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Role of Sn doping in In2O3 thin films on polymer substrates
by pulsed-laser deposition at room temperature
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The influence of Sn doping in In2O3 thin films on conductance, transmission, and granular structure
has been studied. By careful control of the pulsed-laser deposition parameters, films with high
optical transmittance ��85% � and low resistivity ��=4.1�10−4 � cm� are grown at room
temperature on polyethylene terephthalate substrates. The films ablated from Sn-doped targets are
more resistive compared to samples of pure In2O3. Due to increased scattering, the charge carrier
mobility in Sn-doped films is lower compared to the undoped samples. A relation between the
structural properties and the amount of Sn doping is observed. The electrical properties of films with
different compositions are influenced by a different size and formation of grains during growth.
© 2006 American Institute of Physics. �DOI: 10.1063/1.2195096�
Indium tin oxide �ITO� films are widely used as trans-
parent conductors in numerous applications, such as organic
light-emitting diodes �OLED’s�, flat panel displays, and solar
cells, because of the excellent optical and electrical proper-
ties. In many of these applications there is a strong need to
replace the commonly used glass substrates for cheap, light-
weighted, and flexible polymers. It is known that the prop-
erties of ITO films have been shown to depend mainly on the
oxygen pressure and substrate temperature during growth.1–3

Polymer substrates, however, cannot sustain the high tem-
peratures �300–500 °C� normally used to grow ITO films
with excellent properties, i.e., low resistivity and high optical
transmittance. Donor generation in these ITO films is gov-
erned by two mechanisms: the creation of double charged
oxygen vacancies, and the contribution of a single electron
for each Sn4+ cation substituted on an In3+ site. Whereas the
first is mainly dependent on the oxygen partial pressure dur-
ing deposition, the second is dependent on SnO2 doping con-
centration as well as deposition temperature, since it is a
thermally activated mechanism. A precise control of the pro-
cess parameters during growth is therefore required in order
to obtain high quality films at low substrate temperatures. In
the present study we use pulsed-laser depostion �PLD� to
grow ITO films at room temperature on polymer substrates.
In particular, the role of Sn doping on the grain growth dur-
ing the PLD process will be investigated and related to the
electrical properties of ITO.

ITO films, with thickness of 125 nm, were deposited on
polyethylene terephthalate �PET� substrates. Material was
ablated from pure and SnO2 doped In2O3 targets �Umicore
Specialty Materials� using a KrF excimer laser �Lambda
Physik Compex 205�. In contrast to the deposition pressure,
the fluency on the target, laser frequency, and distance from
target to substrate were fixed at 3 J /cm2, 10 Hz, and 50 mm,
respectively. The substrates were cut from commercially
available 1 mm thick PET laminates �Kubra BV�. Prior to
deposition the PET substrates were ultrasonically cleaned in
ethanol. Film thickness measurements were performed using
a stylus profilometer �Alpha Step 250, Tencor Instruments�.
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Electrical resistivity and Hall mobility were measured at
room temperature using a standard van der Pauw four-point
probe technique. Optical data were collected with a Varian
Cary 50 UV-Vis spectrophotometer. The bare PET substrates
were used as a transmission reference. In order to check the
structure and grain size, measurements were performed on a
Philips CM30 transmission electron microscope �TEM�. For
this experiment films of 25 nm were deposited on Cu grid at
similar conditions as the 125 nm films on PET. Atomic force
microscopy data were obtained by means of a nanoscope III.

The existence of an optimum oxygen pressure for ITO
growth at room temperature, where a high transmittance and
low resistivity can be obtained, has been shown earlier by
other authors.4–6 We examined this pressure regime for films
with different compositions: pure, 2, 5, and 10 wt % SnO2
doped In2O3. For each composition a series of films is de-
posited on the polymer substrates at room temperature. Next
to the composition, we varied the oxygen deposition pressure
close to the optimum pressure in steps of 0.002 mbar. In this
pressure regime �P=0.003–0.033 mbar� no noticeable thick-
ness variations have been observed. Subsequently, the resis-
tivity and the average optical transmittance in the visible
spectrum �400–700 nm� are measured for different samples.
The resulting curves of the electrical and optical data are
plotted in Fig. 1.

In terms of resistivity, the data show an optimum around
0.015 mbar for all compositions. In this regime the resistivity
is in the order of 5�10−4 � cm. However, in contrast to
high temperature deposition,2 lowest resistivity is observed
for In2O3 films without additional SnO2 doping. The In2O3
film grown at optimum conditions has a resistivity of
�=4.1�10−4 � cm. This value is comparable to that of
films grown at high temperature. Only epitaxial films on
yttria-stabilized zirconia �YSZ� show somewhat lower
values7 ��=7.7�10−5 � cm�.

The optical transmittance is also at an optimum in this
narrow pressure region around 0.015 mbar, and is as high as
85% �Fig. 1�b��. At lower pressures the optical transmittance
decreases rapidly. The increasing oxygen deficiency causes a
darkening of these films. At higher pressures, the transmit-

tance drops as a result of the narrowing band gap. These
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films are yellowish, and the average transmittance is de-
creased. This is known to be caused by the Burstein-Moss
�BM� shift,8 and is dependent on the carrier concentration.
The measured band gap �inset in Fig. 1�b�� obeys the n2/3

dependence as expected from BM theory.
In order to understand the resistivity data we performed

Hall measurements to obtain the carrier density, and calcu-
late the electron mobility. The results are plotted in Fig. 2 for

FIG. 1. Resistivity �a� and average transmission �400–700 nm� �b� of In2O3

films with 10 wt % �triangles�, 5 wt % �circles�, and 0 wt % �squares� Sn
doping vs the oxygen deposition pressure. Inset in �b� shows the band gap
energy and oxygen pressure relation.
FIG. 3. TEM images and diffraction patter
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two compositions: pure In2O3 and ITO 10 wt %. As the oxy-
gen pressure decreases, more oxygen vacancies are incorpo-
rated in the film, increasing the carrier density for both com-
positions. However, for ITO 10 wt % these values are
somewhat lower than for pure In2O3. In contrast to high tem-
perature deposition, the addition of SnO2 does not contribute
to an increased carrier density, but it seems to deteriorate the
film properties instead. The majority of Sn atoms are not
thermally activated, i.e., substituting In3+, and are believed to
form neutral complexes with the oxygen anions.9 The charge
carrier formation in ITO films grown at room temperature
can therefore be mainly ascribed to oxygen vacancies. Note
that when grown at high temperatures, the carrier density of
SnO2 doped In2O3 can be as high as 1021 cm−3.

The mobility of the charge carriers is dependent on the
scattering centers; in crystalline ITO films these are mainly
ionized impurities.10 The number of ionized impurities �oxy-
gen vacancies and Sn ions� is directly related to the carrier
density. As oxygen deposition pressure increases, the amount
of charge carriers decreases due to a smaller number of oxy-
gen vacancies. As can be seen in Fig. 2, the total mobility is
therefore higher since the number of ionized impurities de-
creases. However, independent of the difference in charge
carrier concentration, the mobility for ITO films is consider-
ably lower than for In2O3 for each deposition pressure. Ap-
parently, in our amorphous/polycrystalline films, other scat-
tering mechanisms play a role and are dependent on SnO2

FIG. 2. Carrier concentration n �circles� and mobility � �squares� of In2O3

�closed� and ITO 10% �open� vs the oxygen deposition pressure.
ns of In2O3 �a� and ITO 10 wt % �b�.
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doping. As mentioned earlier, Sn atoms can form neutral
complexes and precipitates, acting as neutral scattering cen-
ters. The amount of neutral defects will be substantially
higher in our room temperature grown films, and will no
longer play a marginal role as stated by Hamberg and
Cranqvist11 Moreover, the low crystallinity also induces scat-
tering at grain boundaries,10 further lowering the mobility.
By means of TEM the difference in grain sizes are investi-
gated. Figure 3 shows transmission electron micrographs and
diffraction patterns of undoped and doped In2O3. A clear
difference in structural properties can be seen. The ITO
10 wt % film has a nanocrystalline, nearly amorphous phase,
confirmed by the hazy diffraction rings, whereas films of
pure In2O3 clearly contain visible crystallites. The TEM mi-
crographs of 2 and 5 wt % doping �not shown� are interme-
diate states complementing the trend of decreasing crystal-
linity as the doping level is increased. Although the size of

FIG. 4. AFM micrographs of In2O3 �a� and ITO 10 wt % �b� films. The
relation between the rms surface roughness vs doping concentration �c�.
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these crystallites is still too small to obtain conclusive x-ray
diffraction �XRD� data, the surface morphology confirms the
found relation between doping and crystallinity �Fig. 4�. Not
only the average particle size is larger at the surface of the
undoped film, also the surface roughness is increased signifi-
cantly, indicating a different growth mode for these compo-
sitions. Figure 4�c� illustrates the decreasing root mean
square �rms� surface roughness for higher doping concentra-
tions. Note that the average surface roughness of the polymer
substrate is well below 1 nm. From the TEM and AFM data
we observe that the grain size in room temperature grown
films is decreasing on the addition of SnO2. We suppose that
during PLD growth, Sn atoms act as nucleation sites. In
Sn-doped In2O3 a larger amount of grain boundaries and
increased structural disorder are observed, resulting in in-
creased trapping of electrons and reduced mobility. Already
in the initial growth stage, we observed a morphological dif-
ference between growth of doped and undoped In2O3. At
present, this effect is studied in more detail.12

In conclusion, films of ITO are grown at room tempera-
ture on polymer substrates by PLD. The deposition condi-
tions are tuned carefully, resulting in films with electrical and
optical properties comparable with high temperature depos-
ited films. Sn-doped films are more resistive compared to
pure In2O3 because of a structural difference. The presence
of Sn during growth leads to the formation of smaller grains.
The increased scattering and trapping of charge carriers de-
teriorate the electrical properties. For pure In2O3 films a low-
est resistivity of �=4.1�10−4 � cm is observed, and the
optical transmittance well exceeds 85%.
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