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Indium tin oxide thin films grown on flexible plastic substrates
by pulsed-laser deposition for organic light-emitting diodes
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Transparent conducting indium tin oxiderO) thin films were grown by pulsed laser deposition
(PLD) on flexible polyethylene terephthalgfeET) substrates. The structural, electrical, and optical
properties of these films were investigated as a function of substrate deposition temperature and
background gas pressure. ITO filt300 nm thick, deposited by PLD on PET at 25°C and 45
mTorr of oxygen, exhibit high optical transpareney87%) in the visible(400—700 nmwith a low
electrical resistivity of 10 % cm. ITO films grown by PLD on PET were used as the anode
contact in organic light-emitting devices. A luminous power efficiency-&f6 Im/W was achieved

at 100 cd/m, slightly higher than that~1.5 Im/W) measured for the control device based on a
sputter-deposited ITO on glass. 2001 American Institute of Physic$DOI: 10.1063/1.1383568

Indium tin oxide (ITO) thin films deposited on rigid demonstrate the use of these PLD grown ITO films on PET
glass substrates have been widely used as transparent c@s transparent anode electrodes for OLEDs with improved
ducting electrodes in many optoelectronic and electro-optiduminous power efficiency.
devices such as solar cells and flat panel displays because ITO thin films were deposited on PET substrates using a
they combine attractive properties with respect to visibleKrF excimer laseLambda Physics LPX 305, 248 nm and
transparency and electrical conductiVitydowever, glass pulse duration of 30 ns Details of the film growth condi-
substrates are unsuitable for certain applications such as eldéons have been published elsewh&fe*The laser was op-
tronic maps, smart cards, and portable computers where flegrated at a pulse rate of 10 Hz and the laser beam quality was
ibility, weight, and/or safety issues are important. Glass igmproved by passing it through a spatial filter. The laser
very brittle, cannot be easily deformed, and is too heavyPeam was focused through a 50 cm focal length lens onto a
especially for large area displays. These disadvantages c&@tating target at a 45° angle of incidence. The energy den-
be overcome using flexible substrates, which are robusgity of the laser beam at the target surface was maintained at
lightweight, and cost effective. For these reasons, flexiblel-2 J/cm. The target—substrate distance was 5.8 cm. The
plastic substrates have been used in passive and active mati¥9et was a 2-in.-diam by 0.2-in.-thick sintered oxide ce-
displays such as liquid crystal displdyand polymeric and "amic disk(95 wt% In,O; and 5 wt% Sn@ 99.99% purity
molecular organic light-emitting diodd®©LEDs).3-¢ supphed by Target Matengls, Inc. The PET.substrate used in

Optically transparent plastics with high glass transitionthis research was supplied by Dupofielinex STS03,

temperatures are desired for many optoelectronic devices. |Which is heat stabilized to give excellent dimensional stabil-
addition, they need to withstand the growth conditions of!ly at temperatures up to 150,00'

metal oxides while maintaining their mechanical and optical Th? OLED structgre consists of a hoIe, trgnsport layer of
properties. Polyethylene terephthal&&ET) has been widely N,N'-diphenyl-N, N-bis(3-methylphenyll,1"-diphenyl-4,4

used as substrate materials for the growth of transpare jamine, and_an _electron transport and emitting layer of tris
conducting oxide thin film&® A resistivity of 10 -hydroxyquinolinolatp aluminum (Ill'). The cathode con-

X 10-4 O cm was reported by Minanet al? for ITO films tact deposited on top of the electron transport layer is an

: alloy of Mg:Ag (ratio=12:1 by weight. Details of the de-
grown by dc magnetron sputtering on PET followed by an- . C O i 5 i
nealing at 150 °C for 100 h, Mat al® obtained a resistivity "/ fabrication are described elsewh&é®After the depo

of 7X10-*0 cm for the ITO films deposited on PET sition of the organic layers, the Mg/Ag alloy was deposited

o . . through a shadow mask by co-evaporation from separate
at a substrate temperature of 180 °C using reactive evaporgs o< The active emissive area of the device mm
tion. Kulkarni etal® reported a resistivity of 12-25 '

i , X2 mm. The current—voltage—luminancé—{/—L) data
-4

?<10 {2 cm for ITO films coated on PET using it §putter— were taken in N atmosphere using a Keithley 238 current/
ing. We report here a study of the electrical, optical, an

) . _ oltage source and a luminance mefglinolta LS-110.
structural properties of ITO films deposited by pulsed laser

” . . Figure 1 shows a plot of the ITO electrical resistivity as
deposition(PLD) on flexible PET substrates as a function of a function of oxygen partial pressurB4,) during deposition
2

substrate temperature and oxygen deposition pressure. S films grown on PET substrates held at two different tem-

peraturesT, (25, 100 °Q. It is clear that the ITO resistivity
dAuthor to whom correspondence should be addressed; also at: School very sensitive to the oxygen partial pressure. Low values
Engineering and Applied Science, George Washington University, 725 ¢ & i : :
23rd Street, NW, Washington DC. 20052: electronic mail of film resistivity can be obtained only in a small range of _
hskim@ccf.nrl.navy.mil oxygen pressures between 40 and 45 mTorr. The decrease in

YElectronic mail: kafafi@ccf.nrl.navy.mil resistivity with a decrease iﬁoz, from 70 to 40 mTorr, can
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FIG. 1. Resistivity vs oxygen partial pressure during deposition for films
deposited on PET substrates held at two different temperat@fesand 0nm

100 °Q. The film thickness is about200 nm.

be explained by the change in the number of oxygen vacan-
cies in the deposited film. Decreasing the oxygen partial
pressure increases the number of oxygen vacancies in the 20
film leading to an increase in free electrons and a concomi- (b)
tant decrease in film resistivity. Resistivity values of 7
X10"*Qcm and 4.X10 *Qcm were reproducibly ob- FiG. 3. AFM images (2umx 2 um) of (a) the bare PET substrate afta
tained for ITO films deposited at 25 and 100 °C, respectively!TO film surface grown by PLD on the same PET substrate, show@)in
A strong correlation is observed between the oxyger© film was deposited al,=100°C andPo,=40 mTorr. Note that the
d ition pressure and the electrical and optical properti scale in thez d|rect|on_(50 _nm/dlv) is g_reatly expanded Wlth respect to the
eposi ) P A o< p . prop . &Rales in the andy directions(1 um/div.) and therefore, in fact, the crys-
of ITO films. Figure 2 shows the variation of electrical resis-taliites are flat and broad in the lateral direction.
tivity and optical transmittance as a function of oxygen depo-
sition pressure for ITO films deposited on PET at 100 °C. ) ) )
The resistivity decreases rapidly with increasifg, to 40 by x-ray diffraction(XRD). The Iattlge parameter, calculatgd
2 . from the XRD patterns of ITO films grown on PET, is

mTorr and then rapidly Increases W'th.a furthgr increase "10.163t 0.056 A, which is larger than the Joint Committee
P02 up to 70 mTorr. The optical transmittance increases rap-

. . on Powder Diffraction StandardidCPDS value of 10.118
idly as Po, increases up to 40 mTorr and then becomes 1€sR16 o he 1n,0, powder. The increase in the lattice param-
dependent on th®o,. This increase in resistivity witlPo,  eter of the ITO films can be explained by the substitutional
might be related to the improvement of the film crystallinity incorporation of Sfi" ions into In" sites and/or the incor-
with Po,.*2 poration of Sn ions in the interstitial positions. This increase

ITO films grown by PLD (Ts=125°C and Po, in the lattice parameters may be also related to oxygen
— 40 mTor) on PET substrates are observed to be crystallingeficiencies™*® and strain due to thermal expansion coeffi-

cient mismatch between the ITO film (&30 6/°C)'° and
10’ 100 the PET substrate (2210 %/°C).

o Figure 3 shows two atomic force microscof@FM) im-
- u ages (2umx2 um) of the bare PET substrate and the ITO
Lotk / film grown by PLD on the same PET substrate. The ITO film
was deposited al;=100°C andP02:40 mTorr. Prior to

AFM measurements, both samples were ultrasonically
cleaned with methanol and then blown dry with nitrogen gas.
The rms surface roughness of the bare PET substrat®is
nm while that of the ITO film coated on the same PET sub-
10°F ¢ strate is~2.5 nm. Films deposited by PLD on PET show a
P 120 )
— reduced rms surface roughness compared to their bare sub-
strates indicating planarization of the underlying substrate.
ottt e e e g This planarization effect was also observed for films grown
0 1020 30 40 50 60 70 by PLD on glass substratés:® The grain size of the film
Po, (mTorr) shown in Fig. 8b) is observed to be 100—-150 nm.
) _ _ o _ We have used the above PLD grown ITO films as an
FIG. 2. thlcal transmltt_ance and'e_lectrlca_l re5|st|V|ty_as a function of oXY-anode contact to fabricate OLEDs and measured the device
gen partial pressure during deposition for films deposited on PET substrate. . . .
During deposition the substrate temperature was kept at 100 °C. The filrﬂ_)erformance- F'gure_ 4 shows comparison of the Chara(_:ter's'
thickness is about-200 nm. tics of current densityfJ)—voltage ¥) and current density

pm
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— T s 2000 In summary, ITO thin films have been deposited by PLD
1000 ':;::::“'::;Z;sm oooO / . on flexible PET substrates. The electrical, optical, and struc-
— ITo/glass K oooo /' NE tural properties of these films were investigated as a function
€ o0l ,9' & ! / 11200 3 of substrate temperature and oxygen partial pressure during
% o oo° /0 4 = film deposition. ITO films(200 nm thick, deposited on PET
> i i o,o'o ¢ / L1000 & at T;=25°C andPo,=45mTorr of oxygen, exhibit a low
o 10} /o/ e P o0 S electrical resistivity~7x 104 cm and high optical trans-
© : /°/o’ ./° o/ T © mittance (~87%) in the visible range(400—-700 nm For
g /' 7 s 3 {500 § films grown atTs=100°C andP,=45mTorr, an electrical
L [ ]
3> ! : o/ K oop g resistivity as low as~4x10 % () cm was obtained with an
f / °: m{ F ) average transmittance of 90%. We have also used PLD
0.1 - : 30 grown ITO on PET substrate as the anode contact in OLEDs
oz 4 ¢ 8 10 12 and the device showed enhanced luminous power efficiency
Voltage (V) in comparison with that of a control device using a sputter

_ _ _ deposited ITO on glass substrate. The reduction in the drive
FIG. 4. (a) Current densityJ) vs applied voltage\() and(b) luminance(L) voltage and enhanced luminous power efficiency make the
vs applied voltage ) characteristics for devices based on PLD ITO/PET PLD ITO PET .. for fut OLED d |
and sputter-deposite@ommercial ITO/glass. ‘ on very promising for future evelop-
ment.
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