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Abstract: Indium tin oxide (ITO) thin films are widely used as transparent electrodes in electronic
devices. Many of those electronic devices are heat sensitive, thus their manufacturing process steps
should not exceed 100 ◦C. Manufacturing competitive high-quality ITO films at low temperature at
industrial scale is still a challenge. Magnetron sputtering technology is the most suitable technology
fulfilling those requirements. However, ITO layer properties and the reproducibility of the process
are extremely sensitive to process parameters. Here, morphological, structural, electrical, and optical
characterization of the ITO layers deposited at low temperature has been successfully correlated to
magnetron sputtering process parameters. It has been demonstrated that the oxygen flow controls
and influences layer properties. For oxygen flow between 3–4 sccm, high quality crystalline layers
were obtained with excellent optoelectronic properties (resistivity <8 × 10−4 Ω·cm and visible
transmittance >80%). The optimized conditions were applied to successfully manufacture transparent
ITO heaters on large area glass and polymeric components. When a low supply voltage (8 V)
was applied to transparent heaters (THs), de-icing of the surface was produced in less than 2 min,
showing uniform thermal distribution. In addition, both THs (glass and polycarbonate) showed a
great stability when exposed to saline solution.

Keywords: ITO thin films; magnetron sputtering; low temperature deposition; oxygen flow; mi-
crostructure; optoelectronic properties; transparent heaters

1. Introduction

Transparent conductive oxides (TCOs) have attracted wide interest due to their high
optical transmittance in the visible wavelength region combined with high electrical con-
ductivity. Due to these properties, they are extensively used as low emissivity layers
in architectural glass or as transparent electrodes in multiple devices such as flat panel
displays, electrochromic devices, photovoltaic cells, and organic light emitting diodes [1,2],
or more recently, in microwave and radio frequency shielding devices [3]. In addition,
TCO coatings can be applied as transparent heaters (THs) [4] to fast and reliably heat glass
and plastic components in the automotive, locomotive, and aircraft industries (in devices
such as windscreens or car headlights) to provide them with de-fogging and/or de-icing
properties within harsh environments, improving the performance of currently applied
solutions. For example, contemporary car windshields are laminated with polyvinyl bu-
tyral (PVB) polymeric foils containing tungsten microwires as heating element. However,
these types of heated windshields show a lack in the homogeneity of heat distribution
over the windshield and in their transparency. Lenses in new automotive LED headlights
also lead to issues with fogging or freezing because of the condensation occurring in the
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interior of the outer lens. Generally, the headlight housings have vent holes with filters
to recirculate air and avoid condensation, of which the number and position must be fre-
quently modified after headlight manufacturing to optimize air recirculation, in a difficult
and expensive process [5]. This has become a challenging issue from a visibility and a
safety standpoint for many original equipment manufacturers (OEMs). As in the case of
windshields, microwires are also commonly used as heating elements, interfering with
radio detection and ranging (RADAR) and light imaging detection and ranging (LIDAR)
car systems. TCO coatings can improve the performance of conventional heating elements,
in terms of demonstrating a high heating power capacity with fast control of temperature
and small thermal inertia without detriment to their optical transmission [6].

Indium tin oxide (ITO) is the most widely used TCO because it has unique set of
properties; such as high ultraviolet absorption, high infrared reflectance, high microwave
attenuation, wide bandgap (3.5–4.2 eV), high visible transmission, low electrical resistivity,
good mechanical strength and abrasion resistance, chemical stability [7] and compatibility
with fine patterning processes [8]. There are many deposition techniques to obtain high
quality ITO films, such as radio frequency (RF) [9] and direct-current (DC) magnetron
sputtering [10], E-beam evaporation [11], pulsed laser deposition (PLD) [12], and spray
pyrolysis [13]. Among all of them, pulsed DC magnetron sputtering is the most suitable
to manufacture ITO layers at industrial scale due to the high deposition rate and quality
control of the thin films [14].

ITO layer properties are very dependent on sputtering process parameters such as
temperature, pressure, target to subtract distance, discharge power and frequency, and oxy-
gen and argon pressure during deposition, which are directly related to the physical nature
of the films [15]. This physical nature encompasses structural characteristic, crystallinity,
impurity levels (or doping), defect characteristics, uniformity, and stoichiometry. Thor-
ough understanding of the relationship between sputtering process parameters, layer prop-
erties, and the physical nature of the layers is essential to obtain good reproducibility of
the film properties, above all, at an industrial scale.

Many studies reporting on ITOs deposited by DC magnetron sputtering have shown
that ITO thin films could reach high transparency in the visual region (90%) and high
conduction properties (ρ = 2 × 10−4 Ω·cm). These optimal results are obtained at high sub-
strate temperatures (>200 ◦C) during deposition or by post-annealing process afterwards,
because temperature promotes crystallization of the layers and oxygen-vacancy creation,
the main conduction mechanisms in ITO layers [16]. Many of those studies encompass
the analysis of the relationship between process parameters and optoelectronic properties
for high temperature ITO layers [17–20]. However, reaching high values of transmission
and conductivity for ITO films at room temperature deposition is still a challenge for
industrial reproducible magnetron sputtering processes. For room temperature sputtering
deposition, oxygen flow effects on optical (average transmission in the visible light region,
transmission and absorption spectra) and electrical (amount and mobility of electric carri-
ers) features are two of the main factors affecting layer properties and have been previously
studied, as well as effects on microstructure (grade of crystallinity, growth orientation, lat-
tice parameter and lattice stress, grain size and structure), mainly for laboratory sputtering
equipment [14,21,22]. However, there is still a lack of understanding of the relationship
of those parameters for pulsed DC magnetron sputtering industrial processes at room
temperature. Although TCOs were applied as THs before 1995, they have been mainly
studied in the framework of industrial research and development, and very few reports
can be found in the literature about the application of ITO as THs [23,24]. In these reports,
ITO nanoparticles were deposited on glass substrates by spin coating, producing ITO films
with high transparency but high sheet resistances (above 300 Ω/sq) even after applying
annealing at high temperatures.

In the present work, a detailed study of the influence of the oxygen flow on ITO
layer properties has been performed for an unbalanced pulsed DC magnetron sputtering
process at low temperature. The unbalance DC magnetron sputtering process is optimum
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for industrial applications because it presents higher deposition rates than the balance
magnetron sputtering process. However, special attention must be given to avoid the
bombardment of the growing film with ion species from the plasma (O2

− in this case) that
negatively affects the microstructure of the layers and damages the electrical properties [25].
The optimization of the ITO layer at room temperature has been performed for this un-
balanced magnetron sputtering process for the deposition of ITO layers at semi-industrial
scale. A detailed study including microstructure analysis of ITO film series deposited
under different oxygen flows has been performed. Microstructure evolution with oxy-
gen is explained and correlated with optoelectrical properties of each film. In addition,
a cost-effective process was developed and optimized for the manufacturing of THs with
excellent optoelectronic properties on large area glass and polycarbonate (PC) sheets by
means of conventional sputtering at room temperature.

2. Materials and Methods

ITO layers have been deposited in an industrial pulsed DC unbalanced magnetron
sputtering equipment, FASTCOAT, designed and manufactured by TEKNIKER (Eibar, Spain).
This equipment has one unbalanced magnetron of 550 × 125 mm2 target size. The ITO
(In2O3:Sn2O3 at. % 90:10 99.99% purity) target was placed 120 mm from a rotatable substrate
holder. Two types of substrates were used for characterization purpose, silicon wafers and
microscope glass slides (Menzel-Gläser). The ITO films were deposited at 1500 W average
power, using an Advanced Energy DC Pinnacle Plus (Advance Energy, Denver, CO, USA)
power supply, under the following pulsing parameters: 75 kHz pulse frequency, 4 µs pulse-off
time, and a duty cycle of 70%. The vacuum chamber, which had a 230 L volume, was pumped
down with a pumping speed of 1200 L/s to a base pressure of 2 × 10−6 mbar before the
deposition. The gas entry supply was located closer to the substrate than to the target to
avoid the acceleration of the oxygen ions by the potential applied to the target and, therefore,
the bombardment of the growing film with O+ species from the plasma. During the deposition,
argon flow was maintained constant at 150 sccm, while variable oxygen flow was introduced
into the chamber by mass flow controllers, resulting in 1.8 × 10−3 mbar process pressure.
Before deposition, the target was pre-sputtered for 10 min; the first 5 min with the same Ar
flow of the process but without oxygen, and the last 5 min with both O2 and Ar flows applied
during the process.

Oxygen flow was varied from 0 to 6 sccm, testing 7 different values, to correlate
the oxygen flow influence with layer properties and morphology. The deposition rate of
the layers was 20 nm/min (remaining unchanged for the different oxygen flow applied),
obtaining 140 nm thick layers by depositing ITO for 7 min. Vacuum time and base pressure
were kept constant for all the deposition processes performed at different oxygen flow,
so the possible presence of residual impurities in the films caused by the gettering of water
vapor from the chamber was the same.

The electrical properties were measured by 4-point probe [26] and Hall Effect mea-
surements (ECOPIA, Anyang City, South Korea). Optical transmittance was measured
with a Perkin Elmer Lambda UV/VIS/NIR spectrophotometer (Perkin Elmer, Waltham,
MA, USA). Morphology studies were made by an ULTRA Plus Carl-Zeiss field emission
scanning electron microscope (FE SEM, Carl-Zeiss, Oberkochen, Germany) and an atomic
force microscope Solver PRO NT-MDT (NT-MDT SI, Limerick, Ireland). The average
surface roughness (Sa) and root mean square roughness (Sq) values have been calculated
from 3 measurements of 3 × 3 µm2 AFM images of ITO layers deposited with different
oxygen flows. A D8 Advance Bruker X-ray diffractometer (Bruker, Billerica, MA, USA)
was used to determine the crystallinity of the films deposited on glass by measuring with
Cu-Kα radiation in θ−2θ geometry with a step of 0.02◦, a step time of 7.2 s, and applying a
grazing incidence of 2◦ (GIXRD).

Glass and polycarbonate (PC) samples of 100 × 100 mm2 were used as prototypes of
THs to evaluate their performance. Contacts were made by a conductor tape (tin-plated
copper foil, PPI Adhesive Products Ltd.,Waterford, Ireland) to apply a DC voltage to the



Coatings 2021, 11, 92 4 of 14

prototypes, and a thermographic camera was used to measure the temperature versus time
to calculate the saturation temperatures at different applied voltages (2–12 V for standard
uses). Temperature stability was also analyzed by applying a constant voltage (8 V) for 4 h.
In addition, prototype de-fogging and de-icing properties were examined by measuring
the time required to defog and/or defrost the samples after keeping them for 30 min in a
refrigerator at −21 ◦C and applying a DC voltage of 8 V. Prototype durability was analyzed
by applying adhesion tests using scotch tape (standard MIL-C-675C [27] for the coating of
glass optical elements).

3. Results

3.1. Effects of Oxygen Flow on the Morphology of ITO Thin Films

The effect of the oxygen flow on the morphology of the ITO layers is shown in Figure 1
(SEM images) and Figure 2 (AFM images). For low oxygen flows (0–1 sccm), the ITO
surface was smooth (with surface roughness values around 0.8 nm) with no spikes and
with a cauliflower-like microstructure. When oxygen flow increased (2–6 sccm), the surface
became more granular, with greater surface roughness, and shaped crystallites appeared,
increasing the number of polycrystalline grains with the oxygen flow. For an oxygen flow of
2–3 sccm, the cauliflower-like structure was mixed with crystalline grains. From 4 sccm and
above, homogeneous polycrystalline surfaces were observed, with a significant increase in
surface roughness (until 2 nm of Sa and 2.5–3 of Sq).
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To correlate surface morphology with layer crystalline structure, XRD analysis was
performed (Figure 3). XRD patterns showed that the oxygen flow affects the crystallinity
of the layers. XRD pattern for the ITO deposited with 0 sccm of oxygen showed a halo
pattern around 2θ = 32◦–35◦, which is characteristic of amorphous materials. For 1 sccm
oxygen flow, a broad diffraction peak appeared around 2θ = 30◦, corresponding to an
incipient crystallization of the ITO layer in the (222)-oriented bcc structure of In2O3 [28].
Both results can be correlated with the SEM and AFM pictures of 0 and 1 sccm, where
surface was smooth, and no grains were observed. When oxygen flow increased (2–5 sccm),
the (222) diffraction peak became more intense and narrower, indicating the growth of the
(222)-oriented crystallites, while new diffraction peaks appeared showing the formation
of crystallites with other orientations. This correlates with the SEM (Figure 1) and AFM
(Figure 2) surface images, where geometrically regular forms (scales and pyramidal peaks)
fill the surface. However, a reduction in (222) peak intensity was observed when the oxygen
flow was further increased up to 6 sccm A shift to higher angles was observed for the (222)
peak when oxygen flow varied from 4 to 5 sccm. When increasing the oxygen flow from
1 sccm onwards, small diffraction peaks typical of polycrystalline ITO thin films with a
cubic indium oxide structure appeared [17], showing a minor formation of crystallites with
other orientations such as (400), (332), (431), (440), and (622).
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Figure 4 shows the optical transmittance of each sample from the ultraviolet (λ = 250 nm)
to the near-infrared (λ = 2500 nm) region. The mean transmission values in the visible region
increased with the oxygen flow. Non-crystallized ITO layers (produced with 0 and 1 sccm of
oxygen flows) had much lower average light transmission (around 65%) than crystallized
layers produced with an O2 flow >3 sccm, which showed transmission values above 80% in
the visible region, reaching the maximum value of 82% for 6 sccm.

In the near-infrared region (800–2500 nm), the behavior was different: first, the trans-
mission decreased when the oxygen flow was increased from 0 to 3 sccm, whereas the
opposite tendency was observed upon 4 sccm.

The evolution of electrical properties of the ITO layers, such as resistivity, carrier
concentration, and Hall mobility with the oxygen flow is shown in Figure 5. We observed
that the electrical properties were highly influenced by the oxygen flow applied during
deposition of the ITO layer. Increasing the oxygen flow until 5 sccm boosted the Hall
mobility to reach a maximum value of (36 ± 1) cm2/V·s. On the contrary, the increase in
the oxygen flows led (from 0 to 2 sccm) to a slight enhancement of the carrier concentration
with a subsequent reduction until reaching a minimum value below 1 × 1020 cm−3 at
6 sccm of oxygen flow. The resistivity seemed to be dominated by the Hall mobility,
remaining at a minimum value of approximately 1 × 10−3 Ω·cm for hall mobility above
10 cm2/V·s. In this range, only a significant increase in resistivity was produced when
the carrier concentration decreased below 1 × 1020 cm−3 at 6 sccm of oxygen flow. It is
also worth highlighting that the sharpest decrease in resistivity was produced when the
ITO layer was deposited in the presence of oxygen, with respect to those obtained in pure
argon atmosphere.
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3.2. Manufacturing of Transparent ITO Heaters

Table 1 summarizes the optoelectronic properties of the deposited ITO layers. In addi-
tion to the previously measured properties, the sheet resistance (measure of resistance on
uniform thin films) and the Haacke’s figure of merit (FoM, a dimensionless parameter to
evaluate the performance of thermoelectric materials) were also calculated because of their
importance in many industrial applications of TCOs. FoM was calculated from the average
optical transmittance at VIS region, and the sheet resistance (SR) [29]:

φVIS =
Tav

SR
(1)

Table 1. Average optical transmission in the visible region, T (%), Hall mobility (µ), carrier concentration (n), sheet resistance
(SR), electrical resistivity (ρ), and FoM (φVIS) of ITO layers.

Oxygen Flow
(sccm) T (%) µ (cm2/Vs) n (/cm3)

SR
(Ω/sq)

ρ

(Ω·cm)
FoM

φVIS (Ω−1)

0 57.7 ± 0.7 1.7 ± 0.2 (4.12 ± 0.03) × 1020 680 ± 50 (9.2 ± 0.5) × 10−3 0.85 × 10−3

1 65.8 ± 0.4 5.97 ± 0.06 (4.7 ± 0.2) × 1020 170 ± 10 (2.2 ± 0.1) × 10−3 3.87 × 10−3

2 75 ± 1 11.7 ± 0.4 (5.4 ± 0.8) × 1020 79 ± 9 (1.0 ± 0.1) × 10−3 9.49 × 10−3

3 79.2 ± 0.9 18 ± 1 (4.2 ± 0.2) × 1020 63 ± 5 (8.3 ± 0.7) × 10−4 12.6·× 10−3

4 80.8 ± 0.3 28.7 ± 0.9 (2.4 ± 0.3) × 1020 77 ± 6 (7.9 ± 0.8) × 10−4 10.5·× 10−3

5 81.7 ± 0.6 36 ± 1 (1.5 ± 0.2) × 1020 95 ± 9 (1.2 ± 0.1) × 10−3 8.60 × 10−3

6 82.9 ± 0.5 26 ± 1 (4.2 ± 0.1) × 1019 428 ± 15 (5.6 ± 0.1) × 10−3 1.94·× 10−3

The ITO thin film showing optimal optoelectronic properties, in terms of reaching a
commitment between transmission and conductivity, was the one deposited with an oxygen
flow of 3 sccm, which showed the highest FoM (12.6 × 10−3 Ω−1). These conditions were
applied on large-area glass and PC sheets of 100 mm2 for the manufacturing of transparent
ITO heaters by a cost-effective process developed at room temperature. Electrical circuits
were mounted on coated glass and PC samples to study heat transmission and evaluate
the coating performance.

Figure 6 shows the saturation temperature of the selected ITO thin film deposited
on glass (a) and PC (b) as a function of the applied power. The thermal resistance was
calculated from the slope of the curve fit.

The times required to completely defrost the ITO coated glass and PC samples when
applying a DC voltage of 8 V after keeping the samples in a refrigerator at −21 ◦C for
30 min were 2 and 1.5 min, respectively (Figure 7). The long-term working stability of
the ITO thin film was proven by applying a constant voltage of 8 V for 4 h (Figure 8).
Both samples did not show any sign of degradation after applying the adhesion tape test
and after being immersed for 24 h in saline solution.
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4. Discussion

4.1. Effects of Oxygen Flow on Microstructural and Optoelectronic Properties of ITO Thin Films

Although all samples showed very low average surface roughness (<2.5 nm), sur-
face morphology changed drastically with increasing the oxygen flow, as previously re-
ported by other authors [30,31]. We can divide the oxygen flow range in three different
regions. In each of those regions, the increase in the amount of oxygen during deposition
showed different effects in the layer morphology and microstructure, and, hence, in the
optoelectronic properties of the layers. Those regions are low oxygen or suboxide regions
(from 0 to 1 sccm), medium or optimum oxygen regions (from 2 to 5 sccm), and high or
excessive oxygen regions (above 6 sccm).

4.1.1. Low Oxygen Region or Suboxide Region (0–1 sccm)

ITO layers in this region were mainly amorphous with very smooth surface and
an average surface roughness below 1 nm. A critical oxygen flow above 1 sccm was
needed to crystallize the ITO layer. Many studies have stated that there is a critical
oxygen flow for the crystallization of ITO films deposited below crystallization temperature
(160–180 ◦C) [32–34]. In these reports, the enhanced crystallization when introducing
O2 flux was attributed, on one hand, to its effect on the promotion of the formation of
stoichiometric InO3 and, on the other hand, to the production of energetic O atoms and
O− ions generated at the target surface and reaching the substrate and providing enough
energy to the adatoms to induce the formation of crystalline structures. The lack of oxygen
input and the consequential lack of crystallization significantly affected the optoelectronic
properties of the ITO layer, showing a mean optical transmission in the visible region
around 65%, usually attributed to the formation of substoichiometric compounds such
as InO. High resistivity values were observed ((9.2 ± 0.5) × 10−3 Ω·cm), related to the
low carrier mobility (<6 cm2/V·s), which can be attributed to the higher number of carrier
collisions that occur in a disordered amorphous structure.

4.1.2. Medium Oxygen—Optimum Region (2–5 sccm)

ITO crystalline layers with a (222)-oriented bcc structure were formed in this region.
The increase in crystallinity caused by the higher oxygen input to the sputtering process
produced a decrease in the amount of electron scatter centers (such as grain boundaries,
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impurities, or defects in the crystalline structure), enhancing the hall mobility (Table 1)
until a maximum value of 36 cm2/V·s for 5 sccm of oxygen flow.

It is well known that charge carriers of the ITO thin films are either contributed by
Sn+4 ions or oxygen vacancies. The observed opposite behavior of carrier concentration
when increasing the oxygen flow during deposition was due to a decrease in the number
of oxygen vacancies, which are electron donors [35]. Besides, oxygen combines and
neutralizes Sn4+, forming Sn–O complexes and further reducing the carrier amount. The
significant increase in carrier mobility while keeping the carrier concentration diminishing
but in the same order of magnitude improves the conductivity of the ITO thin film, as
observed by other authors in previous studies of transparent conductive electrodes [36].
A decrease in the number of carriers was also noticed in the transmission spectra in the
NIR (near-infrared) region (Figure 4). Free carriers can be excited with photons which
have wavelengths in this region; thus, if carrier concentration is high, absorption in that
range will occur [1,37]. Therefore, ITO layers deposited with oxygen inputs which caused
the highest carrier concentrations (0–3 sccm) (Table 1) showed the lowest transmission at
NIR. The optical gap energy of amorphous ITO thin films increases with crystallization,
increasing its optical transparency [38], which is consistent with our results.

The higher VIS transmission observed in ITO layers deposited in this region was
caused by the higher crystallinity of the thin films, which produced less light scattering.
The change in average transmission between 2 and 5 sccm of oxygen was lower than
the change between 1 and 2 sccm (Table 1). This suggests that once the ITO layer was
crystallized, the increase in the VIS transmission was more gradual for higher degrees of
crystallization than when the material changed from amorphous to crystalline. A shift to
higher angles was observed for the (222) peak when oxygen flow varied from 4 to 5 sccm.
This shift can be attributed to the stress induced in the layer by the high oxygen flow, as ob-
served by other authors [22,34], who have reported an increase in the measured residual
compressive stress of ITO films for the highest applied oxygen flow. They stated that this
compressive stress was caused by the higher plasma bombardment energy involved in film
deposition with high oxygen flow, producing more dense films.

4.1.3. High Oxygen or Oxygen Excess Region (up to 6 sccm)

As mentioned before, the contribution to carrier concentration in ITO layers arises from
oxygen vacancies. Low-temperature ITO deposition with high oxygen flux significantly
reduced the number of oxygen vacancies in the layer, as suggested by the abrupt reduction
observed in carrier concentration. According to Lee et al. [39], the excess oxygen can act
like two types of scattering centers: on one hand, forming Sn+–O complexes with near Sn
ions to create neutral electron scattering centers and limiting the diffusion of these ions
from interstitial locations and grain boundaries into the indium cation sites [37]; and, on the
other hand, acting like traps to capture the electron carriers. Moreover, the carrier mobility
changed its behavior and decreased when oxygen flow increased from 5 to 6 sccm, because
of the higher number of scattering centers. The decrease in carrier concentration had a
clear influence on the optical properties of the ITO layer. A significant increase at the NIR
region was observed because of the decrease in the number of NIR-absorbing free carriers.

4.2. Manufacturing of Transparent ITO Heaters

The developed 10 × 10 cm2 TH prototypes showed high optical transmission and an
appropriate thermal response time (lower than 2 min). Different steady state temperatures
(from 25 to 80 ◦C) can be reached applying low voltage (below 12 V) to adapt their
performance to the requirements of the application (below 30 ◦C for de-icing or defogging
uses, or higher for fast defrosting in automotive parts [4]). The voltage may need to be
increased to heat larger parts (which involves larger distances between the electrodes)
and maintains the good heating properties reached in our prototypes (200–600 W/m2). It is
worth highlighting that these THs also exhibited uniform thermal distribution over the
heating area (Figure 9), which is essential for eye comfort and for avoiding the formation
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of hot spots that can damage the TH [40]. Both THs (glass and PC) showed a great stability
when exposed to saline solution.
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5. Conclusions

Magnetron sputtering is the most useful and effective technique to deposit ITO thin
films. Many methods exist to obtain high quality ITO layers, but an in-depth understanding
of the deposition process is essential to grow reproducible ITO films. Small changes in
certain process parameters drastically alter ITO properties. In the case of low temperature-
deposited ITO, oxygen input in the process is necessary to obtain high conductivity and
transparent layers. As we have confirmed, the microstructure of the material is strongly
dependent on the oxygen flow, changing from amorphous to crystalline ITO layers with
very small variation of oxygen amount on the gas mixture. ITO films deposited above the
critical oxygen flow will be crystalline, and they will show a high transparency (>80%)
in the visible region. Obtaining good electrical properties is more challenging. On one
hand, it depends on the microstructure features of the layers which is directly related to
the mobility of the electric carriers; On the other hand, carrier concentration is propor-
tional to the number of oxygen vacancies and Sn+4 ions in the microstructure. Therefore,
ITO films with appropriate opto-electronic properties must be grown under specific oxygen
flow conditions.

Applying the found optimal oxygen flow conditions, efficient transparent ITO heaters
can be manufactured by a cost-effective and robust process on glass and polymeric compo-
nents, such as those used in the automotive industry (windshields or car headlights).
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