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The optical and mechanical properties of diamond-like carbon
films (DLCFs) deposited using the plasma-enhanced chemical
vapor deposition technique from CH4—H—No gas mixtures with
various nitrogen contents have been investigated at various radio-
frequency (RF) discharge powers and gas pressures in a plasma
reactor. Ellipsometry, as well as transmission and reflectance
spectroscopies, was used to study the optical properties of the
films. Their mechanical properties — in particular, wear resistance
— were analyzed making use of the nanoindentation technique.
The film thickness was also measured with a profilometer and
compared with the results of ellipsometric studies. It has been
demonstrated that the growth of the nitrogen content in a gas
mixture and the reduction of the discharge power are accompanied
by an increase of the optical bandgap and, consequently, of the
carbon film transmittance, with the hardness and the refractive
index of the film becoming lower at that. The rate of the film
deposition considerably increases as the discharge power grows,
whereas the nitrogen concentration in the gas mixture weakly
influences the former.

1. Introduction

The application potential of DLCFs as protective
and antireflective coatings is beyond doubts. In
particular, as has been shown in a number of
works, the efficiency of silicon-based solar cells,
owing to the deposition of a DLCF, can be made
almost half as much again [1]. Moreover, DLCFs
are promising in developing the devices of vacuum
microelectronics, because they reduce both the electron
work function and the field emission threshold and
improve the stability of the latter [2]. The typical
problem of amorphous films, including DLCFs, is the
availability of substantial internal mechanical stresses
in them. One of the ways to reduce such stresses
in DLCFs consists in the implantation of nitrogen
[3]. Additionally, nitrogen considerably changes the
optical and mechanical properties of DLCF's [4], giving
alternative opportunities to fabricate films with preset
properties.

710

This work aimed at finding the interrelation between
the technological parameters of the DLCF deposition
process — especially, the nitrogen content in a gas
mixture — and the DLCF optical and mechanical
properties obtained, as well as at elucidating the physical
mechanisms of nitrogen influence on the film properties.

2. Experiment

The a-C:H:N films were deposited from the plasma
of the RF discharge (13.56 MHz) making use of the
plasma-enhanced chemical vapor deposition method,
at various RF discharge powers (100—250 W) and
nitrogen contents in the gas mixture (10—45%). The gas
mixture CHy:Hy:No was used, and the nitrogen content
in it (Pn,) was varied by the gradual replacement of
hydrogen by nitrogen. The gas pressure in a chamber
was varied within the limits of 25—105 Pa. The film
deposition was carried out onto substrates maintained
at room temperature, for which purpose the bottom
electrode of the reactor, with arranged specimens, was
cooled with water. The deposition time was fixed and
amounted to 15 min.

The transmission spectra of the films deposited onto
glass substrates were measured with the help of an S2000
spectrometer (Ocean Optics, USA) in the range 300—
800 nm, provided that light fell normally to the surface.
A DH-2000 deuterium-halogen light source of the same
firm was used.

While studying the mechanical properties of thin
films, in particular, finding their hardness, there appears
a number of problems, which restrict or even make
impossible the application of the traditional methods
of researches. For example, if one determines the film
hardness by measuring the depth (size) of the imprint
that a diamond indenter makes, the substrate would
influence the results obtained if the film thickness is
small, or there would emerge difficulties with the
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Fig. 1. Spectral dependences of the transmittance of diamond-like
carbon films (DLCFs) deposited at various nitrogen contents in
the gas mixture: 0 (1), 10 (2), 20 (3), 30 (4), and 45% (%)

measurements of the imprint dimensions if the loads on
the indenter are small. Therefore, the nanoindentation
is the best method for the determination of the thin
film hardness. In the course of testing the specimen, the
shift of the diamond indenter’s position (its penetration
into a film) is recorded both at the increasing and the
decreasing of a load on it. The analysis of the diagram
obtained, which describes the indenter displacements
(the penetration depth versus load) makes it possible
to determine both the hardness and the modulus of
elasticity of a film, because the process of indenter
unloading is elastic.

In order to determine the mechanical properties of
thin DLCF films, we used the method that allows one
to evaluate the hardness of a material by analyzing
the indenter imprint depth. The researches were carried
out making use of a Nano Indenter-II nanohardness
tester (MTS Systems Corporation, Oak Ridge, TN,
USA) with a Berkovich trihedral indenter. In the course
of measurements, the dependence of the Berkovich
indenter tip displacements on the indenter load was
registered with a high accuracy. The device carried out
the cycles of indenter loading and the measurement of
its displacement 5 times per second. The measurement
accuracy of the imprint depth was +0.04 nm and of
the indenter load +75 nN. The punch speed of the
indenter was 10 nm/s. The hardness and the modulus of
elasticity of the specimen were determined following the
Oliver—Pharr technique [5]. According to this method,
nanohardness is calculated as the ratio between the load
on the indenter and the area of the imprint’s projection.
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Fig. 2. Dependences of the DLCF thickness on the RF discharge
power at various fixed nitrogen concentrations in working
mixtures: 10 (H), 30 (®), and 45% (A). The deposition time equals

15 min

The spectra of Raman scattered light were
measured with an automated spectrometer based on
a DFS-24 double monochromator. A cooled FEU-136
photoelectronic multiplier was used for the registration,
in the photon counting mode of operation. The
excitation was stimulated with an argon laser (A =
488 nm). In order to prevent warming the specimen
during Raman spectrum registration, the laser emission
was focused onto it by means of a cylindrical lens,
with the total power of exciting radiation not exceeding
40 mW.

The thicknesses of DLCFs were measured with a
Dektak profilometer (the instrumental error was £5 nm)
and an LEF-3G laser ellipsometer. The film topography
was studied making use of a Digital Instruments
scanning atomic force microscope (AFM) Nanoscope IV.
All measurements were carried out at room temperature.

3. Results and Discussions

Figure 1 exhibits the spectral dependences of the optical
density (ad) of DLCFs which were deposited from
various gas mixtures, provided that the discharge power
(250 W), gas pressure in a chamber (105 Pa), and
deposition time (15 min) were fixed. The nitrogen
content in the mixture was varied within the limits
0—45%. Taking into account a relatively insignificant
difference between the thicknesses of the films that were
obtained in the chosen regime of deposition at various
nitrogen contents in the mixture (see Fig.2), the
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Fig. 3. Dependence of the optical bandgap E,pt in DLCFs on the
nitrogen concentration in the working mixtures at the fixed RF
discharge power of 250 W
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Fig. 5. Raman spectra of DLCFs obtained from a nitrogen-free
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gas mixture at various RF discharge powers during deposition:
250 (S1) and 100 W (S2)

conclusion can be drawn that the implantation of
nitrogen into a DLCF favors the increase of its
transmittance. This conclusion is confirmed directly
by the dependence of the optical bandgap (Eop;) of
the films on the nitrogen content in the gas mixture
exposed in Fig. 3. The value of E,,; was calculated
from the known Tauc relation (ahv)'/? = B(hv — Fqpt),
where hv is the energy of photons, a the absorption
coefficient, B the constant, and F,p, the optical bandgap
width. The character of the dependence FEopt(Nn,)
correlates with that obtained earlier [6], which evidences
for the similar mechanism of nitrogen influence on the
optical properties of DLCFs. The dependences of the
DLCF thickness on the RF discharge power (Fig. 2)
demonstrate that the film deposition rate increases
as the power grows (the deposition times were equal
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Fig. 4. Dependence of the optical bandgap width Eqpt in DLCFs on
the RF discharge power at various fixed nitrogen concentrations
in working mixtures: 0 (A), 10 (M), and 20% (®)

for all specimens). Such an effect is related to the
enhancement of the dissociation degree of methane
molecules, provided that the discharge power increases
[7], and, therefore, to the growth of the number of
molecules which are in a reactively active state and take
part in the film formation. As the nitrogen content in the
gas mixture increases, the deposition rate slows down
(Fig. 2), because the ratio between the N, and CHy
concentrations grows [4]. The dependences of Eqp on
the RF discharge power for the films that were deposited
at a fixed content of nitrogen in the gas mixture are
shown in Fig. 4. It is evident that these dependences are
practically linear, and the value of E,,; diminishes as
the discharge power grows. As was already pointed out
above, the increase of the RF discharge power is
accompanied by the increase of the dissociation degree
of methane molecules. In addition, the number of ions
in plasma, which become accelerated by the RF bias
potential and bombard the growing film, also increases.
All that evidently results in a more disordered film with
lower transmittance and, correspondingly, the smaller
value of Eopt [8]. The reliability of such a mechanism
proves to be true by the results of additional researches
carried out for nitrogen-free DLCFs. In particular,
the results obtained for the optical and mechanical
properties of such films are quoted in the table; and
these data demonstrate that the magnitude of E,p falls
down as the discharge power increases. This behavior is
accompanied by the increase of the film hardness H and
Young modulus E. Additionally, the table quotes the
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values of the ratio between the integrated intensities of
G and D bands in the DLCF Raman spectra (Fig. 5).
Note that the parameters of the corresponding bands in
the Raman spectra (Fig. 5) were determined by fitting
the experimental spectra by two Gaussian-like peaks. It
is evident that the value of the ratio Ip /I also increases
as the RF discharge power grows, which evidences
therefore for the enhancement of film disordering. The
results obtained completely correlate with the data
of work [9], where a direct correlation between the
mechanical properties of ion-doped a-C:H films and the
parameters of their Raman spectra has been revealed.

Taking the application potential of DLCFs as
cold cathodes in vacuum microelectronic devices into
account, the researches of the roughness of their surface
seem to be important. We carried out such investigations
using the AFM method. The results obtained are
depicted in Fig. 6. Figure 6,a demonstrates the surface
of a DLCF, which was deposited provided a 45%-content
of Ny in the gas mixture, and testifies that the film was
rather homogeneous.

The analysis of the results obtained brought about
the average value of the roughness, which did not exceed
0.65 nm and was close to those determined in work [10].
At the same time, in the film region that was close
to the mask (the holder) located on the surface, the
roughness was substantially higher and can reach up
to 2 nm. In addition, as is seen from Fig. 6,4, surface
nonhomogeneities formed a structure that was quasi-
oriented in parallel to the film—mask boundary. This
effect can be probably related to the boundary effects of
plasma formation and partial shadowing in the region
indicated.

4. Conclusions

In order to optimize the technological regimes of film
deposition and to study the mechanisms of film structure
formation, a pilot batch of diamond-like carbon films
has been fabricated, and the influence of the deposition
conditions on their optical and mechanical properties has
been researched. It has been shown that, depending on
the deposition conditions (the discharge power, the gas
pressure in a chamber, and the nitrogen content in a
gas mixture), DLCFs with the optical bandgap width of
1.1—3.2 eV can be obtained. Such films can be used as
protective and antireflective coatings in order to

Specimen | P, W | Ip/I¢ | E,GPa | H, GPa | Eopt, eV
s1 250 202 11143 124406 11
S3 100 174 10642 115403 14
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Fig. 6. AFM images of a DLCF surface: (a) at the center of the
specimen and (b) near the holder (the mask)
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improve the operational characteristics of solar energy
photoconverters (solar cells). DLCFs can also improve
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the parameters of cold cathodes in vacuum electronic
devices and aligning layers in plane liquid crystal
displays.
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OIITMYHI TA MEXAHIYHI BJIACTUBOCTI
AJIMA3OIIOJIEHUX BYTJIEIIEBUX IIJIIBOK,
JIETOBAHUX ABOTOM

M.I. Karoti, B.I'. Jlumosuenxo, A.M. Jlyx’anos,
JI.B. Heceaescvka, B.J]. Ocosckudl,
O.B. Adpowysx, JI.A. Joszos

Peswowme

JlocnigyKeHo ONTHUYHI Ta MEXaHiYHI BJIACTUBOCTI aJIMa30momaiOHUX
Byreneeux mwiiBok (ABII), oTpumaHmX MeTOAOM IIa3MOXiMid-
moro ocajxkenus (PE-CVD — plasma-enhanced chemical vapor
deposition) 3 razosoi cymimi CH4—Hs—N> 3 pisaumM BmicToM a30-
Ty. 3MiHIOBAJIN TAKOXK MOTYKHICTH PO3PAY Ta TUCK Y TJIa3MOBOMY
peakropi. OnTuuni Biaactusocti ABII gociimxkyBanu ejirncomer-
PUYHUMM METOJaMU, BUMIPIOBAJIM CIIEKTPH IPOIYCKAHHS Ta Bij-
outtd. s moCTiKeHHsT MeXaHiYHUX BJIACTHUBOCTEHN IJIIBOK BHKO-
PHUCTOBYBaJIM METOJ, HAHOIHAEHTYBAaHHS Ta BHUBYAJM 1X CTIHKIiCTH
MPOTH CHPALOBYBAHHS. TOBIIUHY ILIIBOK JOJATKOBO BH3HAYAIN
3a J0NOMOroKw mnpodisioMeTpa i MOPIBHIOBAIU 3 JaHUMH €JIiICO-
METPUYHUX JOCTiIKeHb. [lokazano, mo i3 36inblneHHSAM BMICTY
a30Ty B IJIIBKAX i 3MEHIIEHHSIM IOTY>KHOCTI pO3psiay 301/IbIIyeTh-
Cs ONTWYHA MHUpPUHA 3a60POHEHOT 30HU IIIBOK, a OTXKe, i X mpo-
nyckaHH4. [Ipu IbOMY TBEpAiCTH IUIIBOK i NOKA3HUK 3aJIOMJIEHHS
3MeHIyThCs. [IIBUAKICTH OCa>KeHHsI TIIBOK 1pu 36iJIbINeHH] 110-
TYKHOCTI PO3psTy CyTTEBO 3POCTAE, TOMI AK BMICT a30Ty B ra3oBiit
cyMmimni MeHIIe BIIMBAE HA IIO XaPAKTEPHUCTHUKY.

ISSN 0503-1265. Ukr. J. Phys. 2006. V. 51, N 7



