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Electrical Properties of ITO/Crystalline-Silicon
Contact at Different Deposition Temperatures
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Abstract—In this letter, the effect of deposition temperature
on the barrier height between indium tin oxide (ITO) and crys-
talline silicon (c-Si) is presented. ITO films have been deposited
by RF magnetron sputtering in the range between room tem-
perature and 200 ◦C on both p- and n-type doped c-Si sub-
strates. From current–voltage and capacitance–voltage character-
istics of the ITO/c-Si junctions, we found that ITO deposited on
1-Ω · cm n-type doped silicon forms a rectifying junction with bar-
rier heights varying from 0.9 to 0.3 eV, while at room temperature,
an ohmic behavior on 1-Ω · cm p-type c-Si is obtained.

Index Terms—Indium tin oxide (ITO), ITO/crystalline-silicon
(c-Si) junctions, semiconductor–metal interfaces, work function.

I. INTRODUCTION

VARIOUS kinds of transparent conducting oxide (TCO)
thin films such as zinc oxide, impurity-doped indium

oxides, and tin oxides have been widely used as transparent
conductors in many thin-film devices. In particular, indium tin
oxide (ITO) film exhibits excellent light transmission character-
istics in the visible region of spectrum while maintaining high
electrical conductivity [1].

Due to these unique properties, ITO has been used in a
wide range of applications: as transparent electrodes in flat
panel displays [2] and solar cells [3], [4], surface heaters for
automobile windows, camera lenses and mirrors, and transpar-
ent heat-reflecting window material for buildings, lamps, and
solar collectors [5]. Moreover, ITO films have also been widely
utilized as the anode contact in organic light-emitting diodes
(OLEDs) [6], [7].

Physical and electrical properties of ITO depend on its crystal
structure, imperfections, oxidation level, and impurities. These
factors are mainly controlled by the deposition techniques used
to grow the ITO thin films, including chemical vapor deposi-
tion [8], magnetron sputtering [9], evaporation [10], and spray
pyrolysis [11].

The energy barrier height formed at the interface between
ITO and semiconductors plays a crucial role. Indeed, in
OLEDs, the barrier height controls the efficiency of car-
rier injection into organic layers [12]. In amorphous-silicon/
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crystalline-silicon (c-Si) heterojunction solar cells, due to the
extremely thin emitter layer, the cell built-in potential (closely
related to the cell open-circuit voltage) depends on the barrier
height at the ITO/amorphous-silicon junction [13], [14].

In this letter, we study the effect of deposition temperature
of ITO sputtered on c-Si to investigate the electrical properties
of device contacts and to evaluate the barrier height to carrier
collection.

II. EXPERIMENTAL RESULT AND DISCUSSION

Experiments have been performed by growing ITO films
on 1-Ω · cm 〈100〉 p- and n-type doped polished c-Si wafers.
This resistivity determines work functions of 5.17 and
4.1 eV for the p- and n-type doped wafers, respectively. Before
ITO deposition, wafers were RCA cleaned, dipped in 1% HF
solution, rinsed, and immediately positioned inside the RF
magnetron sputtering system in order to avoid the formation
of the native oxide and to reduce the density of surface states
at the silicon/ITO interface. For each deposition run, both
doped substrates have been positioned on the temperature-
controlled chuck of the system. Eighty-nanometer-thick layers
have been sputtered from a 6-in-diameter ITO target (with 90%
In2O3–10% SnO2 in weight composition), at 200 W of RF
power, 2.7 mtorr of pressure process, and 25 sccm of argon
flow. The substrate temperature has been varied from room
temperature (25 ◦C) to 200 ◦C. Under these conditions, a depo-
sition rate of about 4.5 Å/s has been achieved, independently
of the deposition temperature. It is worth noticing that this
temperature range is compatible with all the technological steps
involved in the fabrication of devices utilizing ITO.

The electrical properties of the ITO/c-Si interface have been
investigated by measuring the current flowing at different ap-
plied voltages between two coplanar ITO pads, sputtered on the
c-Si surface through a physical mask. Results for the samples
deposited at room temperature on p- and n-type doped c-Si
substrates are shown in Fig. 1 as continuous line and open
circles, respectively.

The nonlinear I–V curve measured on the ITO/n-type sam-
ple remarks the presence of two Schottky barriers, in back-to-
back configuration, at the interfaces between n-type c-Si and
ITO layers, while the linear behavior of the current-voltage
(I–V ) characteristics of the ITO/p-type c-Si sample indicates
the formation of ohmic contacts. In particular, 71.43-mΩ · cm2

specific contact resistivity has been evaluated by TLM measure-
ment [15].

The achievement of an ohmic contact on a p-type c-Si
substrate at room temperature is an interesting result since the
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Fig. 1. Current-voltage characteristics of ITO/p-type c-Si at (continuous line)
25 ◦C and (solid circles) 150 ◦C and (open circles) ITO/n-type c-Si at 25 ◦C.
The vertical left axis refers to the continuous line, and the right refers to the
circles.

Fig. 2. 1/C2-versus-voltage plot of ITO/n-type c-Si interface for different
ITO temperature depositions. The continuous lines are linear extrapolation of
data for the barrier height evaluation. The data are collected at 100 kHz using
50-mV signal probe.

different methods utilized up to now to accomplish this goal
involve high-temperature steps [16], heterojunction formation
[17], or laser-fired treatment [18].

To achieve quantitative information on the ITO/c-Si barrier
heights, capacitance–voltage (C–V ) measurements have been
performed between an ITO pad grown on top of the n-type
c-Si wafer and a eutectic InGa electrode deposited on the rear
surface of the substrate after native oxide removal. The eutectic
InGa has a work function equal to 4.1 eV and therefore ensures
an ohmic contact with the n-type c-Si. The amplitude and
frequency of the ac probe during the C–V measurement have
been set to 50 mV and 100 kHz, respectively. At this frequency,
the contribution to the capacitance due to defect density at
the ITO/c-Si interface can be neglected. The 1/C2-versus-
voltage plot for the samples grown at the different temperatures,
indicated by symbols, is shown in Fig. 2. Solid lines in the same
figure represent the linear interpolations of the measured data,
useful to infer the ITO/c-Si barrier heights from the intercept of
the experimental data with the voltage axis. The extrapolated
ITO/c-Si barrier heights versus ITO deposition temperature

Fig. 3. Barrier heights as derived from 1/C2 plot of ITO/n-type c-Si structure.
Line is a guide for the eye. The error bars refer to measurements made on
12 samples.

(Tdep) are shown in Fig. 3, where the error bars refer to the
same measurements performed on 12 samples. From the figure,
it is evident that, increasing Tdep from room temperature to
200 ◦C, the barrier height decreases monotonically from 0.9 to
0.3 eV. The achieved range of modulation is comparable with
those obtained by other authors with more complex techniques,
by using KrF excimer laser irradiation [19] or ultraviolet/O3

treatment [20].
The different values of ITO work function can be ascribed

to different morphologies of the material deposited at different
temperatures [21]. In this letter, we are focused only on the
electronic properties of the junction. In particular, the barrier
height decrement with increasing ITO deposition temperature
determines a change in the electrical properties of the ITO/
p-type c-Si interface and a change in the I–V characteristics of
this interface due to Schottky barrier formation. Clear evidence
can be inferred from Fig. 1, comparing the curves achieved
by depositing ITO films at 150 ◦C (solid circles) and at room
temperature (solid line).

Barrier height value at the ITO/c-Si interface is determined
by the difference in the energy values of the Fermi level
(EF ) in the two materials. Since EF in c-Si is mainly fixed
by the doping and the surface defect density is temperature
independent in the investigated range of ITO film deposition,
we ascribe the barrier height variation shown in Fig. 3 mainly
to changes in the ITO film electrical characteristics.

To confirm this assumption, the surface resistivity (ρsheet)
and the Hall mobility of an ITO sample sputtered on a glass
substrate with the same deposition condition reported previ-
ously have been measured. Results shown in Fig. 4 demonstrate
the modulation of the ITO electronic properties with deposition
temperature. Increasing the deposition temperature, both the
decrease of the film ρsheet and the increase of Hall mobility
imply a higher position of the Fermi level within the conduction
band and, then, a lowering of the barrier height.

The same samples have been used to measure the optical
transmittance of the ITO films in the wavelength range of
350–1200 nm. We found transmittance values ranging from
75% to 85%, with 2% variation between different samples and
a variation peak of 6% at around 390 nm.
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Fig. 4. Hall mobility and ρsheet values of ITO layers sputtered on glass at
different temperatures. Lines are guides for the eye. The error bars refer to the
measurement uncertainties.

III. CONCLUSION

In this letter, the modulation of the barrier height at the
ITO/c-Si interface by varying the deposition temperature of
ITO sputtered films has been demonstrated. The achieved
variation of 0.6 eV comes from a temperature increase from
25 ◦C to 200 ◦C, temperatures that guarantee the suitability
of this modulation in a wide range of applications where low-
temperature technological process is required. The formation of
ohmic contact on a p-type doped c-Si at room temperature has
been also achieved.
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