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Abstract: Transparent conducting films on polymeric substrates are increasingly applied in diverse
novel displays and flexible electronics. In this paper, indium tin oxide films on polymeric substrates
were deposited by magnetron sputtering using ceramic targets with different doping ratios. These
films were characterized by X-ray photoelectron spectroscopy, X-ray diffractometer, atomic force
microscopy, spectroscopic ellipsometry, spectrophotometer, sheet resistance meter, and the Hall effect
measurement. In terms of transparency and conductivity, the results have shown that the doping
ratio played a less important role in determining the optical properties, while the electrical properties
were significantly influenced. It was found that, when the thickness was less than 130 nm, these
films with the nominal doping ratio of 95:5 (wt. %) demonstrated higher electrical conductivity
compared to those with 90:10 (wt. %), which were widely used in industry. Therefore, for the flexible
polymeric substrate, the target with a doping ratio of 95:5 (wt. %) could be suitable to achieve high
electrical conductivity.

Keywords: transparent conducting oxide; indium tin oxide; magnetron sputtering; doping ratio;
thickness

1. Introduction

Combined with high visible transparency and direct current (DC) electrical conduc-
tivity, transparent conducting oxide (TCO) films have been applied in depth in various
commercial fields, including flat-panel displays, solar cells, and energy-efficient windows,
such as electrochromic windows [1,2]. Today, there is growing interest in flexible devices,
because they would be more robust, light weight, conformable, and potentially cheaper to
manufacture by roll-to-roll processing [1,3,4].

While as the synonym of TCO, indium tin oxide (ITO, basically with SnO2 doping ratio
10 wt. %) coated transparent plastic is commercially available, film performance is generally
inferior to ITO on inorganic glass, which enables film growth or post-annealing at high tem-
perature, reducing electrical resistivity (1.5 × 10−4 Ω·cm). On plastic, the resistivity of ITO
film is typically not less than 6 × 10−4 Ω·cm. But low resistance and smooth morphology
are essential in finely patterned, high-resolution dynamic displays [5–7]. Currently, ITO
thin films with the 10 wt. % doping ratios have been intensively studied and widely used
in industry. However, as we know, tin in amorphous ITO is not activated when deposited
near room temperature (RT) [8–11], the resistivity achieved on typical plastic substrates
is ~4× higher (~8 × 10−4 Ω·cm) than when deposited on glass (>200 ◦C). Indium oxide
with reduced doping concentration could be somewhat better (~4 × 10−4 Ω·cm) than ITO
(10 wt. % SnO2), due to lower scattering for conducting electrons [12,13]. Some reported
results are listed in Table 1. Bae et al. reported that [10] the as-deposited ITO obtained even
lower resistivity when the tin doping ratio was less than 10 wt. %. By the density functional
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theory calculation, Tripathi found that [13] the visible transmission would decrease greatly
down to 60% when the tin doping ratio was higher than 6%. Kang showed that [14] the
lowest resistivity and relatively small stress level was obtained for the film deposited from
an ITO target doped with 7 wt. % SnO2. However, only Yang et al. reported [15] that
even lower resistivity could be obtained by sputtering ITO ceramic targets with doping
metallic tin via co-sputtering. For the convenience of ITO target production, tin is still the
favorite doping element although other doping elements have been reported already, e.g.,
Ti [16], Nb [17], Si [4], and H [18]. In addition, ITO films with thin thickness, i.e., less than
50 nm are of great technological importance in many applications, such as touch panels [7],
which is quite different from the thicker ITO (several hundreds of nanometers) on glass
for de-icing. In this paper, we have studied the effect of doping ratio and thickness upon
the structure, composition and related physical properties of ITO films with three different
doping ratios.

Table 1. Doping ratios in ITO film preparation puttering.

Doping Ratios DC Resistivity (10−4 Ω·cm) Substrates References

2.5 wt. % 2.5 PET [7]
5 wt. % unknown glass [19]
7 wt. % 3.19 PET [14]

>10 wt. % 2.67 unknown [15]

2. Materials and Methods

By using the Φ75 × 4 mm ceramic targets backed by copper plate with different
doping ratios, i.e., 97:3, 95:5, 90:10 (wt. %) for In2O3:SnO2 (donated as ITO-9703, ITO-9505,
ITO-9010), with purity of 99.99%, three-type ITO thin films were deposited on silicon
wafer and polyethylene terephthalate (PET) substrates using DC magnetron sputtering
at ambient temperature. Detailed deposition parameters are shown in Table 2. XRD
analysis was performed in asymmetric 2θ (incident angle being 1◦) configuration using
a Rigaku diffractometer (D/max 2500, Rigaku, Tokyo, Japan) to characterize the crystal
structure of the films. The compositions and chemical states after surface contamination
removal using Ar+ beam etching 3 nm and 100 nm, respectively, were determined by
X-ray photoelectron spectroscopy (XPS, PHI Quantera SXM, ULVAC-PHI, Tokyo, Japan)
using C 1s 284.8 eV as a reference. The surface morphologies were measured by atomic
force microscopy (SOLVER Nano, NT-MDT, Moscow, Russia). Spectroscopic ellipsometry
(300~800 nm, SE800, SENTECH, Berlin Germany) was employed to evaluate the optical
constants and thickness. The sheet resistance measurements were performed using a four-
point probe (SD510, NAGY, Gäufelden, Germany). Hall mobility and carrier concentration
measurements were made using the van der Pauw method at RT with a field strength
of 5000 G. The optical transmission and reflectance measurements were made using a
UV-Vis-NIR spectrophotometer in a double-beam configuration (Cary 5000, Varian, Palo
Alto, CA, USA).

Table 2. Deposition conditions of three-type ITO thin film by DC magnetron sputtering.

Deposition Variables Controlled Values Units

Background pressure 3 × 10−3 Pa
Sputtering power 100 W

Ar: O2 gas flow rates 30:4 sccm 1

Substrate rotation rate 3 rpm 2

Target to substrate ~80 mm
Working pressure ~0.4 Pa

1 sccm means standard cubic centimeter per minute, namely, mL/min. 2 rpm means rotation per minute.
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3. Results
3.1. Effect of Doing Ratio

All ITO films were deposited at ambient temperature, and no extra heating treatments
(substrate heating or annealing) were imposed. Figure 1 indicated that, for all ITO films
with a thickness of about 125 nm, only a blunt peak (222) appeared in the spectra regardless
of different doping ratios. So, all films were nanocrystalline and amorphous.
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Figure 1. GIXRD pattern of three-type ITO films with thickness of ~125 nm.

It is known that the composition in films was always different from the one in targets.
The tin content in three-type ITO films was generally slightly lower than that in targets.
All these data are summarized in Table 2. In the case of ITO-9703, the tin concentration
was close to the detection limit of XPS, as shown in Figure 2. According to reference [20],
the binding energy 485.3 eV, 486.2 eV, and 486.7 eV correspond to Sn3O4, SnO, and SnO2
phases. From Figure 2, it was indicated that the content of the SnO2 phase in actual ITO
films was increasing.
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Figure 3 illustrates the decreasing root mean square (RMS) surface roughness for
higher doping concentrations from 1.60 nm to 0.40 nm. From the AFM data, we observe
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that the grain size in room-temperature grown films decreases with the addition of SnO2.
It was implied that during sputtering growth, Sn atoms acted as nucleation sites.
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Figure 3. AFM micrograph of three-type ITO films with the same thickness (a) 97:3; (b) 95:5; (c) 90:10.

ITO films exhibited normal dispersion as shown in Figure 4. Due to the visible
transparency, the optical constants of ITO films could be modeled by the Cauchy model
and the Sellmier model. In Figure 4, it was demonstrated that the refractive index was
increasing from 2.01 to 2.03 at 550 nm when the doping ratio was increasing. Meanwhile,
the extinction coefficients were kept at less than 0.05 in the whole visible region.
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The origin of n-type electrical conductivity in ITO films was either from intrinsic
doping such as oxygen vacancy (VO) or extrinsic doping such as Sn4+ substituting In3+.
When the depositing temperature was RT, only amorphous or nano-crystalline ITO could
be obtained, and compared to that deposited at higher temperatures, the higher electrical
resistivity could be attributed to the non-activity of Sn doping [8,9]. As shown in Table 3,
different from the conventional ITO-9010 which used to show the highest conductivity,
ITO-9505 films showed lower electrical resistivity which was mainly derived from higher
carrier concentration. From the formula of the electron mean free path (eMPF),

L = (3π2)1/3(h/e2)ρ−1N−2/3 (1)

the calculated eMPFs were 17.24, 29.90, and 28.83 nm. The higher conductivity of ITO-9505
films also was beneficial from comparatively longer eMPF. More fine characterization tools
should be employed in the future to unveil this interesting phenomenon. Different from
Bae et al. [10] and Dekkers et al. [21], these results were basically consistent with Kang
et al.’s report [14]. It seemed that the Sn dopant was not entirely detrimental to the electron
conducting when ITO films were amorphous.

Table 3. The effect of doping ratio on the electrical parameters of three-type ITO films.

Properties/Doping Ratios 97:3 95:5 90:10

Target composition 97:3 95:5 90:10
Film composition 97:1.07 95:4.89 90:6.90

Resistivity (10−4 Ω·cm) 17.6 7.42 8.21
Sheet resistance (Ω·sq−1) 128.9 55.08 61.00

Hall mobility (cm2V−1s−1) 26.26 38.98 38.90
Carrier density (1020 cm−3) 1.35 2.16 1.96

3.2. Effect of Thickness

The thickness could play a remarkable role in determining not only the spectral
properties but also the electrical properties of ITO films and the performance of opto-
electrical devices [22]. In Figure 5, the specific resistivity of three-type ITO films was
changed greatly with the increasing thickness. And the resistivity of ITO-9010 and ITO-
9505 films was evidently lower than ITO-9703 films. It was very interesting that there was a
critical thickness, dc, that the resistivity of ITO-9505 films was lower than that of ITO-9010
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films when the thickness was less than dc, and vice versa. As shown in Table 1, the reported
resistivities of ITO films with less than 10 wt. % doping ratio were less than the value
listed in Table 2. The main difference in this paper is that deliberately substrate heating or
low-temperature annealing (<100 ◦C) was carried out or extra gas species were fed in the
sputtering chamber compared with other researchers [14,15].
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According to the electrical resistivity formula ρ = 1/qµne, i.e., the resistivity ρ was
determined by carrier charge q, mobility µ, and carrier concentration ne. Generally, the
predominance of electrical resistivity was derived from the promotion of both mobility and
carrier concentration. As shown in Figure 6, for ITO-9010 and ITO-9505, this resistivity
discrepancy was principally arising from the different carrier concentration due to the
almost same Hall mobility, i.e., 38.9 cm2V−1s−1, for the two-type films when the thickness
was less than dc. This was true in Section 3.1. These experimental results were distinct from
other researchers’ results [8,9] and reproduced well.
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4. Discussion

ITO is the classical n-type semiconductor that which there were two different genera-
tion mechanisms of conducting electrons: intrinsic doping and extrinsic doping. Intrinsic
doping means doping naturally, such as, for example, oxygen vacancy VO, etc.; for the latter,
it is substitutive doping by tin ions which was dominant for the widely used crystalline ITO
films. However, the situation for ITO film deposition at RT was not completely understood
yet [9,23,24]. It was generally accepted that VO played a major role in carrier-generating that
the double-charged oxygen vacancies could provide two electrons in the conduction band.
According to the calculated results [25], only oxygen vacancy could not be responsible for
the n-type conductivity in In2O3 due to the energetic instability. Tang et al. [26] proposed
that the defect pairs interactions between VO and In interstitial Ini or Sn dopant SnIn would
significantly reduce their formation energies, making these donors an important source of
n-type conductivity in In2O3. Moreover, by combining with VO, the ionization energies of
Ini or a SnIn would be decreased, and then the electrical conductivity was enhanced via the
donor–donor binding.

The improvement of ITO-9010 films could be understood from the angle of crystalliza-
tion when the thickness was more than dc. The tin donor was activated by crystallization
due to the increase in thickness, as indicated in Figure 7, but not due to the substrate
heating or annealing treatment. For a thickness less than dc, a moderate doping ratio was
required in order to obtain higher electrical conductivity, seemly owing to the formation of
energetically favorable VO-Ini and VO-SnIn proposed by Tang et al. [17] because too high a
doping ratio would lead to lower carrier concentration and a lower doping ratio to more
tin substitution inactivated. Apparently, the trend of electrical resistivity was coherent with
the conversion from an amorphous to a crystalline state. Here, defect chemistry should be
further studied quantitatively [27–29].
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To some extent, surface morphologies would influence the properties of ITO films.
It was demonstrated in Figure 8 that the RMS (root mean square) roughness of ITO film
surfaces extracted from Figure 3 decreased when the thickness was less than dc, and vice
versa. This experimental phenomenon could be explained by the competition between grain
growth and surface roughening. At the initial stage, deposited ITO might be discontinued
and form islands. With the increasing thickness, the more islands coalesced; the surface was
flattened, as exhibited in Figure 8. Then, the surface became rougher when the thickness
further increased, concomitantly, the grain size was increased which was confirmed with
the comparatively sharp diffraction peak in Figure 7. From Figure 8, the RMS roughness of
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ITO-9505 films was shown comparatively lower roughness while keeping slightly lower
resistivity, when the thickness was less than dc, while ITO-9010 films would be beneficial
from this feature when the thickness was more than dc.
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Figure 8. RMS roughness evolution of three-type ITO films with increasing thickness.

5. Conclusions
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than 125 nm, indium tin oxide films with a doping ratio of 5 wt. % demonstrated the lowest
electrical resistivity among three-type amorphous indium tin oxide films, which would
be suitable for the touch panel application which requires low electrical resistivity and
less thickness.
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