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Application of Pulsed Laser Deposition Method for ZnO Thin Film Growth
and Optical Properties
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{ Abstract [

7n0 epilayer was synthesized by the pulsed laser deposition(PLD) process on ALOs substrate after irradiating the surface
of ZnO sintered pellet by ArF(193nm) excimer laser. The epilayers of ZnO were achieved on sapphire(Al;(;) substrate
at the temperature of 400°C. The crystalline structure of epilayer was investigated by the photoluminescence and double
crystal X-ray diffraction(DCXD). The carrier density and mobility of ZnO epilayer measured with Hall effect by van der
Pauw method are 8.27x1016em™ and 299 cm’/V - s at 293 K, respectively. The temperature dependence of the energy
band gap of the ZnO obtained from the absorption spectra was well described by the Varshni's relation, Ef(T) = 3.3973
eV - (2.69 x 1()4 eV/K)Tz/(T + 463K). After the as-grown ZnQO epilayer was annealed in Zn atmospheres, oxygen and
vaccum the origin of point defects of ZnO atmospheres has been investigated by the photoluminescence(PL) at 10K.
The native defects of Vzn, Vo, Znim, and Oy obtained by PL measurements were classified as a donor or acceptor type.
In addition, we concluded that the heat-treatmient in the oxygen atmosphere converted ZnO thin films to an optical p-type.
Also, we confirmed that vacuum in Zn0/ALO; did not form the native defects because vacuum in ZnQ thin films existed
in the form of stable bonds.
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ZnO=11-VI:% 3Rt HIEA2 A 4204 oyvr]
7tdo] 337eVel AA Hold WA EA LED(Light
Emitting Diodes)""?, LD(Laser Diode)”, Q& z7Y,
Feotd® g5 g4 Zg9%d $g40| 7ldEn

FEHIL Qe ot wepA ¢ Zn0 2R ‘*
Ast7) A a9 £4 A7t gisiA AgEo
23 gtk ZnO AR A% He HA oy FHY,
a7k ~stetg(fsuuttering)®, 228 ol(spray)”, &
8} 7] Z2}(Thermal Chemical Vapor Deposition)''?, &
2} A #A%7)(Molecular-Beam Epitaxy)(MBE)'"” %.0] 9]
of WHE 7hed P& Fo]X FHAUL S AR 5
= L£E(melting temperature)7} =2 YL, ASHE 23}
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& AT As Ba oA FAPOR ALO; 71% Yol
Zn0O 8-S AR 7 on, AA A& B (Photolumine-
science)?] AAJE HrZ(exciton emission) AHE T} o]
% 24 XA 8% F4(Double Crystal X-ray Rocking
Curve: DCRC) RIEX(FWHM)E A3} HE 4319}
A9 Zn0 BH9hE 7n Z7) B Y7, Abd F AF BY7)
AA 27} BAEIT 5 FF AUESS 2e1T o)
of ol2id FH ARt F4 FA FEE AXE(D,,
Xyt 4 wolol L4E AAEA, X)of o7t HAF gt
%72 L(Do, X)2 (Ao, X) E SA H-&(emission)] <]
g PL B2l oW FFE ulXEerte Arech o A
Z(as-grown)d ZnO Brea} ol E9)7lofl A dAjelet 2
el thet AufAl H A¥(point defectyEo] FLF
ol o AFste] o] ATWERRE ZnO wrulyjo)
A" 2T 7| doll diste] =ofstual fict
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2.1 ZnO Hiat Mzt
Fig. 13} &-& B2 o] F& AARE o] §3}e] ZnO
ghuke- st PLD 348 9% el(0 =12mm, thick
=3mm) SHUCE Zn0 2ZHE AG3gch el S8

A& ZnO U4 AL 2tonfem’9] Gefstel X AT &
1150°C, 20h2 AZAsto] AZF859ct PLD 34 9= Lam-
bda Physik ArF excimer laser(LPX110i, A=193nm)E A}
Eot3, dojAY gy 1= 10HzE 1At PLD
345 ZnO BAL 40rpm g SHAF L, HolAe| 9
3 w2 A (sputtered) ZnO AH-E ALO;(0001) 7|39 21
£ 400°CE 1 Hete] 4sgick vhg 7)H|(background
gas)ZA Ar 71RE ARESFUIL, ol go]A oz 100
mJ/pulse®} 200mJ/pulseZ &}o] 100Pa, S0Pa, 10Pa ! 1Pa
of Ar 713 &3t 20,000pulse2 8 3te] 433} %c).

a5 X-A 3] A 7|(diffractometer) E ] &
—\‘?‘:‘Q‘ﬂ(powder method) 0.2 AALR, AzJAE 2=
dotgon, A344L o544 X-A FH(double crystal
X-ray diffraction, DCXD) A 2 A3ttt o] o} X-41

2 54 154249 Cu-Kag AME-5H9C)

2.3 & &1KHall effect)
& AAE 247) S ALAA 4ol A 23k
Ao QI7hE A7l A 02 kG ARA S
E& 293K9 A 30K7tA] H3lA|Z]HA Van der Pauw

HJ“JQ-‘_’A E ATE ZAsq

Hot Wall Furnace

Substrate

Sprocket

Stainless Steet

Motor

Vacuum Sys, G ! (2~5mmlhv)
Quartz Window / /' v Temp. Cont,
Laser Beam Rotator Sys. \/
Pulsed Laser

Fig. 1Pulsed laser deposition system for growth of ZnO
thin film
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2.4 4 Photoluminescence) &H

AZE ZnO HIHE cryostat Yol 2l cold fingero
13, AFoZ uj7)sli He-Cd Laser(Nippon, 325nm,
40mW)E Ao AT g We AXE Y45l
A2 31 (chopping) Y43} ZHX] (monochromator)2 £33}
¢3 Bw 98 PM tube(RCA, C3-1034)2 o} Lock-
in-amplifier2 £-%3}o] X-Y recorderZ 7)E3}4it}. ol
cryogenic helium refrigerator(AP, CSA-202B)Z cryostat
(AP, DE-2025)%] 255 204 A&o2 YeuA =
Aottt

2,5 ZnO Bgfato] HXa| =
49 Zn0 B9E Zn 37] £9)7), A4 R AT
7oA ztzh dAj2lstgict, A R(sample) 2
Al A met AE AE 2AEst
231 BNl & H4 24 Fojo] IAe] 2710R
ket Zn %71 B$171904 dAsl7]) 918 Zn 0.0015g2
AE 37 AHE i) ol ~10%0r AT $28}
AA dEE £olA AF Byt WS(ampoule)2] Zn
71801 10%torr7} Y22 450°Col A} 1A17H5SH A 2)ahg
o}, Ak B 9J7]oA] DA el}y] £18) RTA (Rapid Thermal
Annealing)®] At4: B97]o]A A HL 900°CollA] 55 5
ot gA2 sttt AF ErlofA st YA Al
HE HGBo) Yo ~107t0m = fAFAA YL &
oA FF F4ot] PEE 500°CR 1AHE A3

. ol ZnO A9 dAe AL Table 13} ).

£

3. &8 L

Eat

3.1 Zn0Q| AHYFAX Y Z=4H|
3.1,1 ZnO Hiato| AP X
A QA 24 7|18 % 400°C, 100mlJ/pulse o] A

Table 1 Annealing condition

Sample Annealing Condition

] Zn 0.0015g(450<C, 1hr)
20 : Cu Zn vapour Pressure : 10°Torr
ZnO : oxygen oxygen, (900°C, 5 min)

vacuum(500°C, 1hr)

700 : vacuum vacuum : 10°Torr
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% 4 10Pad] Ar 7[A] ¢testol A AZH ZnO Hhuhe]
x-ray 8|85 Fig. 20] B3t} Fig. 29 A7z
Ej(hkl)= H7H2of 23 8gte] JCPDS(Joint Committe on
Power Diffraction Standards)@} UX|3H= 7F5ololA &
1747 (hexagonal) 2 A= 9SS & 5 AT AR
+ Nelson Riley B4]o] olsjo] ghe A4kgt 5 oiby™®
o7 ot A3 AZeE a=3.245A 1 ¢=5.2054 0|9
th. o] gHE2 Chen 50" B3 A7} 444 a= 3.249 A
B c=5.207AT & AT & 4 Uik

3.1.2 TA 3joJx Z2HPLD)Holl Jst ZnoHatel

N& =7
H AT O

PLDY ol &%} ZnO ¥}t 432 ALO; 7|89 EaES
AAS7) Hstol 7|8 SFEhE4 81, 100ml/pulse o]
A odz]8l 10Pad) Ar 71A GEHstolA Y] 2xE
380~420°C= W8I 7| A Ad7st et Fig. 32 100mJ/
pulse o]} o] @ 10Pa2] Ar 7]¥] gHslo)A 7]
o) LEE 400°C2 sfof 443 ZnO uhate) sk A3
Edoz 10KY o 357.9nm(3.2983eV)oll A AAE o}
ol 7 st yebuttt. AR Eof o3t &
& 2ol AL Aol oA w5 9l
A% whko] Fo| ofsghe £t H4AE Zn

A% X-A 8A 34A(DCXD)Y BREA(FWHM)
A3t A3}, Fig. 49 7o) 100ml/pulse o)A o1 7]
OPas} Ar 717 & 3loll A )39 £x7} 400°CY
FE2) kol 289arcsec® 7H Aottt ol2et £ An
P8 ZnO ueke} A 44272 100ml/pulse o] of
U2l 9 10Pad] Ar 7|4l FEstol A 7]2he] 2x71 400°C
4 & 4 AUSdch oldf A4 ZnO BHo} 1S Fig. 59

o)}

o & > |
i ol
JE L > e

o

=
_ﬂ‘
E
=2
9]

=)
S e

AE i

T
]

‘

R 1
ooy L8 ~‘
3 .
€ .“l i
g Yol s
£ “[i s ..
= 50 [ by e
u il g ¢
= ‘ ~ "’ v :
= ), 1 |

B XN ¥ 0 ¢

N % O & N
DIFFERACTOIN ANGLE (28)

Fig. 2 X-ray diffraction patterns of as-grown ZnO
thin film
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T3}, 7|9 LEE 400°CR dto] A3t ZnO 2hafe] =
420°C
- {DoX) 10K

as grown; ZnQ

-r

380 °C
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Fig. 3 PL spectrum at 10K for various substrate tem-
perature of ZnO thin films
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Fig. 4 Double crystal X-ray rocking curve of ZnO thin
films measured growth temperature of substrate
of 400°C
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= a-step profilometer 2 %)

(1] A~
& 4 Uitk

23, 2.9m= 4

AEA

3.2 ZnO H48lo| £ S7H(Hall effect)
AAE ZnO 89S van der Pauw H¥log & 1S
293K oA 30K 7t &= WEhg A £33 e o
F& 1 32 Fig. 60 Yeyglch. Fig. 604 Hiznpel 2
o] o] % (mobility)7} AL A= 299cm™/V - sec G0

Fujita'"¥2] Z3}e} o] 77K o4 293K 7HA &= Az} Al
(lattice scattering), 30K o)A 77K 7tX]= 48 AgH(im
purity scattering)el] 71913t Aoz AR H}h SHkA} Bk

(carrier density)= 2% 1/To] ti3t &2 4= Fejof wpzt

£ AR

Fig. 5 Surface morphology of as-grown ZnO thin film
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Fig. 6 Temperature dependence of mobility for ZnO thin
films
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_10F® Table 2 Peaks of optical absorption spectra according to
’g o temperature variation of ZnO thin film,
> [e
.'?;: - o Temp.(K) Wavelength(nm) Energy(eV)
] - 293 367.9 3.3701
£ | e 250 367.5 33737
z % 200 366.7 33810
=t ° 150 366.0 3.3874
= °o . . 100 365.5 3.3921
= 77 365.3 3.3940
< 3 50 365.1 33958
o 20 25 35 30 365.0 3.3968
TEMPERATURE (10%/T) 10 364.9 33975
Fig. 7 Temperature dependence of carrier ensity for ZnO
thin film g o[ A& ool Table 20 w4t
Fig. 9= ZnO 8F79] T4+ o] 9J3t direct band gap
Hala 9lglon o] o] &% 4o thdk n S Fig 7 9] & o]&AL vteh| T 9t} Direct band gapd] &%
# Zrt. 243} oY A Eg & nocexp(-E4/KT)Z H5 Fig, 924 Varshni2] ¢l
79 In ngt £ UTo] BE 71871014 78 B3} S8meV
o o = = ° 2
Atk B2 & 53 3gesny & ASE) 9 o EJT) = E0)— 45 )
o] A ZnO BHare. SA(self activated)o]] 7] ¢late n & ¥He

S50
Ade & 5 A+

& 2 WESEAL Qltk o714, E0)= 0K o] 3), a
9} pi= Abgolm, E(0)& 3.3973eVoll ak 2.69x10*
3.3 Zn0 Higte| B4 AHER} FUY A HEH eV/K, Bi= 4635K 3Tk,
3.3.1 ZnO Hiate| FEs+ AHEH
ZnO urute] 2o WEE FF4 AHEYS 293K 3.3.2 of Mzt=(As—grown) ZnO Bia} ZHdtad Am|
A 10K7HA] =2 WstA 7| A A 245t an. 89 B =]
ot BE AfEFGORRE 2APEY YR (hw)ol o Fig. 102 o 425 ZnO ghute] 10K A £33t PL
sbe &4 Ag (08 L (ahv) ~ (hv-Ep) o TA =5 AHERE e glot. Fig. 1004 e 29
~ @ 1. 293K 6. 77K ; 3.40
2 2. 20K 7. 50K o
Z .l 987654 3 2 1 BEKAK =
£ e L4 S =
< <
s =
; " E ELl0) = 33979 eV
¢ 4
Z = a - 260x10 "eV/K
: ® ; B - 463 K
S =
7:’ (U1 Z
5 = 337 A
o 150 300
% T o TEMPERATURE (K)

WAVELENGTH (nm) ) _
Fig. 9 Temperature dependence of energy gap in

Fig. 8 Optical absorption spectra according to temper- ZnO thin film(the solid line represents the
ature variation of ZnO thin film Varshni equation)
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Fig. 10 Photoluminescence spectrum of as-grown ZnO
thin film at 10K
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9} 371.4nm(3.3385¢V)9] & o
E(free exciton emission spectrum)o]t}, 21§ x| =L
&5 AR AL AT #E5 ey 7HHAY Y WAt of
YA o 744 o] qUAE 2 FAR o7|HE A=
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hv = E, — E&® @
7|4 Eg= ofvA A, ELeE A4 2ol X (free
excition binding energy)°|T}. A ()2 ¥ 10Ky, 9
Yz o 74 E.2 3.3975eVE 8to] 1§ 2% o
z+zh B 0.059eV 2 A Hummer' 7} HEARS (reflecti-
vity)2 Fg Ak AAE AF o A(exciton binding
energy)?l 0.06eVe}l A 2] A z)gtet. 371.4nm(3.3385¢V)
9) It Bogle 2§ A E(free exciton)Ex)e &
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2= 919lch 357.9nm(3.2983eV) e} 382.4nm (3.2422¢V) 9]
£9-g= dufel AXAE ¥Z(bound exciton emission)
o2 oAA gl X E(bound exc1t0n)—;
=X 2o A% Z7)(donor)} ¥l (acceptor)o] A&

B0 T4
| E(free exciton)o} &HiEo] 1 FHPEE S5 74]
£33 (bound exciton complex)

Ttk gl A E

7 2B o A7 SHAHEY L 2 A A Efree exc-
iton) 2o} Auatiof el ¢elel A E(bound exci-
ton)o] At A2 o) & EE FAHphoton)d] oA

£ e g

!

AWHEZ
—a--

>

]

hv = E, — EL® — E& 3)
o7]4 EEL Yool AAE Ao A (bound exciton
binding energy)oich. 7} A8 A712] 357.9nm(3.2983
eV)9 298 = 24 7 Hufol A E(neutral donor-
bound exciton)?! VOo] 7]1918}H= AAE 1Dy, X)¢1 AL
2 47, 4 ()2RRE 23 370 Gulel AN E A
o] ] A (donor-bound exciton binding energy)+= 0.0402eV
& & 4 91913, Haynes ruleo] 9Js}od EBX =022
209 0|28 oA Engpol 020162 2 4 )
b PL 292 382.4nm(3.2422eV)= $4 ofd wixjz
(neutral zinc vacancy) Vz,'9l W7ol 1&H AXE I,
(Ao, X)2.2 HUth 1,9 o4 hv= 3.2422eVolR 2 4]
(3ol Qa)A, Vz <l W Hh(acceptor)oll T&E A A Efexc-
iton) 1;(Ag, X)& Aol A(binding energy)r= 0.0963
eVY& ¢ 4= Stk Haynes ruled] 2|3} E“ =012
Ej 757 719 o] 23} ofuf A+ 0.963eV? % & 4l
ok B3 1(Do, X)oll 78k %'——‘%ﬂﬂ 7P SAsHA o

Bt A8 & 53 2HYAH n¥S Yebd Ay A3t
ojuf Fubst Hog Aj7]9 grEX|(full width half maxi-

mun: FWHM)Z}-& 6.5meV gt 390.4nm(3.17580eV) &
S 2727l B(donor-acceptor pair; DAP: Po)o| 7
Aoz ol FIHPL) 2020\, 400.9nm(3.9260
eV)& DAP-replica Py, 405.9nm(3.0545¢V)+= DAP- rep-
lica P50t} 415.5nm(2.9839¢V)
(S.A) FLF g2z AzHch

BO9L self activated

3.3.3 ERI2IS ZnO Wiolo) R AME
ZnO kg 450°C2) Zn B97100 4 1417 54 242

tof, 10KA £4T g AHEHL Fig. 110 BY
oh. dAF olHY 10K o] FUF AHER Fig. 1034
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WAVELENGTH (am)

Fig. 11 Photoluminescence spectrum at 10K of undoped
ZnO thin film annealed in Zn vapour

H| w3 Fig. 11014% I 2929} SA emissiono] 2J3t
202 Holk Y& Uabroad PL) E9217} old] U
A okw 9}, ofd HlAE](Zine vacancy) Vzns Vo,
Voo @ Vi 7b Q3 Vi'2 F4 ofd Y12} (neutral
Zine vacancy)eh RECT 2wy v, 0o 248
A E(exciton)(Ao, X)ll o] LFE BXEE 102 B
Asted 1 o] Yehta] ofe AL Zn 297194 dA g
2 7Zn9] "z (vacancy) Vza' 7} ZnZ YA 1 Vo, 7h ¢
oA, Vzo'o 45 AAE(As, X)7k @719 [o] Yeht
A Gevha wgEh Aol A3k ofH ELES b2
E7]8}L Io7} o] 23450, 102t E7|8}A, Vzu ¢ 1o
AT (Varlo)' o) ) @7 F41S SA centerd} #4]
3l3l, complex acceptorgtile A ST} Zn B7)0 A
AR VaTsite7t Zn2 AYAL, (Varlo) ' 9]
SA center’} ¢loJ A complex acceptor7} A 7}A| ofU &t
SA YZ(emission)o] <3+ Zy& g H.0.8|(broad
PL peak) = WehiA] Qhethi Bt Zn 291719 FAe
2 13 oJHRT F7-8t7) #(donor-acceptor pair: DAP)
AAZl 93t g B2 A7t o S7HE AAY B
At Zn #817191A EA st EH WHf(acceptor)2] <
7h S7HAL, F7i(donor)d] £ AZRE © go] A
DAP %929 47|17 o Z7kshgicka 2,

ZnO =g Ab4 9471914 900 °CollA] 58 FoF I
2aba} 10 KojlA] &35t 3ahg ABERS Fig. 129] &
Rtk Fig. 12014 2 s}s} 20| I 2927} yehiA) of
Ustgich 24 Ab4 A} 2i(neutral oxygen vacancy) Vo'
Ql 7l(donoryol} F4&H AAE(Dy, X)of 23t PL L%
28] L7h gloldl AL Abd BY7jol A Dz st Vo'of

wOOART
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Fig. 12 Photoluminescence spectrum at 10K of undoped
ZnO thin film annealed in oxygen
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A71A B et gloj 2|2 a1, AA = o] M) mof
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A SA emissiondl] 9j3F Zo| W& E-2-2|(broad peak)7}
UEfLlR) grotof Biot. e, Abao A dX sl SA W
Z(emission)y5-$-2] 7} UEfka gl

322 ZnO grE AFofAf 1A417F F4F 500 °C
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Fig. 13 Photoluminescence spectrum at 10K of undoped

ZnO thin film annealed in vacuum
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