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Electrical, optical, and structural properties of indium–tin–oxide thin films
for organic light-emitting devices
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High-quality indium–tin–oxide~ITO! thin films ~200–850 nm! have been grown by pulsed laser
deposition~PLD! on glass substrates without a postdeposition annealing treatment. The structural,
electrical, and optical properties of these films have been investigated as a function of target
composition, substrate deposition temperature, background gas pressure, and film thickness. Films
were deposited from various target compositions ranging from 0 to 15 wt % of SnO2 content. The
optimum target composition for high conductivity was 5 wt % SnO2195 wt % In2O3. Films were
deposited at substrate temperatures ranging from room temperature to 300 °C in O2 partial pressures
ranging from 1 to 100 mTorr. Films were deposited using a KrF excimer laser~248 nm, 30 ns full
width at half maximum! at a fluence of 2 J/cm2. For a 150-nm-thick ITO film grown at room
temperature in an oxygen pressure of 10 mTorr, the resistivity was 431024 V cm and the average
transmission in the visible range~400–700 nm! was 85%. For a 170-nm-thick ITO film deposited
at 300 °C in 10 mTorr of oxygen, the resistivity was 231024 V cm and the average transmission in
the visible range was 92%. The Hall mobility and carrier density for a 150-nm-thick film deposited
at 300 °C were 27 cm2/V s and 1.431021 cm23, respectively. A reduction in the refractive index for
ITO films can be achieved by raising the electron density in the films, which can be obtained by
increasing the concentration of Sn dopants in the targets and/or increasing deposition temperature.
Atomic force microscopy measurements of these ITO films indicated that their root-mean-square
surface roughness~;5 Å! was superior to that of commercially available sputter deposited ITO
films ~;40 Å!. The PLD ITO films were used to fabricate organic light-emitting diodes. From these
structures the electroluminescence was measured and an external quantum efficiency of 1.5% was
calculated. ©1999 American Institute of Physics.@S0021-8979~99!04223-1#
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I. INTRODUCTION

Indium–tin–oxide~ITO! thin films have been studie
extensively in the optoelectronic industry because they c
bine unique transparent and conducting properties. ITO
film is a highly degeneraten-type semiconductor which has
low electrical resistivity of 2 – 431024 V cm. The low resis-
tivity value of ITO films is due to a high carrier concentr
tion because the Fermi level (EF) is located above the con
duction level (EC). The degeneracy is caused by bo
oxygen vacancies and substitutional tin dopants created
ing film deposition. The carrier concentration of high co
ductivity ITO films is in the range of 1020– 1021 cm3.1 Fur-
thermore, ITO is a wide band gap semiconduc
(Eg : 3.5– 4.3 eV!, which shows high transmission in th
visible and near-IR regions of the electromagnetic spectr
Due to these unique properties, ITO has been used in a w
range of applications. For example, ITO films are used
transparent electrodes in flat panel displays and solar c
surface heaters for automobile windows, camera lenses
mirrors as well as transparent heat reflecting window ma
rial for buildings, lamps, and solar collectors.1

a!Electronic mail: hskim@ccf.nrl.navy.mil
6450021-8979/99/86(11)/6451/11/$15.00
-
in

r-
-

r

.
de
s
ls,
nd
-

Since ITO films have shown good efficiency for ho
injection into organic materials, they have also been wid
utilized as the anode contact in organic light-emitting diod
~OLEDs!.2,3 There are several deposition techniques used
grow ITO thin films including chemical vapor depositio
~CVD!,4 magnetron sputtering,5,6 evaporation,7 and spray
pyrolysis.8 However, these techniques require either a h
substrate temperature~300–500 °C! during deposition or a
postdeposition annealing treatment of the films at high te
perature~400–700 °C!. These high temperature treatmen
generally damage surfaces of both the substrate and the

Recently, ITO films have also been grown by puls
laser deposition~PLD!.2,9–11 PLD provides several advan
tages compared to other techniques. The composition
films grown by PLD is quite close to that of the target, ev
for a multicomponent target. PLD films may crystallize
lower substrate temperatures relative to other physical va
deposition~PVD! techniques due to the high kinetic energi
~.1 eV! of the ionized and ejected species in the las
produced plasma.12 Also, the surface of films grown by PLD
is very smooth, so that ITO films grown by PLD can be us
as an anode contact in OLEDs.2

In this article, we report a study of the electrical, optic
and structural properties of ITO films deposited by PLD
1 © 1999 American Institute of Physics
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glass substrates without a postdeposition anneal. Film p
erties were measured as a function of target composit
substrate deposition temperature, background gas pres
and film thickness. Along with this, we present data on
performance of OLEDs using these films as their ano
contact.

II. EXPERIMENT

ITO thin films were deposited on glass~microslide glass!
substrates using PLD.12 A schematic diagram of the exper
mental setup is shown in Fig. 1. A KrF excimer las
~Lambda Physics LPX 305! with a wavelength of 248 nm
and pulse duration of 30 ns delivered an energy of 300
per pulse. The laser was operated at 10 Hz and was foc
through a 50 cm focal length lens onto a rotating target a
45° angle of incidence. The energy density of the laser be
at the target surface was maintained at 2 J/cm2. The target-
substrate distance was 4.7 cm. The geometry of this P
system produced uniform films over 1.5 cm31.5 cm sub-
strate area with a thickness variation of less than 10%.
substrate was attached with a stainless steel mask to a
strate holder, which was heated by two quartz lamps.
substrate temperature was monitored with a thermocoup
all times.

The ITO targets were prepared from In2O3 ~purity,
99.999%! and SnO2 ~purity, 99.999%! powders @Alfa
AESAR#. The powders were mixed in a mechanical sha
for 1 h, pressed into a 1-in.-diam pellet at 15 000 lb., a
then sintered at 1300 °C for 6 h in air. The substrates wer
cleaned in an ultrasonic cleaner for 10 min with acetone
then methanol. All substrates were blown dry with dry nitr
gen gas before they were introduced into the deposition
tem. During deposition, oxygen background gas was in
duced into the chamber to maintain the desired pressure
its pressure was monitored with a MKS pressure/flow c
troller ~type 250 C! from 0.1 to 100 mTorr. Moreover, during
deposition, the substrate temperature was fixed to the de
temperature~25–300 °C!. After deposition, for films depos
ited at elevated temperature, the films were cooled to ro
temperature at the same oxygen pressure. The oxygen

FIG. 1. A schematic diagram of the experimental setup.
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sure and substrate temperature were optimized to obtain
quality films of low resistivity and high transparency.

The film thickness was measured by a stylus profilom
ter @Tencor Alpha-Step 250#. The sheet resistance (Rs) mea-
surements were performed using a four-point probe. By
suming that the thickness of the films was uniform, the fi
resistivity ~r! was determined using the simple relationr
5Rs•t, wheret is the film thickness. All sheet resistance a
resistivity values were determined as the average of th
measurements for each film. Hall mobility and carrier de
sity measurements were made using the van der P
method13 at room temperature with a field strength~B! of 5
kG. The Hall coefficient (RH) was measured using the fo
mula,RH5(10.0Vt)/(IB), whereV is the average transvers
voltage in @mV#, I is the dc current in@mA#, and t is the
thickness of the film in@mm#. The measured Hall coefficien
(RH) was used to calculate the free-electron density~N! of
the films by the equation,N51/(RH•e), wheree is the elec-
tron charge. The measured Hall coefficient (RH) was also
used to determine the Hall mobility (mH) using the following
relation:mH5RHs, wheres is the conductivity. The optica
transmission and reflectance measurements were made
an UV-visible–near-IR spectrophotometer@Perkin–Elmer
Lambda 9#. Refractive indices of the films were determine
from the reflectance maxima data using the following re
tion: n•d5k•l/4, wheren is the refractive index,d is the
film thickness@nm#, l is the wavelength@nm#, andk is the
interference order~an odd integer!.14 X-ray diffraction
~XRD! @Rigaku rotating anode x-ray generator with CuKa
radiation# was used to characterize the crystal structure of
films. From an analysis of the diffraction pattern, we det
mined the lattice parameter, preferred orientation, and a
age grain size of the deposited films. The true peak wi
(Bs) corresponding to monochromatic x rays was determin
by measuring x-ray peak widths and the peak positio
which were analyzed using a peakfit routine with a Gauss
distribution function. The instrumental broadening (B0) was
determined by measuring the diffraction peak width of s
con powder. The corrected peak width~B! can be calculated
by the formulaB25Bs

22B0
2. The calculated peak width~B!

was used to determine the grain size~t! using the formula,
t50.9l/(B cosu), wherel is the x-ray wavelength andu is
the Bragg diffraction angle.15 X-ray photoelectron spectros
copy ~XPS! @VG Scientific, 220I# was used to analyze th
film composition. Scanning electron microscopy~SEM!
@LEO-1500# and atomic force microscopy~AFM! @Digital
Instrument, Dimension 3100 series# were used to evaluate
the surface morphology of the films.

III. RESULTS AND DISCUSSION

A. Electrical properties

The electrical properties of ITO films depend on the fi
composition and deposition parameters such as subs
deposition temperature, oxygen pressure, and film thickn
Figure 2 shows the typical variation of film resistivity~r!,
carrier density~N!, and Hall mobility~m! as a function of the
SnO2 content in the ITO target. The SnO2 content was varied
in the range from 0 to 15 wt %. In our previous study,2 the
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optimal deposition conditions~substrate deposition temper
ture and oxygen pressure! for obtaining high conductivity of
ITO films were 250 °C and 10 mTorr. Hence, the above
timal deposition conditions were used in this research. In
case of the undoped In2O3 film, the carrier density and resis
tivity were 1.531020 cm23 and 1.631023 V cm, respec-
tively. The resistivity of the ITO films was observed to in
tially decrease with increasing SnO2 content up to 5 wt %. It
was also observed that the carrier density increased with
creasing SnO2 content up to 5 wt %. This initial increase i
carrier density resulted in a decrease in the resistivity a
result of the donor electrons from the Sn dopant.16,17 How-
ever, the resistivity of the films, after reaching a minimu
~at 5 wt % of SnO2), gradually increased with a further in
crease in the SnO2 content up to 15 wt %. This is due to a
increase in the concentration of the electron traps as a re
of excess Sn doping. Above the critical Sn content~corre-
sponding to about 5 wt % of SnO2 content!, excess Sn atom
may occupy interstitial positions and some Sn atoms m
also form defects such as Sn2O, Sn2O4, and SnO, which ac
as carrier traps rather than electron donors.1 The decrease in
carrier density and increase in resistivity beyond 5 wt %
SnO2 content is due to increased disorder of the crystal
tice, which causes phonon scattering and ionized impu
scattering and results in a decrease in mobility.18 The Sn ion,
which is surrounded only by In2O3, can behave as a dono
In an over doped state, however, the Sn ion is affected b
second Sn ion due to excess Sn and the interaction of Sn
leads to a suppression in their donor ability.19 This result is
also correlated with the loss of crystallinity in ITO films fo
higher dopant levels17,20~Fig. 3!. Manifacier16 also suggested
that for the ITO films with higher doping levels, the increa
in resistivity is due to an increase in disorder, which d
creases the mobility and free carrier density. This is in agr
ment with our results shown in Fig. 2. It was further se
from Fig. 2 that Hall mobility decreased with increasin
SnO2. The decrease in mobility with increase in Sn dopa
level was caused by ionized impurity scattering. The op

FIG. 2. Dependence of resistivity, carrier density, and Hall mobility
SnO2 content for the deposited ITO films. The substrate deposition temp
ture was kept at 250 °C and the oxygen pressure was 10 mTorr du
deposition.
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mum SnO2 content in the ITO target~for minimum film re-
sistivity! was 5 wt %. XPS measurements indicated that
Sn/In ratio~;0.048! of ITO films is similar to that~;0.050!
of the target. Hereafter, the 5 wt % SnO2-doped In2O3 target
was used to deposit the ITO films described in this work

The deposition temperature was found to affect the e
trical properties of the ITO films. Figure 4 shows the var
tion of resistivity ~r!, carrier density~N!, and Hall mobility
~m!, as a function of deposition temperature for the ITO film
deposited in an oxygen pressure of 10 mTorr. The resisti
of the ITO films decreased from 3.831024 to 1.931024

V cm as the deposition temperature was increased from 2
300 °C. The carrier concentration in the ITO films was o
served to gradually increase as the substrate deposition
perature was increased. This increase in carrier concentra
may be due to an increase in diffusion of Sn atoms fr

a-
ng

FIG. 3. X-ray diffraction patterns for ITO films deposited on glass fro
targets with different SnO2 contents. All films were deposited at 250 °C i
10 mTorr of oxygen.

FIG. 4. Variation of resistivity, carrier density, and Hall mobility as a fun
tion of substrate deposition temperature for the ITO films deposited in
mTorr of oxygen. The target composition used in these experiments w
wt % SnO2195 wt % In2O3. The film thickness was;200 nm for all films.
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interstitial locations and grain boundaries into the In cat
sites. Since the Sn atom has a valency of 4 and In is trival
the Sn atoms act as donors in ITO films. Hence, the incre
in diffusion with the substrate temperature results in hig
electron concentration. The decrease in resistivity with
crease in deposition temperature can be also explained b
fact that the crystallite size increases8 significantly with in-
creasing the deposition temperature~see Table I!, thus reduc-
ing the grain boundary scattering and increasing conducti
~see Fig. 5!. This decrease in resistivity was also associa
with the observed increase in carrier mobility as shown
Fig. 4. For the films grown at higher deposition temperat
~.300 °C!, the resistivity was found to increase again. Th
increase may be due to contamination of the films by alk
ions from glass substrates13,15,20 and/or by a change in th
Sn/In and O/In ratios.22,23

The oxygen pressure was also found to affect the e
trical properties of the ITO films. Figure 6 illustrates th
variation of resistivity~r!, carrier density~N!, and Hall mo-
bility ~m! as a function of oxygen pressure for the ITO film
grown at a deposition temperature of 300 °C. It is found t
the resistivity of the films remains high;1.831023 V cm
for oxygen pressures from 50 to 100 mTorr and decrea
with decreasing the oxygen pressure from 50 to 10 mT
This decrease in resistivity with decrease in oxygen pres
can be explained by the number of oxygen vacancies in
ITO film. The oxygen vacancies create free electrons in
films because one oxygen vacancy creates two extra e
trons in the film. The increase in the number of oxygen

TABLE I. Variation of calculated grain size and lattice parameter for
ITO films grown at different deposition temperatures. All films were dep
ited in 10 mTorr of oxygen using the target with 5 wt % of SnO2.

Growth temperature Film thickness Grain size Lattice parame
~°C! ~nm! ~nm! ~Å!

25 270615.5 ¯ ¯

100 310614.1 10 10.221760.0072
200 290612.8 14 10.225160.0077
300 300612.0 20 10.238160.0082

FIG. 5. X-ray diffraction patterns for ITO films grown on glass at differe
substrate deposition temperatures. The oxygen pressure was kept
mTorr during deposition. The film thickness was;300 nm for all films.
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cancies leads to an increase in carrier density and a co
quent increase in conductivity. This relationship is w
illustrated in Fig. 6. The carrier density of the ITO film
increases from 231020 to 1131020 cm23 due to an increase
in the number of oxygen vacancies when the oxygen de
sition pressure is decreased from 50 to 10 mTorr. Hence,
resistivity of the ITO films decreases with decreasing oxyg
pressure from 50 to 10 mTorr due to an increase in the n
ber of oxygen vacancies. However, the resistivity of the IT
films increased with a further decrease in the oxygen p
sure~,10 mTorr!. This increase in resistivity may be due
the fact that severe oxygen deficiencies may deteriorate
crystalline properties~see Fig. 7! and consequently reduc
the mobility of carriers~see Fig. 6!. This result is similar to
the previous report on the sputtered ITO films.24 Since the
oxygen vacancies were reduced with increasing oxygen p
sure, the decrease in carrier density with increasing oxy
pressure suggests that the carrier density resulted from
gen vacancies as well as tin doping.

-

r

10

FIG. 6. Variation of resistivity, carrier density, and Hall mobility as a fun
tion of oxygen deposition pressure for the films grown at 300 °C. The fi
thickness was;200 nm for all films.

FIG. 7. X-ray diffraction patterns for the ITO films grown on glass
different oxygen pressures. Substrate deposition temperature was 30
The film thickness was;200 nm for all films.



he

e
-
h
e

s
n
lm
ri
p
in

n
m
lm
n
iz
iz
r
o
an
he

ili

ho

n

ta

nd
re-

sed
ra-
to

ra-

a-

ich
and
ven

of
M

ar-

c-
n

f

6455J. Appl. Phys., Vol. 86, No. 11, 1 December 1999 Kim et al.
Figure 8 shows the effect of the film thickness on t
resistivity ~r!, carrier density~N!, and Hall mobility ~m! of
the ITO films. All the films shown here were grown from th
5 wt % SnO2-doped In2O3 target at the deposition tempera
ture of 300 °C and the oxygen pressure of 10 mTorr. T
film thickness is directly proportional to the number of las
shots with an average deposition rate of;1 Å/shot. As seen
in Fig. 8, the resistivity of the ITO films initially decrease
with an increase in the film thickness up to 220 nm a
remains almost constant with further increase in the fi
thickness up to 870 nm. It is also observed that the car
density increases with an increase in the film thickness u
220 nm and then remains almost constant with further
creases in the film thickness up to 870 nm. It is also see
Fig. 8 that the Hall mobility increases with increasing fil
thickness. XRD measurements indicate that the thicker fi
are more crystalline and have larger grains than the thin
films have; the 220-nm-thick film has an average grain s
of 20 nm and the 870-nm-thick film has an average grain s
of 26 nm. The larger grain size can cause a decrease in g
boundary scattering, which leads to an increase in the c
ductivity. Thus, the initial decrease in resistivity is due to
increase in both carrier density and carrier mobility of t
films. For thicker films~.300 nm!, the resistivity remains
constant because both carrier density and carrier mob
become independent of film thickness.

B. Optical properties

The optical transmission~T! and reflectance~R! mea-
surements were performed using a UV-VIS-NIR spectrop
tometer~Perkin–Elmer Lambda 9! in a two-beam configura-
tion. The transmission and reflectance data were used
calculate absorption coefficients of the ITO films at differe
wavelengths. The absorption coefficient,a, is given by the
relation

T5~12R!exp~2ad!, ~1!

whered is the film thickness. The absorption coefficient da
were used to determine energy gap,Eg , using the relation25

ahv'~hv2Eg!1/2, ~2!

FIG. 8. Variation of resistivity, carrier density, and Hall mobility as a fun
tion of film thickness for the films grown at 300 °C and 10 mTorr of oxyge
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wherehv is the photon energy. Figure 9~a! showsa2 versus
a plot of photon energy~hv! curves for ITO films grown at
different temperatures. The values of the direct optical ba
gap Eg were determined by extrapolations of the linear
gions of the plots to zero absorption (ahv50). It was ob-
served that the direct band gap of the ITO films increa
from 3.89 to 4.21 eV with an increase in deposition tempe
ture from 25 to 300 °C. This increase in band gap is due
increase in carrier concentration of the films~see Fig. 4!.
This shift of the band gap with change in carrier concent
tion can be explained by the Burstein–Moss~B–M!
shift.26,27 Assuming that both the conduction band and v
lence band are parabolic@Fermi wave number (k)}E1/2] and
the B–M shift is the predominant effect, the band gap, wh
is the energy gap between the top of the valence band
the lowest empty state in the conduction band can be gi
by

Eg5Eg01DEg
B–M , ~3!

whereEg0 is the intrinsic band gap~;3.75 eV!28 andDEg
B–M

is the B–M shift, which is the increase due to filling up
low lying energy levels in the conduction band. The B–
shift DEg

B–M is given by

DEg
B–M5~\2/2mVC* !~3p2N!2/3, ~4!

wheremVC* is the reduced effective mass of the electron c
riers given by

.

FIG. 9. ~a! Dependence of photon energy ona2 for ITO films grown at
different substrate temperatures.~b! Variation of band gap as a function o
N2/3 for the same films shown in~a!.
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TABLE II. Optical properties of the ITO films grown at 250 °C and 10 mTorr of oxygen as a function of S2

content~wt %!. The film thickness was determined by a stylus profilometer and the carrier density was
mined from the measured Hall coefficients.

SnO2 Film Mean Refractive Plasma Carrier
content thickness transmission index Band gap wavelength density
~wt %! ~nm! ~%! at 550 nm ~eV! ~nm! (1020 cm23)

0 204615.4 84.864.54 2.17 3.76 4500 1.63
2 223614.6 89.864.32 2.01 4.11 2184 4.7
5 200614.2 88.464.60 1.91 4.20 1725 9.05
7 191615.6 91.764.00 2.04 4.14 1812 8.50

10 235615.8 90.563.87 1.99 4.16 1768 8.4
15 193616.3 88.065.30 2.16 4.09 1851 7.1
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1/mVC* 51/mC* 11/mV* , ~5!

wheremC* and mV* are effective mass of the carriers in th
conduction band and valence band, respectively. It shoul
noted here that at very high carrier densities the electr
electron and electron-impurity scattering could cause a ba
gap narrowing.29,30Considering both band-gap widening an
narrowing effect, the effective band gap should be written

Eg5Eg01DEg
B–M1\S, ~6!

where \S represents self-energies due to the electro
electron and electron-impurity scattering.29,30 This effect
causes the band-gap narrowing due to the downward shi
the conduction band and upward shift of the valen
band.29,30 However, as shown in Fig. 9~b!, the band gap of
the ITO films was found to be directly proportional toN2/3,
showing that the effect of the B–M shift on the band g
dominates over\S.

Sn doping also affects the band gap of the ITO film
Table II shows the effect of Sn doping on the optical pro
erties for the ITO films deposited at 250 °C in 10 mTorr
oxygen gas. The direct band gap was found to initially
crease with SnO2 content up to 5 wt % and slightly decrea
up to 15 wt %. This initial increase in band gap is due to
increase in carrier density of the films as a result of Sn d
ing. This band-gap widening can also be understood by
B–M effect.26,27 However, above the critical Sn doping, th
carrier density decreased with Sn doping because exces
causes crystal disorder and the Sn atoms act as carrier
instead of electron donors. This decrease in carrier den
shifted the absorption edge towards lower energies.

The effect of Sn doping was also found to decrease
refractive index,n. In Table II, the values ofn at 550 nm are
presented. The refractive index gradually decreases

TABLE III. Optical properties of ITO films grown at various temperature
All films were deposited in 10 mTorr of oxygen using the target with 5 wt
of SnO2.

Growth Film Mean Refractive Cutoff
temperature thickness transmission index waveleng

~°C! ~nm! ~%! at 550 nm ~nm!

25 270615.5 80.968.99 2.14 2475
100 310614.1 82.465.47 2.09 1547
200 290612.8 84.068.99 1.92 1613
300 300612.0 84.968.99 1.81 1713
be
–
d-

y

–

of
e

.
-

-

n
-
e

Sn
ps

ity

e

th

SnO2 content up to 5 wt % and then slightly increases up
15 wt %. This variation of the refractive index with Sn do
ing can be understood by the relation31

n25eopt2~4pNe2!/~m* vo
2!, ~7!

where eopt is the high frequency permitivity,N is carrier
concentration,e is the electron charge,m* is the effective
mass of the electron, andvo is the frequency of electromag
netic oscillation at which measurements were carried
(vo52pc/l). As the SnO2 content increased up to 5 wt %
the carrier concentration increased up to9.0531020 cm23

and thus the value ofn decreased to 1.91. However, th
value ofn increased again with further increasing SnO2 con-
tent up to 15 wt % due to a decrease in carrier concentrat
These results are similar to previous reported values.31,32The
refractive indices of the films are also affected by the grow
temperature. In Table III, it is shown that the value ofn ~at
550 nm of wavelength! decreases from 2.14 to 1.81 with a
increase in the substrate deposition temperature from 2
300 °C. This decrease in the refractive index can also
explained by an increase in the carrier concentration of
films according to Eq.~7!.31 As the deposition temperatur
increased up to 300 °C, the carrier density of the films
creased~see Fig. 4! and thus, resulted in a reduction of th
value ofn. Shown in Fig. 10 is the dependence of the refra

FIG. 10. Variation of refractive index as a function of wavelength for t
films deposited at 250 °C and 10 mTorr oxygen.
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tive index on wavelength for the 300-nm-thick ITO film d
posited at 250 °C. An average refractive index of 1.9560.21
was calculated for the visible range.

In the near-IR region, the interaction of free electro
with incident radiation occurs due to the high number of fr
electrons in a material. This interaction may lead to polari
tion of the radiation within the material and thus, affect t
relative permittivitye. This optical phenomenon can be u
derstood on the basis of classical Drude’s model.1,22 Accord-
ing to this model,1,22 e can be written as

e5~n2 ik !25e81 i e9, ~8!

e85n22k25e`@12vp
2/~v21g2!#, ~9!

and

e952nk5vp
2ge` /@v~v21g2!#. ~10!

The plasma resonance frequencyvp is given by

vp
25~4pNe2!/~eoe`me* !, ~11!

where e` and eo represent the dielectric constants of t
medium and free space, respectively,me* is the effective
mass of the charge carrier, andN is the carrier concentration
g is equal to 1/t, wheret is the relaxation time, which is
assumed to be independent of frequency and is relate
mobility as

g51/t52e/~me* m!. ~12!

The cutoff wavelength~or plasma wavelength! lp is defined
at T5R where the dielectric-like visible transmission equa
the metallic-like IR reflectance. The cutoff wavelengthlp

can be obtained from the relation

lp~mm!51.24e/~\vp!. ~13!

Table II shows the variation of cutoff wavelength of th
films as a function of SnO2 content~i.e., carrier density!. The
results can be explained on the basis of Eqs.~11! and ~13!.
The value oflp decreased with increasing SnO2 content, up
to 5 wt %, due to the increased carrier density~N! shown in
Table II and then increased up to 15 wt % due to a decre
in carrier density. Thus, the value oflp can easily be con-

FIG. 11. Typical transmission~T!, reflectance~R!, and absorption~A! spec-
tra for the ITO film grown at 200 °C and 10 mTorr of oxygen. The fil
thickness was;300 nm.
s
e
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to

se

trolled by changing the carrier density through Sn dopin
The higher the carrier density, the lower the value oflp .
This result is in good agreement with the Drude’s theo
The substrate deposition temperature also affects the cu
wavelengthlp . As shown in Table III, it was observed tha
the value oflp has a minimum of 1547 nm for the film
grown at 100 °C. Figure 11 shows the typical transmiss
~T!, reflectance~R!, and absorption~A! spectra of the ITO
film deposited on glass. The absorption spectra was ca
lated from the relation:T1R1A51. The film shows high
transparency in the range of 400–1000 nm and high refl
tivity in the IR region. The cutoff wavelength of;1550 nm
was observed in this figure.

The optical transmission properties of the films are a
affected by oxygen deposition pressure and film thicknes
well as substrate deposition temperature. Figure 12~a! shows
the effect of oxygen pressure on the optical transmiss
spectra of the films deposited at 300 °C. The transmissio
the 150-nm-thick films was not significantly changed wh
the oxygen pressure was varied from 10 to 50 mTorr. Ho

FIG. 12. The effect of oxygen pressure on the optical transmission for
films grown at 300 °C.~a! The thickness of all films was;150 nm.~b! The
film thickness was;500 nm for all films.
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ever, the influence of oxygen pressure on the transmis
was distinctly observed as the thickness of the films w
increased from 150 to 500 nm. This is well shown in F
12~b!, which shows the effect of oxygen pressure on
optical transmission spectra of the 500-nm-thick films dep
ited at 300 °C. In Fig. 12~b!, the optical transmission of th
500-nm-thick films increases with increasing oxygen pr
sure. This may be due to the improvement of the crystallin
of the ITO films with increasing oxygen pressure, since
grain size of the 500-nm-thick films increased from 15 to
nm with an increase in oxygen deposition pressure from
50 mTorr.

The effect of thickness on the optical transmission of
ITO films is shown in Fig. 13. From Fig. 13, we can see th
the optical transmission increases with decreasing film th
ness for the films deposited at 300 °C in oxygen pressur
10 mTorr. According to Eq.~1!, the optical transmission~T!
exponentially decreases with increasing film thickness~d!.
However, from Fig. 13, the optical transmission is not exp
nentially related to the film thickness. This result sugge
that the transmission of the ITO films grown by PLD
affected by other physical properties of the films. One p
sible explanation of this nonexponential relationship betw
the transmission and the film thickness is an increased g
size with film thickness. According to XRD data, the thick
films usually have larger grain size and the larger grain s
results in better transmission. Thus, the larger grain s
compensates for the expected exponential decrease in t
mission @see Eq.~1!#. In Fig. 13, as the film thickness in
creases, variations in the transmission are increased du
interference phenomena. The optical transmission prope
of the ITO films are also affected by substrate deposit
temperature as shown in Table III. Since the grain size of
films also increases with the substrate deposition temp
ture, the transmission of the films increases with deposi
temperature.

C. Structural properties

The crystalline structure of the films was studied
XRD (CuKa, l51.5406 Å!. Figure 3 shows the x-ray dif
fraction patterns for undoped In2O3 and Sn-doped In2O3

FIG. 13. Effect of film thickness on the optical transmission for the fil
grown at 300 °C in 10 mTorr of oxygen.
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~ITO! films grown at 250 °C in 10 mTorr of oxygen. Sn
doped In2O3 films were always observed to be polycrysta
line and showed a similar crystal structure to that of undop
In2O3. However, the lattice parameter, calculated from t
XRD patterns for undoped In2O3 and ITO films, were in the
range from 10.122 to 10.238 Å which is normally larger th
the JCPDS value33 of 10.118 Å for the In2O3 powder. This
increase in lattice constants of the ITO films can be
plained by the substitutional incorporation of Sn21 ions into
In31 sites and/or the incorporation of Sn ions in the inters
tial positions. Since the radius~0.93 Å! of Sn21 ions is larger
than that~0.79 Å! of In31, the substitution of Sn21 for In31

may result in a lattice expansion.5 This increase in lattice
parameters may be also related to oxygen deficiency
strain effect due to thermal expansion coefficient misma
between the film (7.231026 °C!34 and glass substrate (4.
31026 °C). Moreover, tin doping changes the grain size
the films. As shown in Fig. 3, the width of the~222! peak is
slightly larger as a result of tin doping, indicating that th
grain size of the films became smaller. The calculated gr
size of the undoped~0 wt %! and tin-doped~10 wt %! films
was;30 and;20 nm, respectively.

Figure 5 shows XRD patterns of ITO films grown
different substrate deposition temperatures. The films dep
ited at room temperature~RT! appeared to be amorphous
all oxygen deposition pressures. Despite their amorph
structure, the resistivity of the RT films is low, indicatin
that in this case the resistivity mechanism is mainly govern
by scattering of the electrons by ionized impurities.23 The
films deposited at a temperature of 100 °C showed crystal
structure with a strong~400! diffraction peak, indicating a
preferred orientation along the@100# direction. As the depo-
sition temperature was further increased up to 300 °C,
preferred orientation peak of the films changed to~222!. By
fitting of the diffraction peaks, the grain size and lattice p
rameter of the films were calculated. As shown in Table I,
the deposition temperature increases from 100 to 300 °C,
grain size of the films increases from;10 to ;20 nm and
the lattice parameter of the ITO films increases from 10.22
6 0.0072 to 10.23816 0.0082 Å.

The crystalline structure of the films was also affect
by oxygen pressure during deposition. Figure 7 shows
XRD patterns of the films deposited at 300 °C in differe
oxygen pressures. From the patterns, we can see tha
films have â 111& preferred orientation. As the oxygen pre
sure increases from 1 to 100 mTorr, the intensity of the~222!
peak increases, indicating that the films are more crystal
and maintains â111& preferred orientation. Moreover, whe
the oxygen pressure increases, the linewidth of the~222!
reflection decreases, indicating that the grain size of the
is increasing. Even though the grain size of the films
creases with oxygen pressure, the resistivity of these fi
increases with oxygen pressure. This indicates that the c
tribution of grain boundary scattering is not the domina
scattering mechanism in these films. This can also be un
stood from the mobility data shown in Fig. 6. The mobili
of the carriers in the films decreases as the oxygen pres
increases. This suggests that the dominant scattering me
nism in these films is ionized impurity scattering because
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oxygen vacancies behave as ionized impurity scattering
ters in addition to the tin dopants. However, as oxygen p
sure increases, the carrier concentration decreases due
fewer oxygen vacancies in the film and consequently c
ductivity decreases~see Fig. 6!.

D. Surface morphology

Since the organic thin films in OLEDs are directly d
posited on the ITO anode, the surface properties of the
will affect the characteristics of the device. Figure 14 sho
two AFM images~2 mm32 mm! of ITO films deposited by
sputtering~supplied by Planar America! and PLD. The thick-
ness of both films is about 180 nm. Prior to AFM measu
ments, the films were washed with methanol and blown
with nitrogen gas. The root-mean-square~rms! surface

FIG. 14. AFM images~2 mm32 mm! of the ITO films grown on glass
substrates by~a! sputtering~supplied by Planar America! and~b! PLD. Note
that the scale in thez direction~20 nm/div.! is greatly expanded with respec
to the scales in thex andy directions~1.0mm/div.! and therefore, in fact, the
crystallites are flat and broad in the lateral direction.
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roughness for the ITO film deposited by PLD at a substr
temperature of 300 °C and oxygen pressure of 10 mTor
;4.4 Å compared to a value of;12.5 Å for the bare glass
substrate. However, the rms surface roughness of the
deposited by sputtering is;39 Å compared to a value o
16.2 Å for the bare glass substrate. This indicates that th
PLD ITO films show lower surface roughness than that
sputtered ITO films. The grain sizes of the film shown in F
14~b! were observed to be 20–40 nm.

E. Figure of merit

The simultaneous achievement of maximum opti
transmission and electrical conductivity is not possible sin
these two properties are inversely related. Therefore, a fig
of merit has been developed to compare transparent cond
ing oxide ~TCO! films like ITO. There have been sever
reports on the definition of a suitable figure of merit. One
the common definitions was proposed by Fraser and Co35

who definedFTC5T/Rs , whereT is the optical transmission
andRs the electrical sheet resistance. However, on the b
of this figure of meritFTC , the maximumFTC occurs at 37%
of optical transmission and thus the electrical sheet resista
was over emphasized in its relative importance to the opt
transmission for films. An optimal consideration betwe
electrical sheet resistance and optical transmission
achieved by Haacke36 who defined the figure of merit a
fTC5T10/Rs . On this basis,fTC has the maximum value a
90% of optical transmission. In Table IV, the values forFTC

and fTC for the ITO films prepared in this work are com
pared with those of the films prepared by other techniq
reported in the literature. Table IV shows that the ITO film
can be made by PLD at low processing temperatures w
comparableFTC values to other procedures. From Table I
it can also be seen that PLD can be used to grow ITO fi
with comparable electrical and optical properties to those
commercial films.

F. Device performance with PLD ITO anode

Figure 15 shows the schematic structure of an OL
used in this research. The device structure is made of a
transport layer@~HTL!, ;500 Å thick# of N,N8-diphenyl-N,
N-bis ~3-methylphenyl!1,18-diphenyl-4,48diamine ~TPD!,
and an electron transport/emitting layer@~ETL/EML!, ;700
Å thick# of tris ~4-methyl-8-hydroxyquinolinolato! aluminum
TABLE IV. Comparison of values of figure-of-meritfTC andFTC for ITO films prepared by different techniques.

Substrate Film Sheet Transmission
temperature thickness resistance (l5400– 700 nm! Figure of merit Figure of merit

Process ~°C! ~nm! Rs(V/sq.) ~%! FTC(31023 V21) fTC(31023 V21)

Present work 25 150 27 85 31 7.3
Sputtering~Ref. 5! 130 80 62 85 14 3.2
Present work 300 180 11 92 84 39.5
CVD ~Ref. 3! 400 430 6.74 80 118 15.9
Spray~Ref. 7! 420 350 9.34 85 91 21
Commercial Proprietary

180 12 90 90 34.9
~sputtering! ~.25!
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~III ! (Almq3). The cathode contact deposited on top of t
ETL is an alloy of Mg:Ag ~ratio512:1 and a thickness o
1000 Å!. Details on the fabrication of these devices are
scribed elsewhere.37–39 The active area for the device
;232 mm2. The current–voltage–luminance~I–V–L! data
were taken~in N2 atmosphere! using a Keithley current–
voltage source and a luminance meter~Minolta LS-110!.
Figure 16~a! shows the current–voltage–luminance outp
~I–V–L! characteristics of an OLED with an ITO anod
grown on glass by PLD at room temperature. TheI–V and
L–V curves show a typical diode behavior, with current a
power output observed only in the forward bias. As shown
Fig. 16~b!, furthermore, the data forL and I superimpose
quite well, in agreement with what has been reported us
commercial ITO. The device external quantum efficien
measured for such a heterostructure device washext>1.5%
at 100 A/m2. This value is comparable to those reported
cently (hext>1.5% – 2.5%) using commercial ITO from dif
ferent sources as the anode contact.37–39The above value for
hext indicates that ITO films, grown by PLD at RT, are wor
ing well.

IV. SUMMARY

High-quality ITO films have been deposited on gla
substrates by PLD. The electrical, optical and structu
properties of the ITO films have been investigated as a fu
tion of target composition, substrate deposition temperat
oxygen background gas pressure, and film thickness. Al
the ITO films grown by PLD were found to ben-type semi-
conductors. A SnO2 content of 5 wt % in the target wa
observed to produce films with a minimum resistivity. How
ever, for films deposited from a target with greater than
wt % of SnO2, an increase in the resistivity was observed
is possible that excess Sn atoms may form clusters and
tort the lattice as well as produce additional scattering c
ters. Increasing the substrate deposition temperature cre
more Sn donors and oxygen vacancies and resulted
higher electron concentration, and thus increased condu
ity of the films. A reduced oxygen pressure from 50 to
mTorr resulted in more oxygen vacancies and increased

FIG. 15. Schematic structure of an organic light-emitting device~OLED!
with an ITO anode deposited by PLD. ITO film, grown at room temperat
in oxygen pressure of 10 mTorr, was used in this device.
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conductivity of the films. However, a further decrease
oxygen pressure below 10 mTorr caused lattice struct
disorder and hence decreased conductivity. As the thickn
of the ITO films was increased, the films deposited at 300
become more crystalline and had larger grain sizes, wh
resulted in an increase of their conductivity.

The optical properties such as band gap, refractive ind
plasma wavelength, optical transmission, and reflectance
the ITO films were strongly affected by tin-dopant conce
tration and deposition conditions. The band-gap widen
with an increase in carrier concentration. This band-gap w

e

FIG. 16. ~a! Current–voltage–luminance~I–V–L) and ~b! luminance–
current~L–I! characteristics of a heterostructure device with a PLD ITO fi
as the hole injecting layer to TPD layer. ITO film, grown at room tempe
ture in oxygen pressure of 10 mTorr, was used in this device.
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ening is well explained by the B–M shift theory.26,27 A re-
duction of the refractive index for ITO films due to increas
electron density in the films was observed by increasing
dopants in the targets and/or increasing deposition temp
ture. The plasma wavelength of the ITO films was control
by changing the doping level in the targets or changing de
sition temperature. The optical transmission of the films w
also controlled by target SnO2 content, substrate depositio
temperature, oxygen deposition pressure, and film thickn
At the conditions optimized for maximum transmission a
minimum resistivity films~target composition with 5 wt %
SnO2, 250 °C, 10 mTorr, and 190 nm!, the optical transmis-
sion of the ITO films in the visible range was 91.7%. Fo
150-nm-thick film grown at room temperature in oxyg
pressure of 10 mTorr, the resistivity was 431024 V cm and
the average transmission in the visible range of 85% w
observed. For 170-nm-thick films deposited at 300 °C in
mTorr of oxygen, the resistivity was 231024 V cm and the
average transmission in the visible range was 91%.

ITO films deposited by PLD had surface roughness
proximately 1 order of magnitude smaller than commerc
films grown by sputtering. We used these ITO films as
anode contact in OLEDs and studied the device performa
Electroluminescence~EL! efficiencies comparable to thos
reported with commercial ITO films have been observed
heterostructure devices made of TPD/Almq3. This indicates
the promise of the present approach for making good qua
ITO films at room temperature with a potential application
OLEDs.
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