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Abstract. In the current paper, it has been considered the relief features and electric properties
of the transparent contacts based on the indium tin oxides. During the formation of samples,
the laser oriented deposition method using the CO, laser operated at the wavelength of 10.6 pm
and with the power of 30 W has been used. The deposition process has been revealed via
varied the intensity of external electric field in the range of 100-600 V/cm. The influence of the
electric field on the deposition process and its correlation with the relief features and electric
properties have been evaluated.
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1. Introduction

Indium tin oxides (ITO) is a degenerate semiconductor with n-type of conductivity. Due to the high
optical transmittance in the visible and near-infrared (NIR) spectral ranges and low sheet electrical
resistance, ITO thin films perform functions of transparent contacts in the constructions of electro-
optical modulation devices [1][2][3], solar cells [4][5], sensors [6][7], etc.

For the development of modulation devices, as optical limiters, wavefront correctors, spatial-light
modulators, and other components based on ITO [8][9][10][11], high transmittance level and small
signal-to-noise ratio are required. In this case, one of the main issues for the device development is to
decrease the reflection losses on the interface of ITO with the neighbor layers. It is also important for
index-matching of transparent conducting films with photo absorber layers during solar cell
fabrication [12][13]. Moreover, thermal and electric stability of films are the commonly required
parameters as well. In order to control the basic properties of ITO, various technological steps are
used, such as switching the parameters during the deposition, thermal treatment, structurization with
nanoparticles and laser processing [14][15][16].
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Unfortunately, the quantity of indium is finite in the Earth core, so the cost of films based on this
material is gradually increasing. Partially it could be solved via the use of alternative compositions, for
example, Al-doped zinc oxides (AZO) [17] and fluorine-doped tin oxides (FTO) [18]. They also have
small optical losses in the bulk. However, the non-optimized surface of transparent oxides leads to
high reflectance. Due to this aspect, ITO thin films are still the key material for the wide quantity of
configurations for the liquid crystal devices and solar cells.

Depending on issues, application area and production scale, the various methods for deposition of
ITO can be used. Magnetron sputtering and chemical vapor deposition from the gas phase are the
methods for mass-scale fabrication. However, due to the limitations with the orienting of deposited
particles in these methods, the relative heterogeneity in relief exists. The atomic layer deposition
(ALD) technique performs the fabrication of the smooth and homogeneous ITO films [19]. However,
the scale of fabrication is limited by the cost of equipment. It should be noticed, that technologies
based on laser deposition have practice interest on account of few reasons. Firstly, deposition flux will
depend on the laser power density, frequency, and processing velocity what permits to vary the
electro-optical properties of ITO films. Secondary, the deposited particles can be controlled via the
additional source of an electric field. The laser oriented deposition (LOD) approach is suitable for
mass-scale fabrication, so it could be a compromise between the high-precise ALD technique [20][21]
and scalable PVD [22][23] and CVD [24] methods.

In this paper, we will consider the electric properties and the relief features of laser-vacuum
deposited ITO thin films with the applying of an additional electric field in order to orient the
deposited particles. Laser oriented deposition technique leads to a limit of indium consumption and
increase the application area of ITO.

2. Materials and methods

The Cerac Inc. powder with indium tin oxide (90-10 wt%, 3-12 mm pcs, 99.99% pure) was the
material source. Laser oriented deposition scheme consists of CO, laser (A=10.6 um), an optic-
mechanical system for beam parameters setting (quasi-continuous regime, power 30 W, beam
diameter 5 mm, processing velocity ~3 cmxc!) and vacuum post (pressure 10! Pa before the
deposition). For additional control of film deposition, the conductive grid (named on Figure 1 as
electric supply system) was installed inside the vacuum chamber. For the different samples, the
various electric field was applied: 0 Vxem™, 100 Vxem™, 200 Vxem™, and 600 Vxem™! respectively.
The thickness of films is 100 nm on 20 mm x 20 mm X 2 mm glass substrates.
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Figure 1. Laser oriented deposition schematic diagram
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Atomic-force microscope Solver Next (NT-MDT) used for the relief characterization (method of
constant force, scan area 30umx30um, scan rate 1 Hz). The setting of parameters and data processing
were performed in Nova Px software. Wetting angle optic system OCA 15 EC (DataPhysics
Instruments GmbH) used for the ITO surface diagnostic in macro-scale. Distillate water drops with 1
ul volume consequently deposited per the full aperture of the sample surfaces with CCD camera
recording. Calculation of wetting angle was performed via the computer vision technique and Laplace-
Young approximation in SCA20 software. Electric properties were measured via the 2-point
measurement scheme with GW Instek PPE-3323 power supply, Tektronix AFG 3021B pulse
generator, Rigol DS1102D oscilloscope and Fluke 8846A multimeter.

3. Results and discussions
Electric field during the ITO deposition influences the particle’s velocity and corrects their direction
relative to the substrate.

For relief statistic description average roughness (S,) and average root-mean-square roughness (S;)

were used:
n m .
5, = 2o 2a() (1
nm
2
S = ?=1 Z;'nzl(zi,j) (2)
1 nm

Where i and j indices correspond to x and y axis respectively (n=256, m=256); z;; — height for point
with (i,j) coordinates. The examples of areas for the different ITO deposition conditions are
demonstrated in Figure 2.
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Figure 2. Atomic force microscopy relief characterization of pure ITO films deposited under
different electric fields: 0 V/cm (I), 100 V/cm (1I), 200 V/cm (III) and 600 V/em (IV)

The relief of the ITO films represents the layer-by-layer deposition with island growth formation
(Stranski-Krastanov mechanism). The values of S, and S, are given as average value for 5 areas per
each technological mode. With using fields of 200 V/cm and 600 V/cm the relief becomes smoother.
In these cases, deposited particles have enough energy to take positions in surface irregularities.
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The geometry of the surface and its compositional consist influence on the free volume energy,
which can visualize via the wetting angle measurements. For each sample consequently deposited
distilled water and measured wetting angle per full aperture (Figure 3).
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Figure 3. Wetting angle measurement images of pure ITO films deposited under different electric
fields: 0 V/cm (I), 100 V/ecm (II), 200 V/em (III) and 600 V/ecm (IV)

The high influence on the wetting angle gives surface tension that depends on the contact area. The
dependency of wettability versus roughness is non-linear. The surface irregularity produces a higher
«liquid-ITO» contact area and leads to rising in the wettability (the wetting angle becomes lower).
However, if the distances between heterogeneities are much less than drop sizes, this massive have
water-proof properties (wetting angle rises). Due to these reasons, the ITO films with the biggest
roughness (E=100 V/cm) have better wettability in comparison with other samples. In the case of
deposited ITO without field, the relief has small distances between heterogeneities, which leads to an
increase of wetting angle (Figure 4).
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Figure 4. Wetting angle statistics of the pure ITO films deposited under different electric fields
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It should be mentioned, that the optical modulation devices, which operate in the wide
commutation frequency range, require the ITO films stability of electrical properties. To degenerate
the pure ITO, the main charge transfer channel is the surface. So, the resistance of ITO films is limited
by the number of defects near the surface. For impedance measurements, we used the liquid gallium
metallization. Full resistance of samples consisted of the ITO resistance R;ro with capacity Crro in
parallel, with contact resistance Riro.6. and metal inductance Lg, in series. The measurements under
the digital current show a decrease of the resistance for the deposited ITO with the electric field
applying (Figure 5). The amplitude for digital current and analog current for impedance measurements
was equal to 5V.
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Figure 5. Impedance frequency dependence of pure ITO deposited under the various electric fields

In frequency range from 50 Hz to 50 kHz the ITO films have stable impedance values (the
fluctuations don’t exceed the experimental setup error). Impedance increases by more than 1.5% when
/=100 kHz for the ITO films deposited with the field. This phenomenon is connected with the rise of
inductance reactive resistance. For the ITO film without an electric field use during deposition, the
impedance doesn’t change dramatically, due to the compensation of the capacity and an inductance
resistance in the observed frequency range. ITO capacity has a negative impact on temporal
characteristics, for example, switching time, of modulation devices.

4. Conclusion

To summarize the obtained results, one can conclude the following aspects. The application of an
additional electric field in the laser-vacuum deposition technique allows controlling the relief and
electrical properties of the pure ITO films. With using an electric field of 200 V/cm and of 600 V/cm
during the deposition, the ITO samples have less roughness, namely as 1.5 nm and 1.4 nm
respectively, against 1.8 nm against for an electric field of 0 V/cm. This approach is useful for the
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further deposition of nanoobjects, for example, carbon nanotubes or the reduced graphene oxides, or
other functional layers in devices because the interface will be more uniform.

In the case of fabrication of the waterproof optical transparent coatings based on pure ITO, the
mode without an electric field use is more suitable (the average wetting angle is near 105 degrees).
However, in order to decrease the wettability, ITO can perform the function of the buffer layer for
nanoparticles. For these issues, the surface of the ITO should be smoothest, which requires the
application of an electric field during the deposition.

Pure ITO has different electrical properties. Deposited films with using of electric fields have less
resistance (200-230 Ohm in comparison with 330 Ohm). Moreover, according to impedance frequency
dependencies, this approach allows neglecting the capacity influence in the range from 50 Hz to 100
kHz. In ITO deposited without an electric field, metallization inductance is compensated by film
capacity. As a result, the use of electric field during the ITO deposition allows neglect of negative
impact of capacity on the temporal characteristics of modulation devices.
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