Effect of annealing on the structural, optical and electrical properties
of ITO films by RF sputtering under low vacuum level
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Indium tin oxide (ITO) thin films were prepared by RF sputtering of ceramic ITO target in pure argon
atmosphere at a high base pressure of 3 x 10~*mbar without substrate heating and oxygen admittance,
The use of pure argon during deposition resulted in films with high transparency { 80-85%) in the visible
and IR wavelength region. The films were subsequently annealed in air in the temperature range
100-400 *C. The annealed films show decreased transmittance in the IR region and decreased resistivity.
The films were characterized by electron microscopy, spectrophotometry and XRD. The predominant
orientation of the films is (222) instead of (400). The transmission and reflection spectra in the
wavelength range 300-2500nm are used to study the optical behaviour of the films. The optical
transmittance and reflectance spectra of the films were simultaneously simulated with different
dielectric function models. The best fit of the spectrophotometric data was obtained using the
frequency-dependent damping constant in the Drude model coupled with the Bruggeman effective
medium theory for the surface roughness. [t has been found that the sputtering power and the chamber
residual pressure play a key role in the resulting optical properties. This paper presents the refractive
index profile, the structure determined from the XRD and the electrical properties of ITO films. It has
been found from the electrical measurement that films sputtered at 200W power and subsequently

Annealing annealed at 400°C have a sheet resistance of 80€Y O and resistivity of 1.9 = 107 Qcm.

@ 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Tin-doped indium oxide thin films have potential application
as transparent conducting materials in flat panel displays [1] and
in optoelectronic devices [2,3], because of their well-known
physical properties such as low resistivity and high transmittance
(T} in the visible wavelength region. Indium tin oxide (ITO) films
have been prepared by different techniques such as spray
pyrolysis, electron beam evaporation and sputtering to name a
few. The sputtering technigque is frequently used due to its good
reproducibility, high deposition rate and good adhesion of the
coatings to the substrate. Typically, magnetron sputtering pro-
cesses are performed at a base pressure of = 1.0 x 10 * mbar or
high, high substrate temperature (> 200 “C) with the introduction
of 0y into the gas mixture. The values of O to Ar concentration are
not univocally accepted with reports ranging from 0.1% to 10%.
Zebaze Kana et al. [4] reported that the residual pressure in the
chamber plays a key role in the resulting optical and electrical
properties of the films. It has been found that the residual
pressure is related to the water vapour out gassing from the
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vacuum system and its contribution to the chamber atmosphere
can be equivalent to the intentional admittance of oxygen or
water vapour into the system to have good-quality films. The
literature is abundant with reports on the effect of sputtering
conditions, oxygen partial pressure, target-substrate distance and
post-deposition annealing on the optical, electrical and structural
properties of ITO films. There is no detailed study done on the
optical, electrical and structural properties of films deposited
under high base pressure without substrate heating and inten-
tional oxygen admittance. There is a clear correl ation between the
chamber residual pressure, substrate temperature, resistivity,
transmittance and carrier mobility of sputtered ITO films [5]
For good reproducibility of the electrical and optical properties, it
is important to understand the properties of ITO films prepared
under high base pressure without oxygen admittance and
substrate heating. In order to investigate the role of chamber
residual pressure on ITO film properties, we prepared the samples
at a high base pressure of 3:10 “mbar, without oxygen
admittance during sputtering. The value has been reached after
studying different parameters during deposition.

Optical properties of thin films depend on process conditions.
It is not sufficient to optically characterise thin films with either
the Transmittance and Reflectance spectrum or one of them alone.
Optical properties of ITO films can vary widely with deposition
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conditions and post-deposition annealing. Since [TO films are
faund o have graded microstrocture, proper study an the aprical
behaviour of the films involve the determination of oprical
constants namely the refractive index n and the extinction
coefficient k& over the spectral range of intzrest, The quantites n
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such as reflectance and transmittance, or the ellipsometric
parameters psi and delta. Then the desired quantities n and &
can be extracted either by a theoretical model of the thin film or
by techniques such as direct inversion of the experimental
spectra, envelope method, ete. Conventional spectrphntometers
Lan vnly mdke vne medasurement gt d e dand switdaing rom
on2 type of measurement to the othar requires that the
inscrument be reconfigured. Usually, special accessories need o
be purchased te adapt a transmittance spectrophotometer for
reflectance measurements. With such a svstem, it 1s impossible to
maks both transmittance and reflectance measurements exactly
at the same part of the samplz. Theretore, conventonally only a
single spectrum (either transmittance or reflection) is analysed.
Tha envelope methnd is a preferred technique for analysing a
single speclinne I has U advantage thal it is relatively slable
and immune to imprecision in the measured data. However this
technique can only be applied tw reladvely thick non-absorbing
materials, which has several peaks and valleys in the spectrum.
Usually, the closeness of fit between the calculated and measured
performance is taken as an indication of the reliability of the
process. To have a reliable and accurate knowledee of th2 optical
propertics of ITO films it is important to uwse both the
fransmittance and reflactance spectrum over a wide spectral
range for optical constants determination. Many works have been
published on the ns2 of spectrmscopic ellipsometry for detarmin-
ing the optical constants i dand k of e ITO Gl [5-8]. Relatively
faw reports have baen published using spectrophotometric data to
extract the optical constants [9,10]. In the present work, we
present the results of modeling simultanzously the reflectance
and transmittance spectra of 110 flms dezposited on zlass
substrates and subsequently annealed in air by using differ=nt
dielectrnic models. The influence of sputtering power and anncal-
ing temperature on electrical and structural properties are also
pres=nted.

2. Experimental and computational methods
21, Sample preparation and characterise tion

ITO films of wvarious thicknesses are deposited on glass
substrates by RF magnetron sputtering from an oxide ceramic
target 90wtk Ina0; and 10wt 5nOo Kurt |. Lesker, USA] of 99.90%
purity and 100 mm diameter. The dzpositing system (Edwards
Aura 500) consists of a stainless steel chamber avacuared by an oil
diffusion pump with liquid nitrogen trap. The chamber was
evacuarad to 3 base pressurz of 3 =10 *mbar. The pressure
during deposition was 12510 %mbar or less. Mass flowe-
controllad pure argon [(99.998) was delivered to the chamber at
a fluxof 16 scem. The substrate to target distance was 13 cm. Two
different sputtering powers 100 and 200W were used. The
thickness and surface roughness were measured by KLA Tencor
P15 surfare profilar The transmirtance [T) and specular reflec-
tance () of the (s were reconded wilh Cary500 UY-VIS-NIR
spectrophotometer in the 300-2500nm wavelength range. The
SEM analysis was performed with Fhilips XL 30 ESEM attached
with EDAX system. The structural properties were determined by
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XED system with a PW1830 generator. The sheat
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the resistivity of the samples were calculated by the four-point
probe methnd.

2.2 Optical modezling

I'he near normal reflactance and transmittance of the samples
coated on micro glass slide, recordad from the spectrophotometer
is used to extract the optical constants n and k of the coatings by
spectra simulation. The fitting of model dielectric functions to the
transmission and reflectance was perfarmed by the commercially
available software Scour2 {11
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231, Dieectric modeliing

In this dielectric modelling the optical proparties of the 0
samplzs were represented by the following procedure. The
dielectric function & which rzlates the dielectric displacement O
and the electric field vector can be written as [9]

L' = ek,
where £ = 14y and ¥ is the susceptihility
W can wrike e polarization of te nedium as
P =iayk
The complex dielectric functinon £ is given as £ = febeim =
1+3 g where gy e result ol various mechanisims ol polaizga-

tion.
Ihe complex refractive index 1s given as

N=n+ik= /G =5,
where n iz tha refractive index and ¥ is the extinction coefficient.

We can write the reflectance and transmittance of an
absorbing film on a non-absorbing substrate in the form

R = r(n, %My, s, 0, 4)

T =il kg, its, U, 2)

where n and k are the refractive indiczs of the film. ns and n. are
thosz of the surrounding medium and sukstrate, d is the thickness
and £ is the wavzlzngth.

By knowing the refractive index n and the extinction
coefficient k tha reflactance and transmittance of the film -an he
calculated straightforawvard in the spectial region provided e
thickness is known. But the invarsion problem of finding the n and
k from experimental R and T measurement involves several sceps.
A model dielectric function i constructed which consists of a
constant dielectric backzround contributing to the real part of the
dielectric functicn, and for the interband transition ths OJL [12]
model 15 emploved where the expression for the joint density of
states are given for the optical transition from the valence band to
the ronduction hand. The imaginary part of y thus calenlarad is
used Lo oblain the redl part by a Kramers—Kionig lransonmation.
This also provides the consistency of the model with KK relation.
A simple hanmonic oscllator model was implemented o e
interband transiticns into the uppar half of the conduction band.
The classical Drude model was used for the susceptibility of the
frez electrons for the transitions into the conduction band.

The real and imazinary parts of the dielectric constant by the
Crude modsl is

EYE
P
GimliEl = rn-;m lﬁj

Erp(C0) = Ean [I
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where wy is the plasma frequency, &, the highHrequency
dielectric constant, I is the damping constant The dielectric
background accounts for contributions to  the dielectric
function outside of the simulated wavelength range which is
represented by £, .

The following steps were followed in the simulation of the K
and T spectra of the ITO films:

. Formulation of the dielectric function as mentioned above.

2 The stack of layers is constructed either assuming a single layer
or muitilayer on & ransparent { giass) substracz.

3. Initial wvaluzs of the free parameters, substratz dielectric
Tunction dmd the estimated thickiess Drom e surfave profiler
are entered.

4, Tand R spectra are computed by assuming single or multilayer

structure. The free parameters and thickness were varied to

achieve the best fit by minimizing the deviation (m2an squarad
dilference) between simulated and medsured spectid by Uie
downhill simplex method.

i

The fit parameters in the above model are as follows. For the
DOrude model i, &2, 5 and [orthe Ofl model tie band gap encrgy
the tail state exponent and the strength of th2 transition.

232, Refined Drude modei with frequency-dependent damping

In order o ger berrer fic for the annealed samplas whose free
carriers damping exhihir dependence nn the frequency, we nsad
the extznded Drude model where the damping factor is given as

Toremy=T1 [rL_rH}(arcmn [{”_anr “)
4 ]—r\w | 2

whare 'y and My are the lnw and high-frequency damping
constants, [y, £ o are the width and the changeover frequency
respectavely. The fif parameters ar2 th2 g, 'y, Uy, | reeand Qe
Once the plasma frequency is obtained from the fitting procedure
the carrier densicy can be obtained via ng = (m2m * &,/ where
£y i the permirtivity of free space, e is the elementary charge and
m* is the effective mass and has bren assumed a value of
m™ = 0.4my, m, being the tree electron mass.

2337 Bruggemamm model for toe surfore ronighness

Since the grow t process of ITO layers on glass substrdles die
not homogzneous especially on glass substrates [13], the experi-
mental spectra were simulated with an additional surface rough-
ness laver whose dielectric tunction 1s modelled with the ettective
medium approximation. The surface roughness layer is generally
modelled witl e Maxwell-Carnetl [14] or Bruggenan [13]
effective medium theories. This approach has been found to yield
very accurate and reliable results in spectroscopic cllipsometry
16,7]. For the modelling, we constructad a two-laver structure on
glass substrate with the top surface roughness layer. The surface
layer was vonstructed as g compuosite of te [TO layer and voids
(air). The effective dielectric function of the surface layer was
computed using the dielzctric function of the ITD layer and air by
Bruggeman etfective medium approximation. The volume traction
of the surface layer, thickness of the surfaca and ITD layer are usad
as fic Paramerers.

3. Resulis
31. Srrucrural propercies

Fig. 1 shows the XRED pattern ol ITD thin fhns danoealed
at wvarious temperanures sputter deposited at 100W. The as-
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Fig. 1. XRL pattern of ITC films deposited at 100'W RF powear on glass substrate at
diffzrent annzaling temperatures,
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Fig. 2. XRD pattern of MO films deposited at 100W RF power on glass sabstrate ab
room temperature with different thidknesses.

depnsited films are polverystalline with peaks corresponding to
(222} and (440) orientations of IngOs The predominant orienta-
tion is (222) in both cases of films deposited at 100 and 200W
discharge power indicating that the films have (111) preferential
orientation. Though the crystallization temperature for ITO is
reported to he 150 °C [16,17], the as-deprsited films in this study
show prominent (222) pesks. Sufficient thermal energy is
necessary for crystallization during deposition and the substrate
temperature during deposition which was monitorad at the back
of the subsrrare did not increase beyond 3C°C due to the long
targrt-suhstrate distanre {130m). In the ahsence of external
heating the crystallization in the present study is due to the
enerzy supply by the continuous energetic ion Eombardment as
reported by Park et al [18]. They have observed that amorphous
substrate might retard arystallization at the point adjacent to the
sithstrare, hut will allow crystallizarion ar a place awav from the
substrate. 5o, crystallization will be more pronounced in thicker
films deposited by continuous sputtering. In the present study,
films wore deposited on glass [amorphous) substrates. So,
crystallization mizht be zasier in thicker films. This was also

verified by comparing films of higher ¢

verified by comparing films of higher nasses [deposited
longer time) under e =anve conditdons, Fig, 2 s e XRD patlen
of two films {210 and £00 nm thick) deposited at 100 W power and

nasces [deposited for
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can be seen that the thicker film deposited at room temperature
has very intense peak at (22 2) than the thinner one. The kinetic
energy from the sputtered particles enhances the surface migra-
tion which results in crystallization even at room-temperature
sputtering conditions [19,20] and the crystallization is more
pronounced in thicker films.

It is not observed in the present study any change in
preferential orientation from the {22 2) to the (40 0) direction when
the RF power {power density-deposition rate) is increased from
100W (1.27 W/cm®-35 A/min) to 200 W (2.54 W/cm*-81 Ajmin),
as reported by Thilakan et al. [21]. The as-deposited films at both
power show the (222) and (440) peaks only. The {(400) peaks
appear in annealed films only above 200°C and the intensity is
very small compared to (22 2) peak. It has been reported that the
presence of (400) orientation is related to the oxygen deficiency
in the ITO films [22] and the preferential growth along the (222)
direction is related to the stoichiometric ratio of In,05 as
observed by Terzini et al. [23] and the target-substrate distance
[24]. In the present work, the films are deposited with high base
pressure of 3 x 10 "mbar, there is enough oxygen during deposi-
tion which resulted in films oriented along the (222) direction
due to oxygen incorporation and since the target-substrate
distance was large (13cm); it has resulted in stoichiometric
films. Our analysis with EDAX using the target as the standard
shows that the as-deposited films are stoichiometric with 95 wt%
In:0s and 5wt# Sn0: As the films annealed abowve 200°C
show the crystallization along the (222) (400} {440} {431)
(622) and {2 11) directions, it can be concluded that annealing
above 200 °C results in oxygen deficiency, hence the appearance of
the (400) peak.

The lattice constant a was calculated using the equation
1/d* = h*+k*+I*/a® and the grain size D by the Debye-Scherrer
formula D = (0.9.4/B cos 0}, where d is the interplanar spacing, B is
the measured broadening at half its maximum intensity (FWHM )
at angle 20! and X-ray wavelength £ = 0.154 nm.

The grain size and the lattice parameter calculated from the
XRD peak (222] are plotted against the annealing temperature in
Fg. 3. The grain size increases from 30 to 60nm with the
annealing temperature and matches with the reported values
[25,26]. The increase in the degree of crystallinity is demonstrated
by the increase in the grain size with annealing temperature.

The net lattice expansion can be defined as &per = d—dy/dy,
where d is the interplanar spacing obtained from the XRD peak

(222) position and dy is the interplanar spacing calculated from
the lattice constant of 10.118 A for the ideal lattice of InyO4 [27].
The resulting strain (net) with annealing temperature in this
study is ranging from 0% to 1.5%, which is similar to the reported
values for dc magnetron-sputtered films [28]. The strain is
generally larger for the films deposited at 100W power than
those deposited at 200W RF power. The values of the lattice
constants are close to those reported [25,29], which was 10.102.
The lattice constant decreases with annealing temperature T and
equals that of the ideal value at 150°C (100W RF power) and
100°C (200W RF power) and the stress is also minimum after
annealing at these temperatures which is similar to the observa-
tions made by Kerkache et al. [30] for RF-sputtered films.

3.2, Optical properties

Fig. 4a and b shows the transmittance and reflectance spectra
of ITO films deposited at sputtering power 100 and 200W and
heated at various temperatures in air. It can be seen from the
above figures that the use of pure Ar during sputtering result in
the deposition of highly transparent films due to the high base
pressure [4], in our case 3 x 10 *mbar. As can be seen from the
figure, just after deposition, the film with a high transparency in
all intervals of wavelengths {300-2500nm) is obtained for both
sputtering powers. Further annealing in air does not result in the
essential change of film transparency in the visible region. In the
near IR region annealing in air above 150°C (power 100W) and
above 200°C (power 200W) resulted in the decrease of transpar-
ency with the wavelength. The shifts in the transmittance and
reflectance fringes of the annealed samples suggest that annealing
results in a small change in the thickness or in the refractive index
of the films.

There is a minimal change in transparency in the visible region
after annealing at various temperatures following the first
annealing stage and no noticeable change thereafter. This change
is a shift of the transmittance and reflectance curve to the left of
the X-axis, Le. towards shorter wavelength/higher energy. The
transmittance above 2000nm decreases after annealing at 200°C
and increases after annealing at 300 and 400 °C. Other investiga-
tors have reported conflicting effects of heating on the transmit-
tance of ITO: while Haines et al. [31] and Neubert et al. [32] report
a decrease in transmission due to heating, Higuchi et al. [33],

10.50

Lattice Parameter

Grain Size (nm)

Temperature

Fig. 3. Variations of lattice parameter and grain size of 1TO films with diferent annealing temperatures.
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sreenivas et al. |34, Ali et al. [35] and Hu et al |36] observe an
increasz after annealing, These conflicts are most likely due to
their differing methnds of ITO growth and post-deprsitinn
treatments. The factors that affect the optical behavicour during
post-deposition annzaling of ITO films are the base pressurs
before sputtering, oxygen partial pressura during sputtering and
the substrate heating. Since the oxygen content in ITO films is a
critical control parameter [17] of the resistivity and transparency
of the film, a small quantity of oxygen [usually a fraction of a
percent) is usually addad to the gas mixture in the sputtering of
[TO from an ITO source. Conduction 15 parcially a result of unfilled
axygen vacancies, soa high incorporation of cxygen into the film
will result in few vacancies and a hizghly resistive film. In thz
present work, due to the base pressure being high, it resulted in a
high level of oxygen incorporation and the subsaquent high
Lanspdrent dand high resistive (s,

The present experimental transmittance curves are very
similar to rhe rapored annealed ITO films prepared by dc reacrive
sputtering at room temperature with high oxygen partial pressure
11.7 % 10" mbar by Meng et al. [38]. The XRD of the reported 170
films by Meng et al. also show preferantial orientation along the
(2 22]) direcdon and there is no (40 0) peak observed even after
dnnedling al 400°C

Experimental transmittance and reflectance spectra in the
spectral range 300-2500 nm have bzen fitted with the theoretical
nnes hased on dielectric modeling. Oprical, electrical and physical

mararmatars ol oae Fhe hand oan the alacfran concanfrakioe
parametens, s5udn a5, e oand Zap, nf S:80on fonfonmiration,

mobility and the film thicknzss were obtained from the fitting.
Fig. 3 shows the typical fit obtained for an IO sample
deposited at 200W RF power and subsequently annealed at
200 °C by Drude and the extznded Drude model with frequency-
dependent damping. It was arrived by assuming two layers on a
glass substrate. The dizlectric function of the glass substrate
(micro slide) which was determined in the wavelengrh of interest
trom its near normal reflectance and transmittance 1s used in the
laver model. We assumed incoherent interference and neglizible
absorption for the thick glass substrate. The dielectric function of
the layer in first approximation, moedelled with the standard
Crude formula g discossed before, When te same double layer
model on glass substrare with Drude theory was used for films
annealed at 200°C and above, the average experimental spectrum
is well reproduced as we see from Fiz. 5 The pnsition of
interference maxima and minima matches the model, but the fit
between experimental and simulated ones at longer wavelengths
are nat macched in am plitude. Betrer fit could b2 achieved only by
incorporating the frequency-dependent damping constant in the
Lrude model. The experimantal and model specra by the classical
Lrude model and the refined (extended) Drude model are shown
in the figure for a 250-nm-thick film depesited at 200W. As we
sze from the figure, the agreemant between the simulated and the
expenimental spectrum has considerably improved. This trend
was obszrved on all samples annealed above 200°C temperature.
It i< clearly seen rhat the infroduction of a frequency dependsnre
damping constant in the Drude model, significantly improves the
e i e full range of wavelengl studied. I this present study, all

a0 —

a0 —

E_f‘
P Ldz
E 0 p—'—l Ex Drude
H. \/\ Exp
O — T I ' I ' |
0 1000 2008 3000
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Fig. 5. Measureld and calculated K and I spectra of [TO nim deposited at 2000W KF
POWET and annéaled ar 200C with Drude and exrended Dnidz mooel.
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the experimental reflectance and transmittance spectra were
fitted with the extended Drude model only.

In Figs. 6 and 7, we present the variation in optical constants of
the ITO films annealed at different temperatures obtained by the
dielectric modelling. Higher annealing temperatures resulted in
lower refractive indices. Crystallographic orientation of the ITO
films shows a clear relationship with refractive indices. As the
films were annealed they become denser (larger grain size) and
have lower refractive indices.

The changes In extinction coefficients are quite different
between the visible range (about 400-700nm) and the
near infrared region (above 700nm). In the wvisible range, the
extinction coefficients were lower for higher annealing tempera-
ture conditions and in the longer wavelength region, higher
annealing temperature led to larger extinction coefficients.

a
2.2 7

Refractive index n
1

1.4 —

12 T T T T T T T T T T T ]
0 500 1000 1500 2000 2500 3000
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Extinction coefficient k
I
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2000 2500
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Fig. 6. Variation of (a) refractive index and (b) extinction coefficient of ITO films
deposited at 100'W RF power with different annealing temperatures.
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Fig. 7. Variation of (a) refractive index and (b) extinction coefficient of ITO films
deposited at 200'W EF power with different annealing temperatures.

The extinction coefficient in this region exhibit a sharp increase
with wavelength and temperature and can be observed that
the increase is maximum for samples annealed at 200°C
Since the extinction coefficient account for the absorption in the
longer wavelengths, the higher the extinction coefficient, lower
the transmittance, larger the absorption and high electron
concentration [39].

With the dielectric modelling, information regarding the band
gap, thickness, carrier concentration and void distribution in the
surface layer was also obtained. Fg. 8a and b shows the variation
of carrier density and band gap with the annealing temperature.
The carrier concentration is higher for films deposited at 200W RF
power, which is consistent with the reported results [24]. The
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uplical band gap ol e flims was calculated Do tie absorption
spectra obtained from the extinction coefficiant. It is assumed
that the mdterial has pdrabolic Dand sboocture and e direct
gptical band gap was determined from the plot of (xhe)® vs. ho
extrapolated the linear portion of the curve to xhu equal to
zero. Films depesited at 200W RF power have higher optical
band gap than with those deposited at 100 W EF power. The band
gap of the films lies betwean 3.6 and 3.9¢V. Vasant kumar et al.
|24] have obtammed a direct optical band gap of 3.7ev for
EF-sputtered ITQ films with {22 2) prefersntial orientation and
386V for films with (440) preferential nrentation. The
[lins o this present stody have been ound Lo have (222)
preferantial orientation, and the range of band zap obtained
matches with their report. The band gap decrease after annealing
at 100°C and then increased with the increasz of annealing
temperature. The band gap broadening can be attributed to the

Burstein-Moss shift [40] as the result of hizh concentration of free
clectrons, as shown in Fig. 3a.

3.3 Eectrical properties

Fig. 9a and b shows the sheet resistance and the resistivity of
the films deposited at 100 and 200W RF power. The resistivity
decreases as the annealing temperature increaszs. The electrical
property of the films was found to be rzlated toche microstructure
and crystallinity of the films, which in turn strongly depend on the
anncaling temperature. Higuchi et al. |3] report that the low
resistivity of ITO films is related to a big grain size. In this present
study, annealing resulted in larger grain as shown in Fg. 3, which
leads to less scattering at grain boundaries, hence lowered
resistivity. Annealing above 100°C led to a sharp increase in
can e voneentrativn, whidh caused (the subseguent decredase in
sheet resistance and resistivity. The fall of resistivity may also be
associared with the bereer crystallisation as seen from the (ncrease
in peak intensities with the annealing temperatures in the XED, as
shown in Fig 1. Annealing above temperatures £00°C show no
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Fig. 9. Variarions of shest resistance and resistvity of MO 0Ims deposited at
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further effect on resistivity. As seen from the XRD, the (400)
peaks appear only after annealing at 200°C which is related to the
oxyzen deficiency and decrease in resistivity.

5. Conclusions

ITO films, grown on glass substrates by RF magnetron
sputtering at a high chamber base pressure without substrate
heating show high transparency in the 300-2500nm wavelength
region and are highly resistive. This is due to the high base
pressure which plays the same role of the intentional oxygen
admittance during sputtering. The as-deposited films were
polyerystalline with preferential orientation along the (222)
direction which also confirms that the films are stoichiometric.
The subsequent annealing in air improves the crystallinity of the
films which result in the growth of grain size. The resulting
increase in carrier concentration decreases the resistivity of the
films due to annealing. Higher grain size decreases the density
which subsequently lowers the refractive index. The experimental
transmittance and reflectance spectra in the wavelength interval
300-2500 nm is satisfactorily fitted by employing a theoretical
model based on the frequency-dependent damping constant in
the Drude model coupled with the Bruggeman effective medium
theory for the surface roughness. The extracted optical constants
have direct relation to the structural properties. The increase in
carrier concentration with annealing temperature suggests that
the films were becoming more metallic as evident from the
increase in the extinction coefficient in the long wavelength
region. Mo preferential orientation from the (22 2) to the (400)
direction is observed in the present study when the RF power
(deposition rate) is increased from 100W {I.E}'W.fcmz—l’pﬁﬁ.fmin]
to 200W (2,54 W/cm*-81 A.fmin], as reported in the literature. It
has been found from the electrical measurement that films
sputtered at 200 power under the conditions detailed in the
experimental setup and subseguently annealed at 400°C have a
sheet resistance of 80 (Y 0 and resistivity 1.9 = 10 *0cm.
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