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Process Optimization Approached by Design of Experiment Method for
Ga—doped ZnO Thin Films
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Abstract - Design of experiment (DOE) method is employed for a systematic and highly efficient optimization of

Ga~

doped ZnO thin films synthesized by pulsed

laser deposition

(PLD) process. We sequentially adopted

fractional-factorial design (FD) and central composite design (CCD) of the DOE methods. In fractional-FD stage,
significant factors to make conductive electrode are found to target-substrate (T-S) distance and oxygen partial pressure.
Moreover, correlation among the process factors is elucidated using surface profile modeling. Electrical properties of the
GZO films grown on a glass substrate had been optimized to find that the lowest electrical resistivity of about
1.8'10"Wem which was acquired with the T-S distance and the oxygen pressure of 4 cm and 7 mTorr, respectively.
During the DOE-fueled optimization process, the transparency of the GZO films is ensured higher than 85 %.
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1 Step : Fractional design
(two level, four factor)
- reduced factors, obtained single eq.

l

L Experiments (screening designed table)

PSA (path of steepest ascent) through
single eq. with the significant factors

}

2 Step : Central composite design
(three levels, two factor)
- to search optimal plot

l

Experiments (CCD designed table)

DOE analysis
(factors interaction, surface plot)
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Fig. 1 Design optimization of PLD-processed for GZO thin
films growth.
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Table 1 The factors and levels of PLD process condition for
fractional-FD.

Factors Level 1 Level 2
Gas pressure (mTorr) 20 40
Substrate temperature (C) 200 400
T-S distance (cm) 4.5 5.5
Energy density (J/cm?) 1.39 1.54
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Fig. 2 Main parameters plots of resistivity for fractional-FD
(a) T-S distance, (b} process pressure, (c) growth
temperature, and (d) laser density.
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Table 2 The factors and levels of PLD process condition for
CCD with fixed temperature (300 °C) and laser
density (1.46 Jlom?.

Factors Levell | Level2 | Level 3
Gas pressure (mTorr) 4 7 10
T-S distance (cm} 3.5 4 4.5
4.0 r . 28 1.8
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Fig. 3 Resistivity, mobility and concentration profiles of GZO
thin films as a (a) oxygen pressure, and (b} T-S
distance by CCD design.
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Fig. 4 Surface modeling of GZO thin fims resistivity
depending on T-S distance and oxygen pressure
with fixed substrate temperature and energy density
of laser. The insets show plots of resistivity as a
pressure and T-S distance (a) with fixed T-S
distances of both 3.5 and 4.5 cm, and (b} with fixed
oxygen pressures of both 4 and 10 mTorr,
respectively.

£

g olg] g ol f& GZO #t ol gl Aa Z2E el I
A Agol FkslE Aoz AWE ¢ UvH[IE] 29
3(b)e T-S Agle] Hldste Age HEE BoFa glal
o] W) A B¢ 7 mTorr® HAAA FHU o3 2
Fe Aoz g T-S AZdA #HolA ZAIZ A&
bAoA dAE YAES 22T EF5ANUAE A H
3 o] wE ZnO B Ol Gaol X 8¥ AXE galslr]d
223 qUAE X7 dEer FAHHT EG o
olFE w¥o AFSE AL YE WS FAL ORE 4F

P 28 ofgo] Qlth olEg A¥EL HQl Aoz
7t ARVHM o] 2B EE Atghe] Zhho]| 3k FE Ao
2 Bud v vk [16]

Hege 43 BAE £ o AEsA gotry] $isd
surface modeling W€ AH§3tith. 29 49 CCD W
o2 dA B AA Bt T-S A o9& wuk A3t
surface profilezt s YERIYT. HHol AL 44 ESfol
7 mTorrol3 T-S A#7 4 cm ¢ A& #H0E & A
o] o Zimke] &%t wolAe AL YRE DAANA ¥
th 29 49 JWEIHAA @ T-S AZE 47 45 cm
9} 35 cm & ZAANA %L A9 h Egel ©wE A
F9 BANT (b)E A2 B2EE 4 mTorrs 10 mTorr2
TRAANA ¥UE A$Y T-S Adel wE Ao #AE
ettt 29 49 (@)ddAE T-S ARt 77 n 4k
A Bgpo] ol Ago] s AL B £I g

o aga o] wf ehle] #lojdE xASHEE ¢ EANE

o I

i o M

A



o
.
X,

S

i)
lo
ok
S
~
e
%
S
2
9,
52
s o
o o,

fetd o

de e

]
o
rlo
104
oo g

f
R
i)

e}

do b el

N
)
g

rr

o
o
p
et
o

L
T
(o3 l\j
2

i:9
0%
il

R L
b
o
i

Bt

AL
rlo
2

b PAVIRY
2
o

rot S £

2
2
i
>
He o
2
=2
v
off
i
2
ml
ot

rl

,4
2
o
N
)
>
X,
i

g0, o
rlr
of ©
1@t
2

e g,

o
|

b

It

N
N
2L

O

Lo
oz
N }01‘
ofy
it
frt
L
N
0odr o>
rir
A Ho
oft
2
TRy
)
o,
N
)
B
il
N, re 2
ol
E?l 02: jincd
Mo
RO AT N S R Y ST

9] ool

e FHe T-S Ag e

A ¢ ATk 2 49 (b)l

o] A¥yt T-S Azl A

©] 4 mTorrefl A 10 mTorr&®
‘I‘

dor
2z

ot
X
z 2
i,
vl

i
A o
1=
19
o
o ot M

)

ox &
o o
frt
%)
N
e O

al

B
=
o

B
X
e o
ofl o
Ao
olX

2B
-91'4

22

L
paca
o

=
IRA=Y

o,
i)
o
s
Ho
at
2
tlo WL 12 0%
B
i o
1
3™
L
o w # fo
32 £l 2
o
Y0 Ly
ot
}E rir -
o
o i
i & o

T
)]
N
O
Z
)
il
rlo
NS
)
>
o
o2
a8

e
2
-
2
R
rr
g
-
)
o
i
o o
QL
8
Ho
L)
A
fas]

=
2
I o
2
)
2

py op
of
ol
4
ofl A
ol o,
o o

9]
N
@
=
ia]
i)
tlo
ox
o
oft
e
38
i
N
o [

,_.
(0.8}
X
o
[aw]
L
O
(¢}
=
lo
=
Y
oSt
o
N
)
rE XN Q) e
Y
B,

fo oir

)
B
ol

ot
rE
]
o
ue)
s

Hu 1o i
N

©
)

14

o

ﬁoﬁmm o
ji:

z [0
_IEHU
At

;-]

o S

fr

1o

{o3

E‘O}molﬂ
e
—
NS
N

F{E‘E‘L\‘J‘

e o
ol
4o T
f

o
o T2
ot
ok
r
N
o

=
%

o
o
=:
B
i
!
.
0

& o
o,
32
o
N
ol
e
r
)

o
L
o,
T
o rm
o}
oX,
N
m
rlo
>—1} i
w
Y
B Mg o

GZO Hrite] Z

Het g FURP BEAA 4¥e Foiol UAY
oz 44T vlolH Ge BE A7t Mo ok
A sy olde ARse Hgon AgH W
Az BRA QoiA AGAL el ARHA T 2AL 2
EARE AEYS BT ¢ AYT

Aol 2
FEsfet)ed e WA

92 o} o[ Fold EEAYT

By

2 2 o2 o

[1] R. F. Service, “Organic LEDs Look Forward to a
Bright, White Future,” Science 310, 1763, (2005)

(2] T. Minami, “New n-Type Transparent Conducting
Oxides,” MRS Bull. 25, 38, (2000)

[3]1 D. S. Ginley and C. Bright, “Epitaxial Transparent
Conducting Oxide Films by PLD,” MRS Bull. 25, 15,
(2000)

DOE o o3t Ga ®7tEl ZnO ghetel

ol
0%
B

\

Trans. KIEE. Vol. 59, No. 1, JAN, 2010

[4] A. Suzuki, T. Matsushita, T. Aocki, Y. Yoneyvama
and M. Okuda, “Micro-Textured Milky ZnO:Ga Thin
Films Fabricated by Pulsed Laser Deposition Using
Second-Harmonic-Generation of Nd'YAG Laser,”
Jon. J. Appl. Phys. Part 1 38, L71, (1999)

[5] R. G. Gordon, “Criteria for Choosing Transparent
Conductors,” MRS Bull. 52, 15, (2000)

6] J. Owen, M. S. Son, K-H. Yoo, B. D. Ahn, and S.
Y. Lee, “Organic photovoltaic devices with Ga-doped
7Zn0O electrode,” Appl. Phys. Lett. 90, 033512, (2007)

[7]1 L. Raniero, 1. Ferreira, A. Pimentel, A. Goncalves, P.
Canhola, E. Fortunato, and R. Martins, “Role of
hydrogen plasma on electrical and optical properties
of ZGO, ITO and IZO transparent and conductive
coatings,” Thin Solid Films 511, 295, (2006)

[8] S. Fujihara, A. Suzuki, and T. Kimura, “Ga-Doping
Effects on Electrical and Luminescent Properties of
Zn0:(La,Eu)OF Red Phosphor Thin Films,” J. Appl
Phys. 94, 2411, (2003)

[91 A. Segura, J. A. Sans, D. Errandonea, D.
Martinez—Garcia, and V. Fages, “High conductivity
of Ga-doped rock-salt ZnO under pressure: Hint on
deep-ultraviolet-transparent conducting oxides,” Appl.
Phys. Lett 83, 011910, (2006)

{10] S. J. Hong, and G. S. May, “Neural network-based
real-time malfunction diagnosis of reactive ion
etching using in situ metrology data,” IEEE
transaction on Semiconductor Manufacturing 17, 408,
(2004)

[11] J. H. Kim, B. D. Ahn, C. H. Lee, K. A. Jeon, H. S.
Kang, and S. Y. Lee, “Effect of rapid thermal
annealing on electrical and optical properties of Ga
doped ZnO thin films prepared at room temperature,”
J. Appl. Phys. 100, 113515, (2006)

[12] L. P. Ooijkaas, E. C. Wilkinson, J. Tramper, and R.
M. Buitelaar, “Medium optimization for spore
production of Coniothyrium minitans using
statistically-based experimental designs,” Biotechnol.
Bioeng. 64, 92, (1999)

[13] T. Lauinger, Jens Moschner, Armin G. Aberle, and
Rudolf Hezel, “Optimization and characterization of
remote plasma-enhanced chemical vapor deposition
silicon nitride for the passivation of p-type
crystalline silicon surfaces,” J. Vac. Sci. Technol. A
16, 530, (1998)

[14] D. C. Montgomery, Design and Analysis of
Experiments, Wiley, NewYork (2005)

[15] J. Haverkamp, R. M. Mayo, M. A. Bourham, J.
Narayan, C. Jin, and G. Duscher, “Plasma plume
characteristics and properties of pulsed laser
deposited diamond-like carbon films,” J. Appl. Phys.
93, 3627, (2003)

[16] E. TFortunato, V.Assuncao, A. Goncalves, A.



Ho1es =

Marques,

2% 59¢ 15 2010¢ 1€

H. Aguas, L. Pereira, 1. Ferreira, P.

Vilarinho, and R. Martins, “High quality conductive
gallium-doped =zinc oxide films deposited at room

temperature,”

Thin Solid Films 451, 443, (2004)

[17] P. R. Willmott, and J. R. Huber, “Pulsed laser
vaporization and deposition,” Rev. Mod. Phys. 72,

112

315, (2000)

20003 @A AW A7) AAA R
283 ey A 37 2 S=oE)
£374 sdA

T IRURN

1996\ Colombia University F& A}
(g &)

199613719983 University of Illinois at
Urbana-Champaign (UIUC) BALE 4+
19981171999 University of Illinois at
Urbana-Champaign (UIUC) AE< 74
19999~ 8 A Eadgw IHRE AV

AARAFEHYE w5

of &4 &H (X #M 3
19861 AAM g FHrlFed AL
19909 45 Y0l dept. of ECE A A}
19923 F&£F Y dept. of ECE ¥hA}
199313719959 T AAFTAA 7Y A
a+4
1995472007 Mgt M rpAa-Est

SR

20029720033 Los Alamos 974 &4
AT+
00748 A #=Hgviedrd AGd

74



