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Abstract In this work, indium tin oxide (ITO) thin films
were grown on a glass substrate without introducing oxygen
into the growth environment using RF magnetron sputtering
technique. The dependence of surface morphological, opti-
cal and electrical properties at different film thicknesses and
sputtering RF power were investigated. Results showed that
these properties were strongly influenced by the film thick-
ness and sputtering RF power. It was found that the resis-
tivity, sheet resistance and optical transmittance of ITO thin
films deposited on glass substrate decreased as film thickness
increased from 75 to 225 nm while the surface roughness
and optical bandgap increased. The optimum properties
were obtained for ITO films 225 nm thick grown at 250 W
RF power. This has revealed an excellent figure of merit of
(384 x 1074 Q_l) with average transmittance (83.3 %),
resistivity (9.4 x 1074 Q cm), and carrier concentration
(6.1 x 10%° cm73). These ITO films are suitable for use in

solar cells applications.
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1 Introduction

Indium tin oxide (ITO) thin films have been widely utilized
in transparent and flexible optoelectronics device fabrication
technologies such as liquid crystal displays, plasma display
panels, gas sensor, flat panel displays, solar cells and organic
light-emitting diodes [1-4]. This is due to their low electrical
resistivity and high optical transmission in the visible range.
Various coating techniques have been utilized to deposit ITO
thin films such as DC/RF magnetron sputtering [5], reactive
thermal evaporation [6], ion beam sputtering [7], pulsed
laser deposition [8], chemical vapour deposition [9] and
spray pyrolysis [10]. Among these techniques, RF mag-
netron sputtering is one of the most extensively used depo-
sition technique in many industries, due to its inherent
advantages such as good reproducibility, low temperature
process and large area film deposition capability [11].
However, the properties of ITO film are critically dependent
on various deposition parameters, such as working gas
pressure, RF power, chamber environment, film thickness,
target to substrate distance, substrate temperature, target
specification and post deposition treatment [12, 13]. In the
majority of reports, oxygen was used as a reactive gas during
deposition and/or post-deposition annealing to decrease the
resistivity of the films [14-16].

In this study, ITO thin films were grown by RF mag-
netron sputtering at room temperature without introducing
oxygen into the growth environment. The main objective of
this study is to evaluate the effects of film thickness and
sputtering RF power on the surface morphological, optical
and electrical properties of ITO thin films without intro-
ducing oxygen into deposition atmosphere. In addition,
optimization of film thickness and sputtering RF power
without added oxygen to produce high performance ITO
suitable for solar cells applications has been demonstrated.
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2 Experimental details
2.1 Preparation of ITO thin film

In this work, ITO thin films were deposited on 0.5 mm thick
soda-lime glass substrates (20 mm x 20 mm) by RF mag-
netron sputtering system (Edwards Auto500) using a solid
ITO target (90:10 wt% In,0O5:SnO,) with a purity of
99.99 %, a diameter of 75 and 5 mm thick. The substrates
cleaning procedure were normally carried out by dipping for
few minutes in acetone, methanol, and isopropyl alcohol
(IPA) solvents in an ultrasonic bath and rinsed with deion-
ized water and then blown dry with Nitrogen gas. The sur-
face was further treated using oxygen plasma for 20 min
before being loaded into the sputtering system. The sputterer
chamber was pumped down using a turbomolecular pump
before introducing the sputtering Ar gas, which had high
purity (99.999 %) and free of oxygen. The base pressure of
the chamber was in the range of about 3 x 10~° mbar. The
deposition process was carried out in an Ar flow rate of 10
sccm at room temperature (295 K) with a processing pres-
sure of 3.2 x 10> mbar. No oxygen was added during the
deposition. The substrate holder was continuously rotated
during the sputtering to enhance the film’s uniformity. The
ITO films were grown at different thicknesses ranging from
75 to 225 nm with a 50 nm increment at an RF power of
100 W. The films were also deposited at different RF powers
from 100 to 250 W in a 50 W step to produce a fixed
thickness of 225 nm. After deposition, the deposited films
were diced into 5 mm? samples using the Tempress 602 dice
saw system for structural, optical and electrical analyses.

2.2 Film characterization

The thickness of the films was measured using a Surface
Profilometer DEKTAK 150. The surface morphology of the
deposited films was observed by atomic force microscopy
(AFM) under ambient air conditions. The optical transmit-
tance spectra of films were carried out by a Cary Spec-
trophotometer 619 in the wavelength range from 200 to
800 nm. Hall mobility, carrier concentration, and resistivity
were measured using Van der Pauw Hall effect measurement
method under a magnetic field of 0.51 T. All measurements
were conducted at room temperature (295 K).

3 Results and discussion
3.1 Surface morphological analysis
Figure 1la—d shows the AFM images of the surface mor-

phologies of ITO films with thickness ranging from 75 to
225 nm prepared at an RF power of 100 W respectively.

Root mean square roughness, Rq, was determined from
AFM data of 1 pum x 1 pm scan area. The surface
roughness increases slowly as the film thickness increases
from 75 to 225 nm. It can be clearly seen from Fig. 2 that,
as the thickness reaches 225 nm, the RMS roughness rises
up to 12.5 A. These significant changes in roughness with
increasing film thickness is due to the reflecting nucleation,
coalescence and continuous film growth processes (Vol-
mer—Weber type) [17]. Figure 1 demonstrates that the
RMS value of the roughness is strongly influenced by the
degree of aggregation and cluster size of the thin films.
This is in agreement with the principle that different cluster
or grain size affects the surface roughness of the thin films
[18].

Figure 3a—d shows the AFM images of the surface
morphologies of the 225 nm thick ITO films prepared
with different RF powers in the range from 100 to
250 W. The values of the RMS roughness for the
225 nm thick ITO films deposited with RF power
varying from 100 to 250 W are shown in Fig. 4. It is
observed that the sputtering RF power also has an
influence on the surface structure of ITO films. The ITO
films grown at 100 W RF power have the comparatively
low kinetic energy of sputtered particles compared to
250 W RF power, which leads to relatively more random
orientation and various sizes of grain growth which lead
to manifest as a rough surface. The sputtered particles
have sufficient energy for uniform distribution of grain
growth and thus lead to a smoother surface with
increasing in RF sputtering power.

3.2 Electrical properties

Figure 5 illustrates the variation of resistivity, carrier
concentration, and Hall mobility of the ITO films grown at
an RF power of 100 W as a function of film thickness.
Carrier concentration increases rapidly with the film
thickness increasing from 75 to 225 nm and reaching a
maximum of 1.12 x 10*' cm™. It is also observed that
resistivity decreases with an increase in the film thickness
from 75 to 175 nm and remains almost constant afterwards.

Figure 6 shows the sheet resistance and the resistivity as
a function of the film thickness. It is found that the sheet
resistance decreases rapidly as the ITO film thickness
increases from 75 to 125 nm. For further increase of the
ITO film thickness, the sheet resistance decreases slowly
and the minimum sheet resistance obtained is about
27.5 Q/sq for a film thickness of 225 nm. The decrease in
sheet resistance with increasing film thickness is due to an
increase in carrier concentration of the films which results
from the enlarged grain size. It has been reported by Kim
et al. [19] that grain size increased with an increase in ITO
film thickness. The values of the carrier mobility drop with

@ Springer



11066

J Mater Sci: Mater Electron (2016) 27:11064-11071

Fig. 1 AFM images of ITO films at an RF power of 100 W with different thicknesses a 75 nm, b 125 nm, ¢ 175 nm, and d 225 nm

RMS Roughness (A)
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Fig. 2 RMS roughness R of the surface of ITO films deposited at an
RF power of 100 W with different thicknesses
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increased surface roughness, probably, due to the electron
scattering at grain boundaries. It has also been reported that
the carrier mobility is limited by the grain boundaries [20].
However, the carrier mobility increases as the film thick-
ness increased from 75 to 125 nm then decreases as the
film thickness increased from 125 to 225 nm.

Figure 7 shows the electrical resistivity, carrier con-
centration and Hall mobility of the 225 nm thick ITO films
as a function of the RF power. Carrier concentration
decreases from 1.12 x 10*! t0 6.07 x 10** cm™ when RF
power is increased from 100 to 250 W. This indicates that
the damage by negative ion collision influences the carrier
concentration. The mechanism of carrier concentration
drop by negative ion damage can be explained by the
decrease in oxygen vacancies as donors and the increase in
bivalent In or Sn as acceptors [21].
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Fig. 3 AFM images of 225 nm thick ITO films with different RF power a 100 W, b 150 W, ¢ 200 W, and d 250 W

The carrier mobility increases gradually with RF power
in the range from 100 to 200 W then decreases rapidly
when the RF power is increased above 200 W. There is a
slight fall in the resistivity and sheet resistance for an RF
power between 100 and 150 W as shown in the Fig. 8.
However, the values of the resistivity increase gradually
when the RF power is in the range from 150 to 250 W. The
decrease in sheet resistance with an increase in RF power
from 100 to 150 W is attributed by a lower collision of
negative ions [21]. While for an RF power over 150 W,
bombardments became stronger which lead to a low den-
sity of Oxygen vacancies. In general, this result indicates
that a lower sputtering RF power is preferred for decreas-
ing the resistivity of ITO film.

3.3 Optical properties

Figure 9 shows the optical transmittance spectra of ITO
films measured at different thicknesses in the wavelength
range of 300-800 nm. Samples were prepared at an RF
power of 100 W. The average transmittance of all samples
in the visible range is over 75 % as shown in the inset of
Fig. 9.

With increasing the thickness from 75 to 225 nm, the
average transmittance in the wavelength range of
400-800 nm decreased slowly. This decrease in transmis-
sion may be due to free carrier absorption that increases the
carrier density in the thicker films. Furthermore, all of the
ITO films exhibit sharp absorption edge in the ultraviolet
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Fig. 4 RMS roughness R, of the surface of 225 nm thick ITO films
deposited with different RF power

region, which may be associated with the direct transition
of electrons between the conduction band and valence
band. It is seen that the absorption edge shifts gradually to
lower photon energy with an increase in the film thickness.
It can also be seen that the transmittance in the visible
region is influenced by the ITO film structure and surface
morphology. As the surface roughness increases with an
increase in film thickness, there is a slight enhancement in
surface scattering which results in a gradual drop in optical
transmittance in the visible region.

The optical absorption coefficient (o) can be estimated
using the following formula.

,_In(1/7) 0

t

where T is the transmittance and t is the thickness of the
film.
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Fig. 6 Variation of the resistivity and sheet resistance of ITO films
with film thickness

For a direct band semiconductor of allowed band to
band transition, the optical energy band gap (E,) of the thin
films can be calculated by using the value of o in the
following equation.

o(hv) = A(hv — E,) 12 (2)

where £ is Planck’s constant, v is the frequency of the inci-
dent photon and A is constant. The optical energy band gap of
the film is determined by plotting (ohv)” as a function of
photon energy (hv), and extrapolating linear portions of
(0thv)? against photon energy (hv) where (0thv)? is zero, then
the photon energy is equal to the optical energy band gap.
Figure 10 illustrates the plots of (othv)? against photon
energy (hv) with various film thicknesses at an RF power
of 100 W. The inset in Fig. 10 shows the dependence of
optical energy band gap, E,, on film thickness, and the
value increases from 3.831 eV for 75 nm sample to
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Fig. 8 Variation of the resistivity and sheet resistance of 225 nm
thick ITO films grown at various RF power

4.003 eV for the 225 nm sample. The fact that the increase
in optical band gap is correlated to increase in carrier
concentration with respect to increased film thickness
could also be seen in Fig. 5. This shift of the band gap can
be explained by Burstein-Moss shift [22, 23]. Increasing
the number of carriers with an increase in film thickness
leads to increase in the Fermi level above the bottom of the
conduction band, thereby causing an enlargement in the
optical band gap of the ITO films.

The optical transmittance spectra of the 225 nm ITO film
prepared with different RF power are shown in Fig. 11 in the
wavelength range of 300-800 nm. The average transmit-
tance of all samples during the visible range is over 75 %.
With increasing RF power, the average transmittance in the
wavelength range of 400-800 nm increases gradually from
75.2 % for 100 W sample to 83.3 % for 250 W sample.
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Fig. 9 Optical transmittance of ITO film as a function of wavelength
with different thicknesses at RF power of 100 W. Inset shows the
average transmittance of those ITO film in the wavelength ranges
from 400 to 800 nm

Figure 12 illustrates the plots of (ahv)® against photon
energy (hv) for the 225 nm thick ITO film with various RF
powers. The inset in Fig. 12 shows the variations of the
optical energy band gap E, as a function of RF power. The
absorption edge shifts towards the higher energy as shown
in the Fig. 11 and the energy gap drops from 4.003 to
3.881 eV upon increasing the RF power from 100 to
250 W. These optical energy band gap values have a strong
correlation with carrier concentration, which influences the
optical band gap.

For the photovoltaic applications, ITO thin films must
have low resistivity and high optical transmittance. To
obtain the best performance of transparent conducting
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Fig. 10 (ahv)® against photon energy (hv) with different film
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Fig. 11 Optical transmittance of 225 nm thick ITO film as a function
of wavelength with various RF power. The inset shows the average
transmittance of those ITO film in the wavelength ranges from 400 to
800 nm

films, the figure of merit ¢, proposed by Haacke [24], is
given by

bre = TIO/RS (3)

where, T is the average optical transmittance and Rg is the
sheet resistance of the films. The values of ¢ for the ITO
films with different thicknesses and RF sputtering powers
are listed in Table 1.

It can be seen that due to its high resistance, the 75 nm
thick ITO film prepared at 100 W RF power has a mini-
mum ¢7c value. The highest value of ¢7¢ for films pre-
pared at 100 W was obtained at a thickness of 125 nm. The
overall optimum value of figure of merit ¢pc is
384 x 107 Q_l, this value was obtained for ITO film
with thickness of 225 nm and RF power of 250 W. This
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Table 1 The thickness and RF sputtering power dependence of fig-
ure of merit values of ITO thin films

RF Thickness  Average Sheet Figure of

Power (nm) transmittance resistance  merit (¢r¢)

(W) between 400 and  (€)/sq) (x 107
800 nm (%) Q™

100 75 85.0 158.1 124

100 125 84.0 49.1 355

100 175 79.4 30.9 32.1

100 225 75.2 27.5 20.9

150 225 76.8 21.6 33.1

200 225 80.3 37.3 30.1

250 225 83.3 41.7 384

ITO film fulfills the optical and electrical requirements for
efficient photovoltaic applications.

4 Conclusions

In this work, the surface morphological, optical and elec-
trical properties of ITO thin films prepared by RF mag-
netron sputtering were studied. The films were prepared
without introducing oxygen into the growth environment
and deposited at different film thicknesses and RF powers
at room temperature. This study reveals that both the
electrical and optical properties are dependent on film
thickness as well as sputtering RF power. AFM images of
the ITO thin films reveal that surface roughness value
increase with increasing the film thickness from 75 to
225 nm. The grown ITO films exhibit low resistivity and
high optical transmission in the visible region. The lowest
sheet resistance of the ITO thin films obtained is 21.6 Q/sq
for 225 nm thickness deposited at 150 W RF power. The
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average optical transmittance (400-800 nm), carrier con-
centration, carrier mobility are 76.8 %, 10.6 x 10%° cm73,
and 12.1 cm?/V.s, respectively. For the photovoltaic
applications, both excellent optical transmittance and high
conductivity are required. The 225 m thickness ITO films
prepared at 250 W RF power have a suitable figure of
merits values, which exhibits 83.3 % average optical
transmittance (400-800 nm), 9.4 x 1074 Q cm resistivity,
6.1 x 10%° cm™ carrier concentration and an 11 cm?/V.s
carrier mobility. These films are suitable for photovoltaic
device applications especially organic, and thin films solar
cells.
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