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1. INTRODUCTION

ITO (indium tin oxide) films are widely used as front TCO 
(transparent conductive oxide) in LCDs (liquid-crystal displays), 
OLEDs (organic light emitting devices), and solar cells due to 
their low resistivity, high transmittance in the visible wavelength 
region, and wide optical band gap [1-4]. The wide application 
of ITO films have resulted in an extensive study, both on their 
preparation and characterization. SHJ (silicon heterojunction) 
solar cells are being intensively investigated due to their stabil-
ity, low cost, and low temperature deposition process of amor-
phous silicon (a-Si) coupled with the high efficiency of crystal-
line silicon (c-Si). The electrical and mechanical properties of 
ITO films need to be improved for future highly efficient and 
high-quality large area SHJ solar cell applications. The mechani-

cal properties of IT films such as internal stress and adhesion 
are closely associated with the microstructure and deposition 
process conditions [5,6].

Jung et al. reported the mechanical and structural properties 
of high temperature a-ITO:Sm films deposited on a polyimide 
substrate by DC magnetron sputtering [6]. Chuang et al. report-
ed the effect of the working pressure and sputtering power on 
the properties of ITO flms prepared by long-throw rf magnetron 
sputtering [7]. The mechanism of stress by sputter deposited 
metal films was reported by Thornton et al. It was proposed that 
the atomic peening model of energetic working gas atoms re-
flected at the cathode for the production of compressive stress at 
low working gas pressures [12]. Even though several reports have 
been presented on the mechanical characteristics of ITO films, 
the lattice strain and binding energy of highly conductive ITO 
films for SHJ solar cells have rarely been reported. 

In this paper, we report the influence of a range of working 
pressures (0.96 to 3.00 mTorr) on the mechanical properties of 
highly conductive and transparent pulsed DC magnetron sput-
tered ITO films. The electrical, optical, and structural properties 
of ITO films are discussed as a function of working pressure. The 
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lattice strain, lattice distance, and binding energy of ITO films 
are explained for various working pressures.

 
 

2. EXPERIMENTAL DETAILS

ITO films were deposited on Corning Eagle XG glass by using 
a pulsed DC magnetron sputtering system, with an induced 
power density of 1.23 W/cm2 and duty cycle of 30%. ITO (100 
nm) films were deposited from a sintered ceramic ITO target 
(8 inch) that was composed of 90 wt% and 10 wt% SnO2 with 
99.999% purity. The substrate temperature, Ar flow rate, and 
target-substrate (T-S) distance were kept constant at 200℃, 
30 sccm and 14.5 cm, respectively, by using a turbo molecule 
pump. The chamber of the magnetron sputtering unit was 
evacuated at the pressure of 0.98 mTorr prior to deposition. 
The working pressure (0.96 to 3.0 mTorr) was controlled by 
a throttle valve. Spectroscopic ellipsometry (SE VASE®, J. A. 
Woollam, 240 nm<λ<1,700 nm) was used to measure the thick-
ness of the ITO films. The electrical properties such as the resis-
tivity, Hall mobility, and carrier concentration of ITO films were 
measured by using the Hall Effect (Ecopia HMS-3000) system at 
room temperature under a magnetic field of 0.51 T. The optical 
properties were measured using an UV (ultraviolet)-VIS (vis-
ible) spectrophotometer (Scinco S-3100). The crystal structures 
of the ITO films were characterized from an X-ray diffraction 
(XRD, D8 Advance, Bruker Inc.) system using CuKα radiation 
(λ = 0.1541 nm). The XPS (X-ray photoelectron spectroscopy) 
measurements were carried out using a Thermo VG Scientific 
Escalab 250 system with a monochromatized AlΚα (1486.6 eV) 
X-ray anode at 200 W and 15 kV.

3. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of pulsed DC magnetron 
sputtered ITO (~100 nm) films for various working pressures. 
The ITO films deposited at low working pressures of 0.96 and 
0.99 mTorr were found to have a mixture of In2O3 polycrystal-
line structure, while the films deposited at higher working 
pressures were found to have an amorphous structure. For 
higher working pressures of 2.50 and 3.0 mTorr, the kinetic en-
ergy of the sputtered particle reaching the surface of the sub-
strate decreased due to high collision frequency between the 
sputtered particles and gas molecules. The amorphous nature 
of the ITO films at high working pressures showed an agree-
ment with the already reported work by Sasabayashi and Song 
et al. [10,13]. 

From the XRD patterns, we calculated the lattice strain that 
was strongly related to the off-stoichiometry, point defects, 
stacking faults, dislocations, etc. Figure 2 shows the lattice strain 
and lattice constant of the ITO films as a function of working 
pressure. The ITO films deposited at 0.96 mTorr showed com-
pressive stress, whereas the ITO films deposited from 0.99 to 
3.0 mTorr were found to have tensile stress. A positive value of 
the local strain indicates compressive strain occurring inside 
the sputtered ITO films. On the other hand, a negative value 
of the lattice strain showed the tensile strain of ITO films. For 
high quality ITO films, the compressive or tensile strain should 
be minimized. Micro cracks at the surface of films can develop 
with a tensile strain of high value. Lattice strain with a lower 
absolute value implies that a better collection of charge carrier 
was obtained. Such large compressive strain in the films depos-
ited at a low working pressure is believed to be caused by the 
atomic peening effect [11] of high energy neutrals (Ar0) recoiled 
from the target or high energy negative ions (O-) accelerated in 
the cathode sheath toward the surface of the growing films. The 
kinetic energies of Ar0 or O- decreased due to the increase in col-
lision caused by the increasing working pressure and collision 
process between the target and the substrate before reaching 
the substrate surface. Due to high working pressure, all of the 
Ar0 reflected at the cathode should be reduced to thermal energy 
before reaching the substrate [11-13].

The sheet resistance and electrical properties of ITO films (i.e. 
resistivity (ρ), Hall mobility (μ), and carrier concentration (n)) 
are shown in Fig. 3 as a function of working pressure. The sheet 
resistance of ITO films gradually decreased from 54 to 26.82 Ω/sq 
as the working pressure was increased from 0.96 to 0.99 mTorr. 

Fig. 1. XRD (X-ray diffraction) patterns of ITO films deposited at vari-
ous working pressures.

Fig. 2. Lattice strain and lattice constant of ITO films deposited at 
various working pressures.

Fig. 3. Sheet resistance and electrical (ρ, n, μ) characteristics of ITO 
films as a function of working pressure.
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With the further increase of working pressure from 0.99 to 3.0 
mTorr, the sheet resistance of ITO films increased to 31.69 Ω/sq. 
The resistivity of ITO films decreased from 5.4×10-4 to 2.682×10-

4 Ω·cm with the increase of working pressure from 0.96 to 0.99 
mTorr. With the further increase of working pressure up to 3.0 
mTorr, the resistivity of ITO films increased up to 3.169×10-4 Ω·cm. 
The decrease in resistivity of the ITO films is related to the com-
bined influence of the Hall mobility and carrier concentration 
[14-16]. The maximum value of the Hall mobility of ITO films 
was recorded as 46.89 (cm2/V.s) for the working pressure of 0.99 

mTorr. The working pressure showed a minor influence on the 
carrier concentration of ITO films.

To understand the oxygen states and their distribution in the 
films, we characterized the XPS (X-ray photoelectron spectros-
copy) spectra of the ITO films for various working pressures 
as shown in Fig. 4. The O1s spectra were fitted with the energy 
components at ~529.6 eV, ~531.2 eV, and 532.0 eV by using three 
Gaussian functions of variable positions, widths, and intensi-
ties. The results agreed well with those reported in the literature 
[17,18]. The O529.6 and O531.2 peaks originate from the In2O3 re-
gions and the oxygen deficient regions respectively, while the 
peak of O532.0 mainly originates from oxygen contamination 
[17,18].

The optical transmittance of the ITO films as a function of 
working pressure is shown in Fig. 5(a). Bare Eagle glass showed 
92% transmittance in the visible wavelength (400~800) nm re-
gion. All the ITO films showed more than 85% transmittance 
in the vis-NIR (400~1,100) nm wavelength region [1-5,20]. The 
optical bandgap of ITO films was obtained by extrapolating the 
linear part on the hv axis of the plot (αhv)2 vs. hv as shown in Fig. 
5(b) for various working pressures. The ITO films deposited at 
the working pressure of 0.96 mTorr showed the optical bandgap 
of 3.69 eV while all the other ITO films showed an optical band-
gap of above 3.705 eV.

 

4. CONCLUSIONS

Highly transparent and conductive pulsed DC magnetron 
sputtered ITO films deposited on silicon and glass substrates 
are reported for various working pressures ranging from 0.96 to 
3.0 mTorr. Among the ITO films, those deposited at the work-
ing pressure of 0.99 mTorr showed the lowest sheet resistance of 
26.82 Ω/sq, resistivity of 2.68×10-4 Ω·cm, Hall mobility of 46.89 
cm2/V.s, and a total transmittance of 85.94%.We achieved a lower 
absolute value of lattice strain for ITO films, indicating that a bet-
ter collection of charge carrier was obtained. The XRD analysis 
showed the polycrystalline nature of ITO film deposited at a low 
working pressure. Due to their excellent electrical and mechani-
cal properties, pulsed DC magnetron sputtered ITO films are 
proposed for future high efficiency SHJ solar cell.
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