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a b s t r a c t

Transparent conductive oxides (TCOs) such as indium tin oxide (ITO) thin films onto glass substrates are
widely used as transparent and conductive electrodes for a variety of technological applications in-
cluding flat panel displays, solar cells, smart windows, touch screens, etc.
ITO films on glass and polycarbonate (PC) substrates were prepared at room temperature (RT) and at
different PO2

. The films were characterized in terms of the surface roughness (d), sheet resistance, the
refractive index (n) and extinction coefficient (k). The free carrier density (nc) and the carrier mobility (m)
of the ITO (In2O3:Sn) films were measured and studied. The nc and m values vary in different ratio of
oxygen partial pressure ðPO2

Þ of ITO deposition. The observed changes in the ITO film resistivity are due
to the combined effect of different parameter values for nc and m. From AFM analysis and spectra
calculations, the surface roughness values of the ITO films were studied and it was observed that the
d values were lower than 15 nm. The energy band gap Eg ranges from 3.26 eV to 3.66 eV as determined
from the absorption spectrum. It was observed an increase on the energy band gap as the PO2

decrease in
the range of 20–2% PO2

. The Lorentz oscillator classical model has also been used to fit the ellipsometric
spectra in order to obtain both refractive index n and extinction coefficient k values.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Transparent conductive oxides (TCOs) are of great importance
for silicon based and most other thin film solar cells. Indium tin
oxide (ITO) thin films onto glass substrates are widely used as
transparent and conductive electrodes for a variety of technological
applications including flat panel displays, solar cells, smart win-
dows, touch screens, etc.

Generally a high optical transmission from visible to near in-
frared (NIR) wavelength and a low sheet resistance (Rs) characterize
a high-quality film of indium tin oxide (ITO) [1–3].

ITO is a wide-gap, degenerated semiconductor where electrons
are the major charge carriers. The Sn atoms are considered to
substitute for In, without ordering. The difference of valence be-
tween In3þ and Sn4þ results in the donation of a free electron to the
lattice. For most applications, the ITO films must be as conducting
as possible, which requires a high carrier density (nc) and a high
carrier mobility (m). As a part of a research to develop new flexible
a).
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multilayered electrochromic devices prepared by dc magnetron
sputtering, we are investigating ITO used as the transparent elec-
trodes. The attainment of these properties is strongly dependent on
the growth condition-oxygen partial pressure ratio ðPO2

Þ. Among
the technologies available for ITO thin film production, magnetron
sputtering is the most widely investigated and large-scale de-
position equipment is available [2–4]. Moreover, the replacement
to flexible polymer substrates is gaining a great interest because it
can give advantages such as lighter weight, higher shock resistance
and scalable roll-to-roll deposition processes. In this work ITO thin
films were prepared by dc magnetron sputtering technique, mainly
because a high sputtering rate associated with good film properties
and low substrate temperatures can be achieved. In our previous
study [3], the optimum r.f. diode sputtering was used for the de-
position of ITO. Physical properties such as the free carrier density
(nc), the carrier mobility (m) and various optical parameters of the
ITO films are important criteria to describe the characteristics,
microstructure and physical properties of the films. These param-
eters are also sensitive to the microstructure and have a strong
influence on the application of the coating. Therefore, it is impor-
tant to study the influence of PO2

on the micro and electronic
parameters (m and nc), energy band gap Eg, sheet resistance, surface
roughness (d), refractive index and extinction coefficient of the ITO
film.
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Fig. 1. Transmittance spectra of films prepared with different oxygen partial pressure
ratio.
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2. Experimental details

A home made system of DC magnetron reactive sputtering was
used to deposit the ITO films. Further details about the experi-
mental set up have been reported elsewhere [5]. The sputtering
target is composed of 10 wt% SnO2-doped In2O3. The base pressure
of the vacuum chamber was less than 1�10�3 Pa by mechanical
and oil diffusion pumps before deposition. The oxygen partial
pressure ratio is defined as PO2

¼ PðO2Þ=½PðO2Þ þ PðArÞ�, where
P(O2) and P(Ar) are the gas pressures. PO2

is adjusted from 0% to
27%. The sputtering power applied was 90 W. All films were
deposited at room temperature.

The film transmittance, absorbance, diffuse and specular re-
flectance were measured in UV–visible–near infrared (UV–vis–NIR)
region by a double beam spectrophotometer of Shimadzu UV-
3101PC, which is available for various measurements over a wave-
length range of 200–3200 nm. The film resistivity was measured by
Veeco FPP-5000 four-point probe. The carrier concentration (nc)
and Hall mobility (m) were determined from Hall effect measure-
ments using the Van der Pauw geometry (a four-point probe square
configuration, 5 mm side with Cr contacts deposited by thermal
evaporation assisted by electron gun) on a BIORAD HL5500 system
with a permanent magnet of 5 kG. The microstructures of the film
surface were determined by atomic force microscopy (AFM, Mul-
timode TM SPM 3, Digital Instruments Nanoscope).

3. Results and discussion

An overview of the results of the ITO films is shown in Table 1. In
the following sections we present and discuss the results obtained
for the ITO sputtered films.

3.1. Transmission spectra of ITO films

The transmission spectra of some as-deposited ITO films are
shown in Fig. 1. The transmission curves in the long wavelength
(NIR: near infrared) region shift to red direction and increases with
increasing PO2

except for the lowest PO2
sample (2%). This behaviour

indicates an increase of the amount of free electrons with de-
creasing PO2

, because the electrons are from oxygen vacancies in
ITO film [6]. In general it is observed that the near infrared trans-
mittance decrease as the film thickness increases. These changes of
the optical properties are consistent with the changes observed in
the electrical properties, mainly the ones associated with the in-
crease of the carrier concentration (see Table 2), which lead to
a lower value associated with the plasma frequency. Further dis-
cussion is presented in Section 3.3.

The optical properties of the ITO films are determined to a large
extent by the microstructure of the film and hence by the prepa-
ration technique. It is stated that the decrease of the transmittance
at lower PO2

, which is smaller than the optimum 10% PO2
, is due to
Table 1
Deposition conditions and parameters for ITO films

Sample PO2
(%) td

(min)
de

(nm)
Tmax

(%)
Rs

(U/Sq.)
d

(nm)
Eg

(eV)
Fmax

(�10�3 U�1)

a1 27 0.7 – 99.6 N 13.6 – –
a2 25 0.7 – 99.5 N 13.2 3.53 –
a3 21 0.7 – 99.3 760.2 11.2 3.49 1.3
a4 16 2 48 97.0 654.0 12.2 3.48 1.5
a5 12 2 94 95.0 108.7 11.5 3.53 8.7
a6 10 2 91 95.0 99.9 12.2 3.62 9.4
a7 2 2 66 94.0 132.8 13.6 3.66 7.1
a8 0 2 – 93.0 137.6 11.9 3.26 6.8

Note. PO2
: ratio of oxygen partial pressure; td: deposition time; de: thickness obtained

by fitting ellipsometric parameters; Tmax: transmittance at maximum; Rs: sheet
resistance; d: surface roughness; Eg: energy band gap; FTC: Figure of Merit.
the formation of non-stoichiometric films. As PO2
is increased, the

film structure may also vary from a dense structure into a columnar
or cluster structure with more pronounced voids [7]. All these could
result in an increase of the film transmittance. All the values of the
transmission of the as-deposited ITO films are above 83% in
the range of 470–1900 nm. From Table 1, it can be observed that the
optimum depositing conditions of 10% and 12% PO2

result in a high
transmission of 95% with the lowest Rs. Although this value of
transmittance is not as high as that of sample a1 (27% PO2

), it should
be good enough for opto-electronic applications such as electro-
chromic switching devices.

The fundamental physical properties and mechanisms govern-
ing the optical performance of the transparent conducting ITO films
could be described by interband absorption, logarithmic band
edges, electron scattering and phonon absorption. In the ultraviolet
region, the absorption is strong due to excitations across the fun-
damental band gap Eg. Substitutional doping of Sn on In sites in the
In2O3 lattice shifts Eg towards shorter wavelengths. This phenom-
enon is due to the Burstein–Moss effect, i.e. a blocking of the lowest
states in the conduction band, which is partly balanced by many-
body effects. The optical properties around Eg are complicated by
the occurrence of logarithmic band edges, often referred to as
‘Urbach tails’, which give some weak absorption at the blue end of
the luminous spectrum. Urbach tails are common features in
semiconductor materials, and their origin has been the subject of
much speculation. It appears that several physical mechanisms can
contribute, and that one of them is associated with the existence of
Snþ acting as an ionized impurity. The free electrons in the In2O3

lattice undergo scattering, whose strength limits r as well as the
infrared reflectivity of ITO. In principle, there are many types of
scattering centres that have to be considered, including ionized and
neutral impurities, phonons and dislocations.

3.2. Sheet resistance and Figure of Merit

The lowest value of the sheet resistance (Rs) of the ITO films was
obtained when the deposition time (td) was 2 min. The obtained
Table 2
The r, nc and m of the ITO films for different PO2

Sample r (U cm) nc (cm�3) m (cm2/V s) PO2
(%) de (nm)

i1 9.12� 10�2 5.23� 1018 13.1 16 47.9
i2 6.01� 10�4 7.89� 1020 13.2 12 93.9
i3 5.93� 10�4 7.44� 1020 14.1 10 90.5
i4 9.39� 10�4 4.54� 1020 14.6 2 66.2
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Fig. 2. (a) Diffuse reflectance; (b) specular reflectance and (c) TIS spectra of ITO films
over a wavelength range of 300–810 nm in different oxygen partial pressure ðPO2

Þ;
solid line: 27% PO2

, square: 16% PO2
, circle: 10% PO2

, cross: 2% PO2
.

H.-N. Cui et al. / Vacuum 82 (2008) 1507–1511 1509
value was 99.9 U/Sq. (Ohm/Square) for 10% PO2
. An increase in Rs on

either side of the optimum 10% PO2
was observed after increasing

and decreasing PO2
. From the above, the Rs of the as-deposited ITO

film is sufficiently low to be used as an electrode layer for elec-
trochromic devices.

At lower than the optimum PO2
the film resulted in higher Rs,

which is due to the formation of non-stoichiometric films. At higher
than the optimum PO2

the larger Rs could be due to additional ox-
ygen accumulated at the grain boundaries that act as scattering
centres to electrons. Table 1 shows the Figure of Merit (FTC¼ Tmax/
Rs) [8] of the films too and the best one with the lowest Rs, is sample
a6, FTC¼ 9.4�10�3 U�1. No post-annealing was done in the process
of the film synthesis. Considering industrial applications, this will
be less expensive and more practical to produce some device
applications, especially when sensitive layers are present or poly-
mer substrates are used.

3.3. Carrier concentration and carrier mobility

The carrier concentration (nc), carrier (or Hall) mobility (m) and
resistivity (r) of the ITO films were measured. Table 2 shows some
parameters such as r, nc and m for the ITO sputtered films produced at
different PO2

s. The increase in the resistivity is due to the decrease in
both nc and m with increasing PO2

for the range of 2–16%. Obviously
an increase of r on either side of the optimum 10% PO2

was observed.
Similar to the explanation given in Section 3.1, at lower values than
the optimum 10% PO2

the higher r could result from the phases of
metal oxide other than In2O3 doped SnO2. The resulting film is non-
stoichiometric. Another possible justification is that because the
amount of pores (or defects) in the sample i4 is small, it decreases the
scattering of the charge carriers, and then its mobility increases to
14.6 cm2/V s. From the decrease of the carrier mobility of the films
among all samples i1–i4, we can conclude that the amount of pores
increases with the increasing of PO2

during the deposition of the ITO
films. At higher values than the optimum 10% PO2

the larger r could
be due to (i) additional oxygen accumulating at the grain boundaries
and then acting as scattering centres for electrons and (ii) swelling
structure of the film changing the carrier concentration (nc). The
smaller value 13.1 cm2/V s mobility of sample i1 is due to the larger
amount of pores or defects, and it depends on the growing condi-
tions and characteristics of the thin film. With increasing thickness
(in the range up to 100 nm) it was observed that the film resistivity
decreases. For the ITO sputtered films an increase in the carrier
concentration was observed suggesting that for thinner films the
resistivity is controlled by a large amount of grain boundaries
associated with the film growth (which show typically a columnar
type) which limits the effective carrier concentration.

These experimental data show that the value for carrier mobility
and carrier concentration is very sensitive to the structure of the
films. The carrier concentration increases when the oxygen content
decreases from 16% to 12% PO2

. The increase of PO2
enhances the

pore formation in the film and then the mobility of the carrier
becomes lower at high PO2

, from 2% to 16%, especially for sample i1.
The carrier (Hall) mobility seems to increase with film thickness
within the range studied.

3.4. Surface roughness

The surface morphology of the ITO films is not easy to achieve by
using SEM technique, because the film is too smooth and very thin
to be observed using conventional SEM equipment. In this work
a calculation method was used to study the surface morphology
from the UV–vis–NIR spectra.

The d parameter corresponds to the standard deviation of the
micro-geometric surface height (or peaks and valleys). It can be
obtained from the total integrated scattering (TIS). The TIS is
defined as the ratio of the light scattered by diffuse reflectance to
the total reflectance (specular plus diffuse reflectance) of the sur-
face [9,10]. If the surface roughness d is much smaller than the
wavelength l, and q0 is the angle of incidence, then

d ¼ l

4p cos q0
TISð Þ1=2: (1)

We can calculate the d value by Eq. (1). Fig. 2 shows the diffuse re-
flectance, specular reflectance and TIS spectra of the ITO films over
a wavelength range of 300–810 nm. The d values of the samples are
summarized in Table 1. Fig. 3 is a typical AFM micrograph of the
surface microstructure and nanotopography of the ITO film. As can
be seen in Table 1 the surface roughness ranges from 11.2 nm to
13.6 nm. A small increase in the surface roughness was obtained for
higher PO2

(27%) and lower PO2
(2%). In the classical theory the loss of

light passing through optical films can be caused by two factors,
absorption and scattering. The light scattering can be caused by the
surface micro-roughness and by scattering at the film grain
boundaries. The surface roughness and the nanoscale grain
boundaries are clearly seen by AFM in Fig. 3. The measured grain size
is 30 nm and the average height of d is less than 15 nm, which is in
very good agreement with the roughness obtained from Eq. (1).



Fig. 3. AFM micrograph showing the typical surface morphology for an ITO film (sample a6) deposited with 10% ratio of oxygen partial pressure.
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Since the as-deposited ITO sample is a good transparent thin film
(transmission above 83% in the range of 470–1900 nm), we suppose
that the scattering mainly comes from the interfaces of the film.
3.5. Refractive index and extinction coefficient

It has been found that the film transmittance increases with in-
creasing PO2

. This behaviour is caused mainly by two reasons, one is
the variation of the refractive index (n), another is the variation of
the extinction coefficient (k). Meng et al. studied the dispersion of n
of the tin oxide films prepared at different total pressures and PO2

,
using the transmission spectra [11]. Several methods have been used
to determine the optical constants of thin films based on the mea-
surement of intensity of the reflected, absorbed and/or transmitted
light as a function of wavelength and/or angle of incidence [12,13].

Among these methods, the one given by Swanepoel is widely
used because of its simplicity [14,15]. The Lorentz oscillator classical
model has also been used for fitting the ellipsometric spectra in
order to obtain the n and k values.

The dispersions of n and k of the films prepared with
2.1�10�1 Pa PT and different PO2

are shown in Fig. 4. The n and k
values of the films over a wavelength range of 400–800 nm were
plotted against the photo-energy (3.2–1.4 eV). It can be seen that the
sample prepared at high PO2

shows a different behaviour compared
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to the samples prepared at low PO2
. This can be related with the

variation of the structure of the films. The k of sample i3 at wave-
length 700 nm is 0.034 using ellipsometric measurements (Fig. 4b).
3.6. Energy band gap

There are different models and many reports about the
absorption coefficient and energy band gap (Eg) [6]. In this study
we have calculated Eg values using the direct transition model
(N¼ 2) by aN¼ C(hn�Eg). Table 1 shows the Eg values of the ITO
films.

The intrinsic Eg of the ITO material is 3.53 eV [16]. The obtained
values of the films vary between 3.26 and 3.66 eV and increases as
the oxygen pressure decreases in the range of 20–2% PO2

. Samples
a6 and a7 in Table 1 show comparably high effective Eg, possibly
this is caused by a combination of Burstein–Moss-Shift [17] and
contributions of scattering [18]. It should be as following,
Eg¼ Eg,0þDEBM¼ Eg,0þ((3p2ne)2/3/2m*

vcþ -S, where Eg is the
measured or varied effective band gap, Eg,0 is the intrinsic band gap,
m*

vc represents the reduced effective mass and ne is free electron
density. The -S represents the broadening of the band gap due to
scattering and widening of the transition. It is assumed that the
Sn4þ ions behave as single charged point scatter too, except the
boundary scatter. We can observe that the DEBM value comes from
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the contribution of both -S and ((3p2ne)2/3/2m*
vc. For other

samples that have comparably low effective Eg (<3.53 eV), this is
possibly caused by the structure of non-stoichiometric when the
ITO films were deposited at higher or lower PO2

. From the above
discussion the variant Eg value of the ITO film cannot be explained
by using only a Burstein–Moss-Shift which was also analysed by
Bender et al. mentioned [6].

4. Conclusions

Transparent ITO thin films on glass substrates prepared at
different PO2

s show different values for the surface roughness (d),
sheet resistance, the refractive index (n) and the extinction
coefficient (k). All values of the transmission for the as-deposited
ITO films are above 83% in the range of 470–1900 nm. The film
maximum transmittance increases from 93% to 99% when
increasing PO2

. The film surface roughness was in the range of
11.2–13.6 nm. The lowest value for sheet resistance (Rs) of the ITO
films deposited at RT was 99.9 U/Sq. for 10% PO2

. The free carrier
density (nc) and the carrier mobility (m) of the ITO (In2O3:Sn) films
were measured. The nc and m values vary with different ratios of
oxygen partial pressure (PO2

) of ITO deposition. The carrier con-
centration increases from 5.23�1018 cm3 to 7.89�1020 cm3 when
the oxygen pressure decreases from 16% to 12% PO2

. The carrier
mobility increases from 13.1 cm2/V s to 14.6 cm2/V s when the
oxygen pressure decreases from 16% to 2% PO2

. The ITO energy
band gap Eg ranges from 3.26 eV to 3.66 eV. An increase in the
band gap was observed as the oxygen pressure decreases in the
range of 20–2% PO2

.
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