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In the present study DLC films were deposited on crystalline silicon and quartz substrates from hydrocarbon gases
(acetylene (C,H,) and methane (CH,4)) by two methods: employing closed drift ion source and radio frequency plasma
enhanced chemical vapour deposition (RF PECVD) technique. Optical properties of the formed films were analyzed
employing UV/VIS/NIR spectroscopy. It was observed that in both deposition methods the lowest refractive index (at
A =632.8 nm), which corresponds to the highest amount of bound hydrogen, is observed when energies per carbon atom
are approximately 150 eV (300 eV ion beam energy in a closed drift ion source) and 160 eV (400 V bias voltage in RF
PECVD). It is shown that depending on the deposition conditions the region of minimum reflection for the system

DLC-crystalline silicon can be varied in a wide range.
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1. INTRODUCTION

Nowadays, when the global warming is very often
discussed as the consequence of unlimited pollution of the
plants that are using oil for heat production, the great
interest is shown for alternative energy sources, like wind
and sun. Due to the growing demand for clean sources of
energy, the manufacture of solar cells and photovoltaic
arrays is increasing dramatically. High cost is presently the
main obstacle for a world-wide increase in the utilization
of the electric power provided by photovoltaic cells. For
this purpose it is necessary to design photovoltaic cells,
which are characterized by high conversion efficiency and
low price. One of the crucial problems in solar cells is that
a significant part of the incoming radiation is reflected,
which limits the efficiency of such devices [1]. As it is
known, the reflection losses of incident radiation can be
reduced using antireflection coatings [2]. The optimal
antireflecting effect is observed when nmm:(nsubst,ate)l/2
[3]. For this purpose different type thin film coatings are
used. Usually as substrates Si (n=3.96) and GaAs
(n=3.3) are used [4]. The criteria for selecting materials
and deposition technology for antireflecting coatings are
the useful spectral range of transmission, absorption,
scattering, internal stress, environmental stability, film
homogeneity, reproducibility, thermal stability etc [S]. For
this purpose the diamond like carbon films can be used.
The advantages of DLC films are their high hardness,
chemical and radiation stability as well as deposition at
room temperature, possibility to change their optical
properties in a wide range by varying the deposition
conditions [4]. They can be easily doped by nitrogen [3],
silicon [5, 6], silicon oxide [6], boron [7], sulphur [8]
during deposition by various methods, such as plasma-
enhanced chemical vapour deposition (PECVD) [9, 10],
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ion beam deposition [11, 12], microwave deposition [13],
pulsed laser deposition (PLD) [14].

In the present work DLC films were formed on
crystalline silicon (one of the solar cells materials) and
quartz substrates by two different methods: radio
frequency plasma enhanced chemical vapour deposition
(RF PECVD) and employing closed drift ion source from
methane and acetylene gasses respectively. Two methods
were compared and the effect of deposition conditions on
the antireflecting properties of the DLC films was
analyzed.

2. EXPERIMENTAL

In the first experiment hydrogenated DLC films were
deposited on monocrystalline Si (100) and quartz sub-
strates at room temperature using a closed drift ion source.
Acetylene (C,H,) gas has been used as a source of
hydrocarbon. The base pressure was 2107 Pa, work
pressure (1 +2)-10 Pa, ion beam energy 300 eV —700 eV
(Eion~0.5eU, (U, — accelerating voltage, e — elementary
charge)), deposition time 30—36 minutes (except for the
energy of 300 eV the time of deposition was 65 min) .

In the second experiment, DLC films were deposited
on monocrystalline Si (100) and quartz by RF PECVD in
an atmosphere of methane (CH,) at a pressure of 1:10 Pa
applying different bias voltages. The bias voltage was
varied from 100V up to 1000 V. The RF power was
40 W—-350 W. The deposition was performed at room
temperature, deposition time — 45 minutes.

Before the deposition all the wafers were cleaned
chemically.

The optical properties of the films were investigated
using optical spectrometer Avantes that is composed of
deuterium halogen light source (AvalLight DHc) and
spectrometer (Avaspec-2048). The transmission of the
films (deposited on quartz substrates) was analyzed in the
wavelength region from 250 nm to 1000 nm and antire-
flecting properties of the films (deposited on crystalline



silicon and quartz) were analyzed in the region from
225 nm to 800 nm. The reflectance was measured normal
to the surface. The absorption coefficient was calculated
evaluating reflection and transmission of the films using

equation:
)

where ¢ is the film thickness in cm, R is the reflectance,
and T is the transmittance.

Laser ellipsometer Gaertner 117 operating with a
He-Ne laser (4 = 632.8 nm) was used for the estimation of
the thickness and refractive index of the films.
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3. RESULTS AND DISCUSSIONS

3.1. DLC films formed using a closed drift ion
source

The refractive index determined with a laser ellip-
someter as a function of ion beam energy is shown in
Fig. 1. One can see that the refractive index varies in the
range of 2.53-2.71, and the thickness (defined by laser
ellipsometer as well) varies in a narrow interval of
160 nm— 178 nm (Table 1).
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Fig. 1. Refractive index dependence on ion beam energy

Table 1. Thickness of the films determined for different ion

energies
Ion beam energy, eV Thickness, nm
300 178
400 170
500 160
600 170
700 170

The index of refraction has been found to be
dependent on the preparation conditions and hydrogen
content in the films. It is known that refractive index is
affected by the hydrogen content in the DLC films and
generally increases with decreasing concentration of bound
hydrogen. A higher index of refraction usually indicates
DLC with stronger crosslinking, higher hardness, and
better wear resistance [15]. The lowest refractive index and
highest thickness of the film was observed for the film
grown at ion beam energy of 300 eV. Such ion beam
energy corresponds to the energy of ~150 eV per carbon
atom, while the optimal energy per carbon atom in terms of
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sp’/sp” ratio is 100 eV [16]. According to the previous
statement, we suppose that this sample has the highest
concentration of bound hydrogen.

To evaluate the absorption and reflection properties of
the films, UV-VIS-NIR spectroscopic analysis was
employed. The absorption coefficient was calculated from
the transmittance measurements (using DLC on quartz)
taking into account the reflectance of the films. The
dependence of the absorption coefficient on ion beam
energy in the photon energy range from 1.25 eV to 4 eV is
shown in Fig.2. One can see, that the absorption
coefficient is highest at low ion energy (300¢eV) and
lowest at 500 eV. For the other ion beam energies
employed during deposition the absorption coefficient
stays almost the same. These two mentioned energies
defined from the absorption coefficient measurements
were also noticed as critical points in the refractive index
dependence. One can see in Fig. 1 that these two energies
correspond to the critical points: 300 eV corresponds to the
film with the lowest refractive index and highest thickness
(178 nm), 500 eV — to the film with the highest refractive
index and lowest thickness (160 nm). As it was mentioned
in [17] for the closed drift ion source, the ion/neutral atoms
ratio in this energy region is a function of applied ion beam
energy. In higher energy region the ion/neutral atoms ratio
is stable. These facts are important because the higher
ion/neutral atom ratio provides the higher sp*/sp” ratio in
the DLC film [16].
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Fig. 2. Absorption coefficient of DLC films versus photon energy
for different ion beam energy, employed in the deposition

The reflection coefficient dependence on wavelength
of these films in the range from 225 nm to 800 nm is
shown in Fig. 3.
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Fig. 3. Reflection coefficient of DLC-quartz versus wavelength
for different ion beam energy, employed in the deposition



As expected, the spectra are modulated by the
interference fringes, due to presence of the DLC layer.
Because of the thinness of the DLC layer, only one mini-
mum in reflectance spectra is observed. It is known that
solar radiation has the intensity maximum in the range of
visible light around 600 nm [18]. In our case the lowest
reflection around 600 nm is observed for the sample
formed when ion energy was 400 eV. For the film depos-
ited employing this energy the reflection is almost constant
(there is no visible interference fringes in the spectra) all
over the measured region and varies between 5 % and
10 %. For the samples formed at ion beam energies of
300 eV, 500eV and 600eV one can easily see the
reflection bands in the spectra region of 425 nm—525 nm
(Amin = 495 nm), 325 nm— 600 nm (Amin= 500 nm),
375 nm-500 nm (4,,;,, =470 nm) respectively. In the case
of sample formed at 700 eV it was observed that the
reflection coefficient is decreasing in the preferred region
of 550 nm—800 nm. The reflectance of the system
“substrate-DLC” film varies with the optical thickness
(n'd, where n is the refractive index of the film, d is the
measured thickness of the film) [19]. The shift of
minimum reflectance wavelength (4,,,) is attributed to the
change of optical thickness. Minimum reflectance shifts
towards shorter wavelengths when the optical thickness of
the layer decreases [20]. In our case the tendency is oppo-
site. When the optical thickness increases, the minimum
reflectance shifts to lower wavelengths. This effect can be
a consequence of the refractive index condition mismatch
(the refractive index of the film must be equal to a square
root of the refractive index of the substrate).
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Fig. 4. Average reflectance calculated for different ion beam
energy employed during deposition

One of the quantities given for the evaluation of
antireflective coating is an average reflectance calculated
for polarized or unpolarized light when the light strikes the
surface at different angles of incidence [21, 22]. Average
reflectance was calculated for all the samples (Fig. 4) in
the wavelength region from 225 nm to 800 nm. The
average reflectance increases from 6.9 % (400¢eV) to
19.1 % (600 eV). It is known [23] that the phase transition
of DLC film from diamond-like carbon to graphite-like
carbon influences its optical properties. The increase in the
graphitic fraction and the clustering of the sp’ bonded
carbon in the film has the effect of reducing the
transmittance and increasing the reflectance [23].
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3.2. DLC films formed using RF PECVD

Employing RF PECVD the DLC films were formed on
silicon and quartz. The refractive index variation on the
applied bias voltage is shown in Fig. 5. One can see that
refractive index varies in the range 2.13-2.76, and

thickness variation is in the region of 240 nm-—340 nm
(see Table 2).

Table 2. Energy per carbon ion and thickness of the films
determined for different ion energies (£;)

Bias voltage, V E,eV Thickness, nm
100 40 240
200 80 239
400 160 330
600 240 320
800 320 308
1000 400 290
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Fig. 5. Refractive index dependence on bias voltage employed
during deposition

According to [16] the ion beam energy is directly
proportional to bias energy E; = kV),, where k ~0.4. In our
case the ion energy varies from 40eV to 400 eV per
carbon atom. It is known [16] that refractive index
increases with the increase of bias voltage which is
connected with the increase of the density of the film (in
the region of bias voltages 0 V—600 V for methane). One
can see in Fig. 5 that the tendency of the increase of
refractive index is present except for the bias voltage of
400 V. Film formed at 400 V (ion energy ~160 eV per
carbon atom) shows the lowest refractive index which
corresponds to the highest amount of bound hydrogen in
the film. With increase of bias voltage, the hydrogen
content decreases and bonding becomes more sp” [16].

The absorption coefficient dependence on photon
energy for films formed employing different bias voltages
is shown in Fig. 6. One can see that the highest absorption
is observed for the sample formed at 800 V and lowest
absorption is observed for samples formed at 200 V and
400V. Two energies — 400 V and 800 V — were also
distinguished from the refractive index dependence on the
bias voltage (Fig. 5). According to the Table 2, one can say
that the absorption coefficient is not influenced by the
thickness of the film, because the difference of the
thickness is too small (22 nm) for the samples formed
employing voltages mentioned previously.



Fig. 6. DLC absorption coefficient versus photon energy for the
different bias voltages employed during deposition
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Fig. 7. Reflection coefficient vs. wavelength for DLC films
deposited at different bias voltage for films formed on:
a — silicon; b — quartz
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Fig. 8. Average reflectance dependence on bias voltage for films
formed on different substrates (silicon and quartz)
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Figure 7 shows the reflectance within the wavelength
range of 225 nm—800 nm as a function of bias voltage
applied during the deposition for both substrates (silicon
and quartz). One can see in Fig. 7, a, that it is possible to
determine the reflection bands for some of the samples.
For the sample formed at 200 V bias voltage the reflection
band is situated in a short wavelength region 250 nm—
375 nm (4,,;, = 300 nm). Other samples formed at 400 V,
600 V and 800 V have the reflection bands in the visible
region at 375 nm—575 nm (4,,;, =470 nm), 375 nm— 500 nm
(Apin =445 nm) and 425 nm—575 nm (4, = 515 nm)
respectively. One can see that the minimum wavelength
shifts to longer wavelengths when the optical thickness
increases, except for the sample formed at 400 V bias
voltage. Analyzing the reflection spectra of the film
formed on quartz in Fig. 7, b, one can see that there are
two expressed reflection bands: 375 nm—600 nm (200 V
(Amin =492 nm), 1000V (4, =494 nm)) and 500 nm-—
800 nm (400 V (4, =695 nm), 600V (4,;,, =700 nm),
800V (A, =640 nm)). The position of minimum
reflection shifts to higher wavelengths when the optical
path increases (200 V, 400 V, 600 V).

Average reflection of the films formed on different
substrates is shown in Fig. 8. The average reflectance of
DLC films varies in the range from 12.5 % to 20.8 % for
silicon substrate and from 6.7 % to 14.1 % in case of
quartz substrate. Despite different substrates, the tendency
of average reflectance is similar. It reaches the minimum
value at the bias voltage of 600 V. According to previous
statements, one could say that there is highest sp® amount
in the film (formed at 600 V bias voltage), while the
highest amount of sp” fraction is in the sample formed
employing bias voltage of 1000 V (the highest value of
average reflection). These results with some uncertainty
coincide with the reported results [24]. Analyzing the
reflection around 600nm, the results for different substrates
are not the same. In case of silicon substrate, the lowest
reflection is observed for the sample that was formed with
lowest bias voltage applied (100 V). For the quartz
substrate lowest reflection in preferred region is observed
for sample formed at 800 V and samples formed at 400 V
and 600 V shows also quite low reflection (see Fig. 7, b).

CONCLUSIONS

Diamond like carbon films were formed on silicon and
quartz substrates employing two methods: closed drift ion
beam source deposition and RF PECVD. It was observed
in both deposition methods using different gas that the
highest amount of bound hydrogen (lowest refractive
index) is present in the films that are formed when ion
energy is ~150eV—-160 eV per carbon atom (close to
optimal deposition energy of 100 eV per carbon atom).

We have shown that changing deposition conditions
one can obtain films with different antireflection properties
(minimum reflection in different wavelength range). For
approximately constant thickness of DLC (160 nm-—
178 nm) changing the ion beam energy in closed drift ion
source deposition, the minimum reflection (average
reflectance is less than 10 %) was observed for the sample
formed at 400 eV (200 eV per carbon atom). For other
samples different antireflection regions in the range of



visible light from 425 nm to 600 nm were observed. In
case of RF PECVD the broader wavelength region is
covered changing deposition conditions (250 nm— 800 nm).

Acknowledgment

This work was supported by Research council of

Lithuania and COST action MP0803. One of the authors
(A. Tamulevi¢iené¢) would like to thank State Studies
Foundation for PhD scholarship.

REFERENCES

1.

10.

Aroutiounian, V. M., Martirosyan, Kh. S., Soukiassian,
P. G. Reflectance Spectrum of Diamond-like Carbon/Porous
Silicon Double-layer Antireflection Coatings Designed for
Silicon Solar Cells Physica Status Solidi (c) 4 (6) 2007:
pp- 2017-2110.

Sizov, F. F., Klyui, N.I.,, Luk’yanov, A. N., Savkina,
R. K., Smirnov, A. B., Evmenova, A. Z. Antireflection
Properties of Diamond-like Carbon Films on Cd;.,Zn,Te
(x~0.04) Single Crystals Technical Physics Letters 34 (5)
2008: pp. 377-380.

Klyui, N. L., Litovchenko, V. G., Kostylyov, V. P.,
Rozhin, A. G., Gorbulik, V. 1., Voronkin, M. A., Zaika,
N. L. Silicon Solar Cells with Antireflecting and Protective
Coatings Based on Diamond-like Carbon and Silicon
Carbide Films  Opto-Electronics Review 8 (4) 2000:
pp- 406 —409.

Hovhannisyan, A. S., Martirosyan, Kh. S., Aroutiounian,
V.M., Soukiassian, P. G. Double-layer Diamond-like
Carbon Antireflection Coatings for GaAs Solar Cells
Armenian Journal of Physics ISSN 1829-1171 1 2008:
pp. 74-77.

Bursikova, V., Sladek, P., St’ahel, P., Zajickova, L.,
Improvement of the Efficiency of the Silicon Solar Cells by
Silicon Incorporated Diamond-like Carbon Antireflective
Coatings  Journal of Non-Crystalline Solids  299—-302
2002: pp. 1147-1151.

Kopustinskas, V., Meskinis, S., Tamulevitius, S.,
Andrulevitius, M., Cy#iiité, B., Niaura, G. Synthesis of
the Silicon and Silicon Oxide Doped a-C:H Films from
Hexamethyldisiloxane Vapor by DC Ion Beam Surface &
Coatings Technology 200 (22-23) 2006: pp. 6240 —6244.

Vishwakarma, P. N. Ac Conductivity in Boron Doped
Amorphous Carbon Films  Solid State Communications
149 2009: pp. 115-120.

Kumari, L., Subramanyam, S. V. Optical Properties and
Electrical Transport in Intercalated Amorphous Carbon
Materials Research Bulletin 41 2006: pp. 2000—2006.

Meskinis, S., Gudaitis, R., Tamulevidius, S.,
Kopustinskas, V., Andrulevicius, M. Dielectric Properties
of the Ion Beam Deposited SiO, Doped DLC Films
Materials Science (Medziagotyra) 15 (1) 2009: pp.3—6.

Lazar, G. Some Peculiarities in Ultraviolet Absorption

Spectra for Hydrogenated Amorphous Carbon Thin Films
Materials Letters 57 (3) 2006: pp. 586—588.

107

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Meskinis, S., Kopustinskas, V., Slapikas, K., Gudaitis, R.,
Tamulevidius, S., Niaura, G., Rinnerbauer, V., Hingerl,
K. Optical Properties of the Undoped and SiO, Doped DLC
Films Proceedings of SPIE 6596 2007: pp. 65961L-1.

Kim, T. K., Han, S. S., Bae, B. S. Optical and Electrical
Properties of Amorphous Thin Films in Ge,Te;., System
Metals and Materials 5 1999: pp. 33 -37.

Stoikou, M. D., John, P., Wilson,J.I. B.  Unusual
Morphology of CVD Diamond Surfaces after RIE
Diamond & Related Materials 17 2008: pp. 1164 —1168.

Kassavetis, S., Patsalas, P., Logothetidis, S., Robertson,
J., Kennou, S. Dispersion Relations and Optical Properties
of Amorphous Carbons  Diamond & Related Materials
16 (10) 2007: pp. 1813 —1822.

Edited by Davidson, J. L., Brown, W. D., Gisquel, A.,
Spitsyn, B. V., Angus, J. C. Diamond Materials VI. The
Electrochemical Society, ISBN 1-56677-255-9, USA, 2000:
p. 516.

Robertson, R. Diamond-like Amorphous Carbon Materials
Science and Engineering R 37 2002: pp. 129-281.

MesKkinis, S., Kopustinskas, V., Sileikaité, A.,
Tamulevicius, S., Niaura, G., Jankauskas, J., Gudaitis, R.
Ion Beam Energy Effects on Structure and Properties of
Diamond like Carbon Films Deposited by Closed Drift lon
Source Vacuum 84 2010: pp. 1133-1137;

Jelle, B. P., Gustavsen, A., Nilsen, T. N., Jacobsen, T.,
Solar Material Protection Factor (SMPF) and Solar Skin
Protection Factor (SSPF) for Window Panes and Other Glass
Structures in Buildings Solar Energy Materials & Solar
Cells 91 2007: pp. 342 -354.

Malacara, D., Physical Optics and Light Measurements.
Volume 26 (Methods in Experimental Physics). Academic
Press, San Diego, 1988: pp. 360.

Strehlke, S., Bastide, S., Lévy-Clément, C. Optimization
of Porous Silicon Reflectance for Silicon Photovoltaic Cells
Solar Energy Materials & Solar Cells 58 1999:
pp- 399-409.

Poitras, D., Dobrowolski, J. A. Toward Perfect Antireflec-
tion Coatings. 2. Theory Applied Optics 43 (6) 2004:
pp. 1286—1295.

Schubert, M. F., Mont, F. W., Chhjed, S., Poxson, D. J.,
Kim, J. K., Schubert, E. F. Design of Multilayer
Antireflection Coatings Made from Co-sputtered and Low-
refractive-index Materials by Genetic Algorithm  Optics
Express 16 (8) 2008: pp. 5290 —5298.

Choi, W. S., Hong, B. The Effect of Annealing on the
Properties of Diamond-like Carbon Protective Antireflection
Coatings Renewable Energy 33 2008: pp. 226 —231.

Tamulevidiené, A., MesKinis, S., Kopustinskas, V.,
Tamulevi¢ius, S. Optical Properties of Diamond Like

Carbon and Diamond Like Nanocomposite Films Physica
Status Solidi (c) 6 2009: pp.2817—2819.

Presented at the National Conference "Materials Engineering’2009"
(Kaunas, Lithuania, November 20, 2009)



