A 1 AlzF 59 &
A2 HAES v, FWHMe] 0.2°%2 7F 22 ghs 7Hath &5 A gl o3
ZnO (002) 9= =7} F74eta FWHMol Z4dkaich o] A4S Ny ¢ air &

2HE A2 7 20 digh Ht ofdWE A7) 9} Al Ht AlE <t (root mean
square, rms) %W AZAV|E 19 4.3°] YERY AT} ZnO whebe a1

Az st 2 Q1o Aol dojubAl Heol dA e el dagle]l Ll
A717F S 78kl
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(a)
'E Zn0(002)
c
S
S sample <J>
T L. ~ air annealing (800 °C, 2 hr)
2
‘»
c
Q sample <I>
= N, annealing (800 °C, 2 hr)
e as dep. ZnO )
30 40 50 60
2 theta [deg.]
0.35 l 2= % “r l
(b) as dep. ZnO
FWHM = 1.62°
_ 030} _ I_ A_
O __-airannealing
J
g "F_}//A/
— ‘ H
=S 025 B - T
T
0.20} / _
~N, annealing
0.15 ' ' : L
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a9 4.1 (a) EA4

Annealing Time [hr]
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9 4.2 800 CollA dxe o W& ZnO H¥reke] AFM #H o]n] A
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He-Cd (325 nm)
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ulo] UV W3 379 FWHME 717} 150 meV, 160 meVeo|t}, o] k& AAH
Ho]AE AL&3 PLDe 98] =z¥ Zn0O9 FWHM %t (187 meV) [8]E.th
o 22 grolth, HESk ZnO vhare] FEAS dolry] 9 WHe UV wga
%{L\‘% HEL'%]_Q] Q}’EHX‘]?_] PL 701—5:1 H](IUV : Ideep—level)'g H]I‘lé‘]'l:— ;4\0]1:]'[9] O]

4
M7k S, Zn0 whete] 3§ Ede] Hold Aelth Ny ¢ air 29171014 45

Aol o wrethe] AlAawE WstE dolry] 9, as dep. ZnO <
Ny ©F air #917]914 800 CellA 2 AlgF F<t dA2H ZnO ¥hdel] o3
Auger AL 9 1 A9E 19 4504 HAFEh as dep. ZnO ¢ 7
G-, AFR(0) s&7F ofd(Zn) sRHEY AR o WAl ofdd AR ] (
I22/10)7F 1.3001A T}, o]= ZnO7F 7+%4 A%-S 713 A4 A9 Y 4bstEol7]
o 2ol vhek el B A4 33 (Vo)ol SA1%he B oF+= Aot 800 T 4
A w971 A2 g Zn0 vk dAE Follk AbA -yl A A Al
o] A3 EAt7] W&o AA(0)e F=7F old(Zn)Y sLRtF von I,./7}
1.16 oAt} whHoll, air #E917]oA dA gk ZnO vhehS E97]&5ed 3
= Qe vtk o] Aha Fe7k SUFsto] 4bAst ofd o] w7t 719 1:10] &

=
At @A gt A FE(p, ol WE ZnO B o] 2k (Vo), obds

(Vzo), I4E 4ka (0), 28] A4 v (Oz) 59 WAA 2e] wistE
thg-3} o] ek 4 Itk 10]

1/20; + Vo = Oo, [Vol o p, " (4-1)

1/20; + Vzm = Oo, [Vl o p, (4-2)

/n; + 1/202 = Znzm + Og, [Zl’li] oC p02_1/2 (4-3)
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1/20; = O;, [0] o p,'* (4-4)
1/202 + Vzn = Oz, [0zl o p,"* [Vinl (4-5)

A7 [Vol# [Vale 77t olest wx &e ihisl ojdl@dse] Fwolt),

[Zni], [O:], 283l [Omls A7 AU ofd, AAF A4

SE7F Aadortts AS yEkin. vbd, A (4-2), (4-4), 18

(4-5)= A= 7t Z71ed Vi, O 283 0,9 s%27F Z7kstsE RS

AR vrye] AbadsREd] wE ZnO e @7]1H 54 ol
Gopdt}. Mgl wWE AV4 5SS Hrtehr)els, el Hall S4&
s9a, AFAE F 410 LT as dep. ZnOE 10%' /aid] =

3 07 Qcnd] R wAFE WLk W, N, 971014 dxjeld
Zn0 ke 107 ~ 10" /emel AAEES o 107 Qe WA
B, air £971e04 EAEE Zn0 B 10" ~ 107 Jare] A=t
F & Qme HIAZE WAtk 53], air B9)7]904 600 Telx EAE
ZnO wieto]l 7hd e AAbset Mg e M-S BT AES Aot
Hlaeh, Zn0 whehfe] 4bs srrh S7bekE W, ko] wiehy Shitow
A3 AfFAAE APATIE AdeTE] #HaR Ad TRV Hasia

H| A &o] 71kl

b
o

o
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I 4.19A48 B9 Az Aol o3 A L W] wE Ad7)F EA
Annealing Sample - Concentration Mobility Resistivity
ype .
ambient D [/cm®] [cm?/V-s] [Q-cm]
A n 3.48%10" 6.39 3.32
C n 1.83x10"° 3.47 1.00
NG E n 7.79<10" 12.77 0.63
G n 4.31x10" 9.87 0.15
I n 4.66x10" 6.26 0.24
B n 5.77x10"° 3.42 31.59
D n 2.58%10" " 4.60 4.14
air F n 8.15x10" 6.41 11.66
H n 9.17x10'° 10.28 7.80
J n 1.68x10"7 4.66 8.06

% as dep. ZnO : (n-type) 6.40x10% /cm®, 3.5 cm®/V-s, 3.45%107° Q-cm

a9 4.6 dAY ZHATIE ARt e wiehg o] Ataw o] WSt o
(@) AAs=, (b) WA Wsfolt}, dagid o 1714 54L& dA
AT dAE 297le o 2 9 ded dr)Ed 542
ARSI T A go] o AbaEwe WatR 2HY S g JoR
Azt

T 478 Zn0 wrepe] dabsio] wid HE H A Wstolrh. A%
AlAE AAsE7E 107 ~ 10" /o ARelol A 20 ~ 2 Qar gho® FA3]
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4.2 NH; E$171904 $4 @A 9§ zn0 utate] 54

% 4.8 as dep. ZnO ¥rery} NHy #9710l 4 dxgld ZnO ¥heke] o
- 260 XRD 2=#Egolt}, o] wj, NH; w9 7]dA & dAee avis gdo}
w7 A8, airet Ny E7]0A F& I 93 XRD S4Z23H11,12]1=
A7rekdtt. as dep. ZnO ¥Et3t NHy 917104 dxjgld ZnO vt 25 2
6 = 34.4° 4 H37F #FEAaL, o|AE WA (hexagonal) ZnO 2
Z9] (002)Hel ofst F A9k dAstE Folm, ZnO Hhute] Si (100) 7% W
o sl c-Fo2 FAWIEAS oulgit). (002) 3 ZFEv 91710 Fasl
o] & A o& Frtste AS = & Atk olF arst N
gk oofyel NHz 9171614 4 Aol osfiA® vtuko] A do] /s o]
Ae HojFEr) 32,98 oA #EE I A= Si (100) 71 o o))

Air annealing

N, annealing

sample <B> 1
(NH_ annealing : 600 °C, 30 min)]

i(002)
M samp le <A>
—Zn0(002) (a5 dep. ZnO)
30 40 >0 %0
2 theta [deg.]

Intensity [arb. units]

% 4.8 NHy #9710l A & A8l & 7ZnO ¥ XRD ~¥HEH
(NH; &9 7]olA & A ads dolr7] 3l airet No 221710l A



F 4.2 NH; 29714 dAzele] o8 ZnO uute] A7]2 E4

Sample T Concentration Mobility Resistivity
ype
D [/cm®] [cm?/V-s] [Q-cm]
A n 6.40x10% 3.15 3.45x107°
B n 2.25x10" 27.54 1.63
C n 2.66x10% 27.75 9.70
D n 1.73x10% 44.41 389.98
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i,
¥
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[
it
=)
Ll
=3

A
stk wlwetd, Ao sRe dAE ARE (30 &, 60 ) 2% (600 T,
700 )9 7kl wet A AASEIAL, BATS AR om Tkt Al
atoltt. olelet @S ZnO ¥t dle] Ao Ajte| ofg Aojgta AztE)
19 4.9% NHz 9171904 dAgell 9zt (a) HEo] 5% (b) HIA ] W
312 wolFEr),

19 4102 NHs #9714 zH2e] 2%ef A7t wel dxes ZnO 4t
2ol 77 K ol ¢] PL A#FEZo|t} as dep. ZnO 3t 600 TolA &g
| MZ Bel C= 247 3.228 eV, 3.187 eV, ZLg|al 3.187 eVelA UV 2%
A7 B v =3 700 TollA Az AZE De 3.212 eVelA UV
uhsg ¥ 327F FEEAT. UV 23 939 9= A WHEkA kA nk I3
glell o3 UV 33 Z=rt Zeixth 53], 700 ColA g% ZnO white]
UV 93 Z=7F 600 CellAl Exgs dhate] UV 93 =Rt E2 a3
Tk NHs 2917114 dAelel ofs] Fde] ZnO uhute] Aozl oz A7he
=3
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3.246 eVelA UV 3 d=z7F #zEQdet. UV 2 939 A= 79
UAIRE Np 2917114 dEA )¢k NHs 917104 5 AA 27k A o] Fof
Hozx 7ZnO "are]l UV I3 =7l A, 28y S Eo Halls A
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~ i
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upx]ut o 2 NHs &9 7]olA &4 At g4 &3t A (activation

annealing)7l o] Ol we] EHE otoluiry TAs AAY} o]Fojl

# 4.3 GA3E A Y7F o] Fox ZnO B A71H Rl 54

Sample Concentration Mobility Resistivity
Type 3 2
D [/ecm”] [cm®/V-s] [Q-cm]
F D 1.06%x10' 15.8 40.18

o
©
i)
e
[-'E
a2
o
fu
o
N,
1o,

O 4.12% AZ Fo 13 K oA 9 PL 2dER 2
ZnO kel A2 PL oA = A4 EcEolt &2 F99 ZIEE5H
AAE =ydl 9& neutral donor bound excitons (D°X) o] $-A&}c),
gy el JAlE 7 =3 ® ZnO BFEo A= neutral acceptor bound
excitons (A°X) ¥3go] FzrEth DX g o]uf A°X e 3.34 ~ 3.38
eV ’flollA & HAw 12 g 9o disiM s FadTvid ofke A
zpol7h EA gk}, Kaminska's [13]2 €48} (thermal oxidation) .2 Noj
=3 ZnO 2Hes dAEaL, 3.360 eVeld #EHE H3Z N JAEH 9
g AX g o HuEd A, Rodina%s[14]& o] A5 DX wgo= A
gatgith WA LooKS [151% Rommelueres (161 77 3.318 eV} 3.315
eVellAl e 935 A°X $goz MAusigivt. 2 A= 3.306 eVel

Aol AR g v A s BESaL, ol & 54 2¥E vEeR N =

_47_



o ]38t neutral acceptor bound excitons (A°X)el] ¢]g o=z Az}
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4.2.1 N =3 HAYS

NH; 725 A4 222 AFEEY No| =349 pd ZnOE A#e v o
w9 Aol oJsk¥, ¥]E NHs 7h2=7F ZnO Bhak o] Sbs el NHy 7h~
N dzte] Jej& s 2ewA FEvia dth(17,18]. oy dAS
A 222H NHy 7haE AREste] AA7 dart =% ZnSe Heol A
dojub= el ofa AHE & Advk Aax =3 RN Fa dAE 4

Azeh A Aol A Azt ofs BAEE A AES S8 A7 A

rr

B>

2 Aol d e BA HAYSFS

N+ h+ H — (NH)° (4-6)

o]} 7o #Ato] NHy 7t2E AFgele] A4S w3 A7 ZnO vho] A%
dojr}(17,18]. wEha] NH; £ 7]ol A dAge] o8] 2taddo] da ¢
A7 w2 XA @ N-H 28 22 Je2 Zn0 2k o] AgtE o]
ZnO ¥ret ol Zn-N-H AgS e f) o)el 45, dats 4 A
ol wiite] M)A o EAst HA R v} wpEhr] pd wkxlo] dojupA] ¢k
L H[A el FrhebAl H= slelth AAvE AAHE @AdstET] fsiAE,
N-H A%s g AlAoKsIL[18], o)Al & dA ] o8 7bsatrt[20].
o] g 17 4.140] YERTE 2 AR Ny 9]7]914 800 T &
2 @43 dAgE IR 1 A7 py ZnOE SIS AYH o=
pd ZnOv &3t A A4S S8 dh AHHE A5 AA Fo2H

T8E 7 U

2
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ZnOy, — &ng, + 1120, + Vy + €

@NH3 annealing

Zhig + Vo *+ NHyg ZNNH+ Hy

_____

¥
Hydrogen passivation

@Activation annealing

ZnNH 2 ZnN +h* + H,

a9 4,14 N &3 fAYS
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ZnO Bty o] Al aS Boltrh NHs 29710 dxestA A

A dAe] (pre-annesling)7} &7 o]Fo]z ZnO et
= PAEAAT, pFOo RO WS HolA] Fdr AR
W o] dojux] ¢k ZnO v Ny 917114 800 € =2==2 A4
3} dA2] (activation thermal annealing) d|Fo =24 pd o=z HEAE S
ot pd ZnO tuke 1.06 X 10" /e ¢ A¥FE, 15.8 ai/Vs 9] o
Tk, 29al 40.18 Qcen®l HIAFRS BT oleldt Wists 243t o
Aol e Aol A Add FATF AAHUAN AAVE S5 ¥

of JAHE &3 Ao HIAT vt =39 pd ZnO o] 13
Kol A3 PL ~FE-A 3.306 eV XA Ha5 B2 4
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