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Abstract

Two different magnetron sputtering techniques with RF and DC plasma discharge modes were tested for room temperature deposi-
tion of ITO layers from In2O3:SnO2 targets (10 wt% SnO2). The influence of sputtering conditions (mainly the sputtering power and oxy-
gen content in the Ar–O2 gas mixture) on the transparency and conductivity of the formed layers was investigated. The ITO films
obtained both by RF and DC magnetron sputtering at room temperature have a high transparency in the visible wavelength range
(80–85%) and a low surface resistance (20–25 X/sq for �300 nm thickness) but their optimized deposition conditions and structural prop-
erties are significantly different. The DC sputtering can be performed in pure Ar with a lower discharge power density (1.0 W/cm2) and
relatively high deposition rate (�60 nm/min) while the RF sputtering requires Ar–O2 (3.0 vol.% O2) gas mixture, higher discharge power
density (1.5 W/cm2) and yields a lower deposition rate (�20 nm/min). The RF sputtered ITO layers show a crystalline structure with
strong (222), (400), (44 0), (622) X-ray diffraction peak intensities while the DC layers are amorphous with surface morphology formed
by nano-scale grains.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Transparent and conductive oxide (TCO) layers are
widely used for many microelectronics applications, such
as transparent electrical contacts electrodes in displays,
touch screens, thin film solar cells, etc. [1–4]. Tin doped
indium oxide (or indium tin oxide, ITO) is one of the most
investigated and used transparent conductive oxides due to
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the high electrical conductivity and high transparency in
the visible light wavelength range [5]. Among several differ-
ent methods used for ITO deposition (sputtering, evapora-
tion, chemical vapour deposition, sol–gel method, spray
pyrolysis, etc.), DC and RF magnetron sputtering are the
most attractive techniques for industrial development
because of high deposition rate, good reproducibility and
possibility of using commercially available large area sput-
tering systems [6,7]. Typically, magnetron sputtering pro-
cesses are performed at high substrate temperatures
(P200 �C), as these allow the best results in terms of layer
transparency and conductivity to be obtained. Neverthe-
less, several applications, for example solar cells and
devices on plastics, require low deposition temperature,
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as higher temperatures would damage the underlying
electronic device structure or substrate itself. Therefore
process optimization for depositions at near room temper-
ature (RT) is required. This difficult task has been investi-
gated by several workers where the RF technique was
mostly used [7,8]. The main difficulty of RF deposition at
RT is due to insufficient recrystallization of ITO at low
temperatures leading to the poor structural and electrical
properties [9]. It is also a limiting point, and even more dif-
ficult for DC magnetron sputtering at room temperature
where the formed ITO layers are usually amorphous with
a high electrical resistivity [10].

High temperature ITO sputtering can be with DC as
well as RF discharge plasma modes which allowing layers
with similar transparency/conductivity properties to be
obtained. The influence of the plasma discharge mode for
the high temperature sputtering process has already been
studied in several works [11,12]. Depending on the plasma
mode (DC or RF), an essential difference of optimum sput-
tering conditions (discharge power density, pressure, oxy-
gen concentration, etc.) was observed, as well as a
difference in the crystalline structure and morphology of
the formed layers.

In the present work the DC and RF sputtering deposi-
tion of ITO layers at room temperature was investigated.
The sputtering conditions and their influence on optical
(transparency), electrical (surface resistance, charge carrier
mobility and density) and structural (surface morphology,
crystalline structure) properties were studied for the DC
and RF plasma discharge modes.

2. Experimental details

RF sputtering of ITO layers was performed in a com-
mercial inline sputtering system (MRC-603) equipped with
a load-lock. A 5 · 15 in.2 ITO target (10 wt% SnO2) was
used for the deposition. The base pressure of the vacuum
system was 1.3 · 10�6 mbar. ITO sputtering was done in
an Ar–O2 (3.0 vol.% O2) gas mixture at pressure of
8 · 10�3 mbar with a RF power density varying from
Fig. 1. Transmission spectra of ITO layers deposited by DC (a) and RF (b
conditions (power density and O2 content).
1.2 W/cm2 to 3.0 W/cm2. The sputtering time for the opti-
mized process was about 15 min for 300 nm thick ITO lay-
ers deposition.

DC sputtering of 300–500 nm thick ITO layers was per-
formed in a Cryolab sputtering system without load-lock.
A 3 in. diameter ITO target (10 wt% SnO2) was used for
the deposition. The base pressure was 4.2 · 10�6 mbar.
ITO sputtering was done either in pure Ar or in an
Ar–O2 (1.5 vol.% O2) gas atmosphere at a working pressure
of 10�2 mbar with a DC power density varying from
0.8 W/cm2 up to 1.8 W/cm2. The deposition time for the
optimized process conditions was about 5 min for 300 nm
thick layers preparation. Soda-lime glass substrates cleaned
in the ultrasonic bath with acetone-isopraponol mixture
were used for the deposition.

The spectral dependence of the transmission (T(k)) of
deposited ITO layers was measured in the visible wave-
length range (300–800 nm) by a double-beam spectro-
photometer. The surface resistance (Rs) was determined
by the four-point probe method. The carrier concentration
and mobility were calculated from Hall effect measure-
ments using the Van-der-Paw method. The crystalline
structure of deposited ITO thin films was studied by
X-ray diffraction measurements (XRD) with Ka1 copper
emission line (k = 1.5405 Å). Layer morphology and cross-
section (for thickness measurements) were investigated by
scanning electron microscopy (SEM).

3. Results and discussion

A strong dependence of deposited layer properties on
the ITO target condition was observed in the case of
DC magnetron sputtering in Ar–O2 environment. As can
be seen from the layer transmission curves (R1; R3) pre-
sented in Fig. 1(a), sputtering from the ITO target after
long time pre-sputtering in pure Ar (this state of target
called further non-oxidized) without oxygen dilution
results in the deposition of high-resistivity layers with
the low transparency (Table 1). The situation is improved
by adding of oxygen in a sputtering gas. However the
) magnetron sputtering at room temperature in function of the process



Table 1
Parameters of ITO layers deposited by DC and RF magnetron sputtering

No. P/Starg

(W/cm2)
O/Ar
(vol.%)

P
(lBar)

t

(min)
Rs

(X/sq)
T

(%)

RF samples

A 2.2 0.0 8.0 15 9.1 3.7
B 2.2 3.0 8.0 15 15.3 23.2
C 1.5 3.0 8.0 15 20.0 88.1
D 1.2 3.0 8.0 15 475.0 88.8

DC samples

R1 1.0 0.0a 10.0 10 350 23.2
R3 1.7 1.5a 10.0 10 7.8 65.5
R5 1.3 1.5 10.0 10 1.2 · 106 81.4
R23 1.0 0.0 10.0 5 26.0 84.6

Transmission properties are shown in Fig. 1.
a Non-oxidized target.
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properties of the deposited ITO layers vary with sputter-
ing time which can be associated with the degree of target
oxidation. After the target reaches some constant ‘oxida-
tion state’ when the ITO transparency is stabilized at the
level 80–90% (300–800 nm) with a surface resistance in
the Mega-Ohm range (see Fig. 1(a) and Table 1). Sputter-
ing from the target in this state (called further oxidized) in
pure Ar allows the layer transparency to be kept at the
same level (80–85%) with a 25–30 X/sq surface resistance
achievement (sample R23). Thus, the DC magnetron sput-
tering of ITO films can be performed in pure Ar if a peri-
odical target oxidation by sputtering in an Ar–O2 gas
mixture is performed.

For RF magnetron sputtering good transparency and
conductivity of ITO layers could only be obtained when
oxygen containing gas (3.0 vol.% Ar–O2) was used while
the sputtering in pure Ar leads to the significant transpar-
ency degradation (Fig. 1(b)). The RF sputtering process
also has a three fold lower deposition rate (�20 nm/min)
compared to DC sputtering (�60 nm/min) for equivalent
power densities (similar to what is reported in [11,12] for
sputtering at high substrate temperatures).

Structural investigations of the deposited ITO layers
indicate a significant difference in the crystalline structure
of ITO samples sputtered by DC and RF process. XRD
patterns of films prepared by RF magnetron sputtering
reveal a cubic bixbyite structure with strong peaks in the
crystalline directions h22 2i, h400i, h440i and h622i (see
Fig. 2(a)). A correlation between transparency/conductiv-
ity and degree of orientation in the direction h222i is also
observed. Layers with preferred orientation in the direction
h222i (intensity ratio between (222) and (400) XRD peaks
is about 1.5) obtained by RF sputtering in an Ar–O2 gas
mixture at 1.5 W/cm2 power density, indicate the best
transparency and conductivity. Meanwhile ITO films pro-
cessed at higher power with and without oxygen dilution
(see Fig. 2(a)) have an equal intensity of (222), (44 0)
and (622) XRD peaks with slightly preferable orientation
in the plan direction h400i (intensity ratios between
(400) and (222) peaks are 1.07 and 1.19, respectively)
when their transparency and electrical conductivity are
lower (Table 1). This is in good agreement with data
reported in [13].

ITO films deposited by DC magnetron sputtering at
room temperature show amorphous patterns regardless
of the process condition, as seen from the XRD data
(Fig. 2(b)). They are characterized with a broad peak
between 30� and 35� of 2H diffraction angle. The intensity
of this peak varies slightly according to the sputtering con-
ditions. The high resistivity samples, which yielded a dark
layer when deposited from a non-oxidized target and a
transparent layer when deposited in the presence of oxygen
(Fig. 1, Table 1), show a higher intensity peak in the 30–35�
region, with respect to the baseline level of the XRD signal.
High-conductivity, transparent films deposited at opti-
mized conditions show a less intense peak in the 30–35�
2H region, which decreases smoothly for smaller angles
(see Fig. 2(b)).

The SEM investigation of DC sputtered layers reveals a
significant difference in the function of the sputtering con-
ditions (Fig. 3). The surface of these samples seems to be
formed by small nanosized grains. The grain size is slightly
increases for films sputtered from non-oxidized target and
these form a relatively smooth layer surface (Fig. 3(a)).
In the case of sputtering from an oxidized target with pure
Ar or with an Ar–O2 mixture, the surface morphology
looks more texturized with a sporadic distribution of grain
conglomerates (Fig. 3(b) and (c)). ITO layers with a similar
morphology were also observed with DC processes at
higher temperatures [12]. The cross-section SEM of depos-
ited films show a compact dense structure regardless to
process conditions (Fig. 3(d) and (e)) slightly depending
on the layers thickness.

The carrier concentration and mobility data for the DC
and RF layers shown in Figs. 2 and 3 are presented in
Table 2. One can see from this table that the conductivity
decrease of DC sputtered films is associated with a strong
(several orders of magnitude) decrease of the carrier con-
centration observed for sputtering at non-optimum process
conditions (non-oxidized target, oxygen presence in gas
mixture) while the mobility changes are not significant.
The electrical properties of RF and DC sputtered layers
deposited with optimum process conditions are very similar
(see Table 1). The electrical parameters for DC sputtering
at room temperature are significantly better than those
reported in the literature for similar processes [10]. Compa-
rable carrier density and mobility values were reported for
DC sputtering at room temperature with an Ar–H2O gas
mixture where hydrogen incorporation into the layer was
also observed [14].

The detailed mechanism of electrical conductivity in
amorphous ITO layers is not clear yet and needs further
investigation. The comparison between the process condi-
tions allows one to suppose that it is connected to the oxy-
gen concentration in the layers but preliminary AES
(Auger electron spectroscopy) investigations of low and
high resistivity films did not show a big difference in their



Fig. 2. XRD data for ITO layers deposited by RF (a) and DC (b) magnetron sputtering (the samples numbers are the same as in Table 1).

Fig. 3. SEM images of ITO layers obtained by DC magnetron sputtering at different oxygen contents in the sputtering gas: surface morphology (a)–(c)
and cross-section pictures (d) and (e) used for the thickness estimation.
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(In + Sn)/O atomic ratios. This should be investigated in
more detail as well as the ITO layers formation kinetics
according to the target/deposited film decomposing (oxy-
gen content decreasing) [16].



Table 2
Hall mobility, carrier density and surface resistance for the ITO layers
deposited at room temperature

Samples numbers
(see Table 1) or
references data

DC RF

R1 R5 R23 [14]a C [15]

Mobility
(cm2/V s)

11 30 19 16 19 29

Carrier
concentration
(1020 cm�3)

0.3 0.000067 6.3 7.1 5.9 4.4

Surface resistance
(X /sq)

350 1200000 26 – 20 –

a Sputtering in Ar–H2O.
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4. Conclusions

Magnetron sputtering deposition conditions for In2O3:
SnO2 targets (10 wt% SnO2) for yielding high transparency
and conductive ITO layers at room temperature were
studied. ITO films with a high transparency in the visible
wavelength range (80–85%) and a low surface resistance
(20–25 X/sq for �300 nm thickness) were obtained with
RF and DC magnetron sputtering but using significantly
different deposition conditions. The DC sputtering for the
optimum transparency/conductivity achievement was per-
formed in pure Ar with a low discharge power density
(1.0 W/cm2) and a high deposition rate (�60 nm/min)
while the RF sputtering was done in an Ar–O2 (3.0 vol.%
O2) gas mixture with enhanced power density (1.5 W/cm2)
at lower deposition rates (�20 nm/min). ITO layers depos-
ited by RF sputtering were crystalline with strong (222),
(400), (44 0), (622) peaks in the XRD spectra and pre-
ferred orientation in the h2 22i direction for low resistance
samples while all DC layers were amorphous with a small-
grained (10–20 nm) surface morphology structure. The
electrical properties (carrier concentration and mobility)
for amorphous (DC) and crystalline (RF) ITO films are
similar for optimized process condition. A strong decrease
in the carrier concentration and electrical conductivity val-
ues is observed for DC deposition from non-oxidized tar-
gets and with oxygen dilution in the sputtering gas. Thus,
amorphous ITO layers with good transparency and con-
ductivity can be obtained by DC magnetron sputtering in
pure Ar at room temperature when pre-sputtering in an
Ar–O2 gas mixture is performed in order to prevent
decreasing of the oxygen concentration in the ITO target.
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