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Amorphous diamond-like hydrogenated carbon films grown on a Si substrate from CoH> + H> plasma were investigated.
The ellipsometric and reflectance technique was used to reveal the optical constants of a-C:H films from the optical response
of the complex system in the UV-=VIS—-NIR spectral range of 0.5-5.0 eV. The model of an effective film was used for a-C:H
films though in the analysis of the optical response a multilayer model was applied. Particular features of optical properties
were correlated to the technological peculiarities and structural characteristics of a-C:H films grown from CoH2 + Ha plasma.
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1. Introduction

Recently, a great attention has been given to dia-
mond-like carbon (DLC) thin films owing to their par-
ticular physical properties [1]. Optical transparency,
high refractive index, chemical inertness, and high me-
chanical hardness are perspective characteristics for
various technological applications. A lot of attempts
were devoted to grow high-quality DLC films by dif-
ferent techniques on various substrates. For example,
pulsed laser deposited [2] and sputtered [3,4] amor-
phous carbon films were obtained on sapphire [2,3],
Si, and glass [2,4] substrates. Sulphur-incorporated
nanocrystalline carbon films were grown [5] on molyb-
denum by chemical vapour deposition technique. Fil-
tered cathodic vacuum technique was used [6] for de-
position of DLC films from CT ions plasma on Si
wafers and quartz substrates. Wide investigations have
shown that the physical properties and microstructure
of DLC films depend significantly on the growth tech-
nology. For example, the structural changes were in-
dicated in the studies of ion-beam-deposited amor-
phous hydrogenated carbon (a-C:H) films [7] at low
(100200 V) and high (800 V) acceleration poten-
tials.
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Recently, DLC thin films grown on Si substrates
by plasma-enhanced chemical vapour deposition were
widely studied [8—14]. The optical techniques of spec-
troscopic ellipsometry and Raman light scattering were
frequently used for real-time in sifu [12,15] and ex
situ characterization of DLC films. On the basis of
recent studies, the main regularities in the structure
and properties of DLC films were revealed [16, 17].
DLC was defined [17] as a metastable form of amor-
phous carbon (a-C) containing a significant fraction of
metastable sp® bonding as well as threefold coordi-
nated stable sp? carbon sites with a small fraction of
sp! sites and some hydrogen in hydrogenated (a-C:H)
samples. From this point of view, the series of DLC
is considered [18] with increasing sp® content starting
from glassy and graphitic carbon, to a-C:H, hydrogen-
free tetrahedral amorphous carbon (ta-C) or ta-C:H. In
DLC the sp® content was shown to increase linearly
with density [17]. The changes in atomic structure
were determined by optical spectroscopy [16, 17], elec-
tron energy loss spectroscopy [19], and phonon spec-
tra [4, 5, 11-13, 15]. The w-states of sp2 sites form the
localized bands within the o—o* bandgap originated
from sp? and sp? sites. As a result, the shift of Tauc-
like absorption edge from 0.5 eV [20] to 4 eV [17] indi-
cated an increase of the sp? fraction. The fine structure
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of Raman spectra gives information on the arrange-
ment of sp? sites. The G-mode (at ~1500 cm™') is
due to the bond stretching vibrations of the sp? sites
pairs whereas the D-mode (at ~1300 cm™1) is orig-
inated from the breathing mode of sixfold sp? rings
[21]. The information about the configuration of sp?
sites and sp? fraction is derived from the energy, area,
and width of Raman peaks. An additional Raman peak
at ~1050 cm™! is directly related to the sp3 bonding
[11]. Thus, the optical studies provide an effective
method for investigation of the electronic structure as
well as for characterization of the microstructure [5, 14]
of DLC films.

The studies of hydrocarbon films deposited by
plasma chemical vapour deposition have shown [8]
the influence of hydrocarbon source gas on the film
properties. In this work the DLC films, which have
been grown on Si substrates from the plasma of mix-
ture of unsaturated hydrocarbon CoHy with hydro-
gen, were investigated by optical, mainly ellipsometric,
techniques. The main goal was to reveal the correlation
between the growth regimes and characteristic features
of the optical response.

2. Experimental

The series of the DLC samples (Table 1) were grown
on p-Si:B (111) substrates (10 £2-cm) from the plasma
of acetylene CoHy and hydrogen mixture at 1.08 keV
and 0.12 mA/cm?. The substrate surfaces were var-
iously treated before the deposition procedure. De-
tails of the growth technology and the structure of DLC
films are described in [22, 23].

Spectroscopic ellipsometry measurements were car-
ried out at room temperature in the range of 0.5-5.0 eV
by means of a computer-controlled photometric ellip-
someter with a rotating analyser. The optical response
of the investigated system was characterized by com-
plex reflectance

p= iy = tan Uexp(iA), (1)
Ry
where R, and R, are Fresnel reflection coefficients for
light polarized parallel (p) and perpendicular (s) to the
plane of light incidence and W, A are ellipsometric pa-
rameters. From the measurement data the ellipsomet-
ric parameters ¥ and A were calculated making use
of regression analysis and excluding systematic errors
due to photocathode nonhomogeneity and nonlinear-
ity of the photodetector and electronic amplifying de-
vices [24].

Table 1. Growth conditions for the investigated DLC samples:
growth time tg, ratio r of C2Hs and Hy amount, time ¢t of treat-
ment in Ho plasma.

Sample tg (min) 7 (C2H2:H2) &1 (min)
B1P4 30 1:0 4
B1P1 30 1:1 -
B2P1 30 1:1 10
B3P3 90 1:1 10
B1P3 30 1:2 2

The experimental data were analysed in the models
of effective layers and a multilayer system [25]. In the
latter case the Maxwell equations were solved [26] us-
ing the transfer matrix technique [27] for both the direct
and inverse problem.

The null-ellipsometer LEM-3M operating with a
He—Ne laser (633 nm) was also used in the measure-
ments of ¥, A dependence on the angle of light in-
cidence. The standard reflectance measurements were
made by means of a dual-beam spectrophotometer
SPECORD UV-VIS supplied with a reflectance unit
operating at an angle of incidence equal to 22°. In
the near-IR the reflectance was determined at an an-
gle of incidence equal to 6° using a set-up based on a
monochromator SPM-2 with a Si photodiode and a PbS
resistor as detectors.

The morphology of DLC a-C:H/Si samples was
studied by AFM Explorer.

3. Results and discussion

The quality of investigated DLC samples is illus-
trated by AFM images (Fig. 1). The DLC films possess
some large (20-50 pum) growth defects (Fig. 1(a)), in
the region of which DLC was not formed. The cross-
section at these defects was used for the estimation of
the DLC film thickness. In the samples which have
been treated by Hy plasma before the growth proce-
dure the other-type defects along the dislocation lines
are revealed (Fig. 1(b)). These defects are of the height
~50 nm and width ~500 nm. In addition, larger de-
fects of the width ~5 pm and the height up to 250 nm
were noticed. On the other hand, in smooth parts of the
surface a root mean square surface roughness is about
1.0 nm over an area of 1 x 1 ym?.

Figure 2 shows the reflectance spectra of investi-
gated DLC films. The spectra contain the interference
pattern, which was used for an estimation of the optical
thickness nd in the model of a uniform homogeneous
layer (Fig. 3): 2nd = mA\/2, where n is refractive in-
dex, d is thickness of the layer, and A is the position
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(b)

Fig. 1. AFM images of DLC films (a) BIPIN (area 100x 100 ,umz)
and (b) B3P3 (5 x 5 um?).

of interference extrema of the order m. The reflectance
spectra of thin samples (Fig. 2(a)) were strongly influ-
enced by the interface substrate—DLC film in the UV
region and by the back-side reflection of the substrate
in the IR region starting from ~1 pum, at the indirect
absorption edge of Si. As follows from comparison of
Figs. 2(a) and (b), in the reflectance spectra of thicker
DLC films the value of the reflection coefficient at the
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Fig. 2. Reflectance of (a) thin and (b) thicker films of DLC on Si.
In (a) reflectance of Si is shown for comparison and the vertical line
indicates the reflectance from the back side of substrate.

interference minimum m = 1 increased due to the
possible structural changes at the DLC—substrate inter-
face.

The data presented in Fig. 3 illustrate that the dis-
persion of refractive index is not large. An increase of
dispersion at short wavelengths is most probably due to
the influence of the substrate and possible absorption of
DLC film. More precise data in the region of relative
transparence were obtained from the studies carried out
by null-ellipsometry technique at 633 nm (Fig. 4). The
model of the effective homogeneous layer fits experi-
mental results with an accuracy of 1.5-3%. The refer-
ence data for Si were taken from [28].

Numerical values of optical parameters for DLC
films obtained from reflectance and null-ellipsometry
measurements are summarized in Table 2. Accept-
ing the film thickness values estimated from null-
ellipsometry, the refractive indices determined from re-
flectance spectra were calculated. As seen from Ta-
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Fig. 3. The spectral dependence of optical thickness for investi-
gated DLC films interpreted in the model of a homogeneous effec-
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Fig. 4. The dependence of ellipsometric parameters ¥ and A on
the angle of light incidence © determined by null-ellipsometry
at 633 nm.

Table 2. Characteristics of the samples from reflectance and null-
ellipsometry measurements.

Sample Reflectance Null-ellipsometry (633 nm)
nd (pm) n n d (nm)
B1P3 0.15 2.1 2.06 71
B1P1 0.23 23 228 96
BIPIN 0.25 25 241 99
B2P1 0.38 25 2.80 150
B3P3 0.42 23 242 184
B1P4 0.45 27 272 169

ble 2, the data obtained by different techniques are in
a reasonable agreement. The film thickness obtained
from ellipsometry corresponds to that determined by
AFM. It should be noted that BIP1 and BIP1N are ac-
tually the same sample and the corresponding data il-
lustrate the nonhomogeneity of the DLC film over the

surface. The variation in the thickness d and the refrac-
tive index n is about 10 nm and 0.1, respectively.

As follows from Table 2, with respect to the n val-
ues, the samples can be divided into three groups. The
highest values (n ~ 2.75) were observed for samples
B2P1 and B1P4. The values n ~ 2.35 were deter-
mined for samples B1P1 and B3P3. The lowest value
(n = 2.06) was found in the thinnest sample B1P3.
The results indicate that the refractive index shows a
tendency to increase with increasing thickness. In ad-
dition, a large difference in refractive index of a-C:H
films in samples B1P4 (n = 2.72) and B1P3 can be in-
terpreted by the influence of H/(H+ C) content during
the growth procedure in a qualitative agreement with
the corresponding correlation determined in [29].

It should be noticed that the interaction of Hy plasma
with hydrocarbon C:H films influences significantly the
optical properties [30]. The interaction of Hy plasma
with hard carbon films without additional biasing dur-
ing the growth procedure leads to transformation of sp?
sites into sp>. On the contrary, the interaction of H
plasma with a polymeric film at additional biasing re-
sults in transformation of sp? sites to sp?.

As a whole, in the series of samples B1P3-B1P1-
B1P4 the d (as well as nd) values of investigated a-C:H
films scale linearly with respect to the CoHs amount in
the plasma. The Hs plasma etched surface of samples
B1P4 and B1P3 favours the growth of DLC films. In
addition, the presence of the natural oxide SiOs film
on the non-etched surface of sample B1P1 can act as a
catalytic agent in the DLC film growth procedure. On
the other hand, a long growth time in the procedure of
sample B3P3 can lead to the changes in the structure
and composition of the interface and result in the op-
tical properties different from the other samples of the
investigated series.

Making use of the transfer matrix technique, the re-
flectance spectra for the system a-C:H/Si was calcu-
lated. A qualitative agreement between the calculated
and experimental data was found. However, the model
of an effective homogeneous DLC film on a crystalline
Si substrate should be specified in order to achieve bet-
ter correspondence.

The next step in understanding the optical properties
of a-C:H/Si was made on the basis of spectroscopic el-
lipsometry studies. Figure 5 illustrates the experimen-
tal results for (a) thin and (b) thick samples. The mea-
sured spectra of ellipsometric parameters were fitted by
calculated curves in some models. In the case of thin
samples (see Table 2) the optical response of a-C:H/Si
was modelled using the reference data for “amorphous
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Fig. 5. Experimental (points ) and calculated (curves) spectra of
ellipsometric parameters for samples (a) B1P3 and (b) B2P1 from
the groups of thin and thicker DLC films, respectively.

carbon” [28] which most probably represented aver-
aged characteristics of DLC. Accepting the value for
the thickness of the a-C:H film from Table 2, a reason-
able agreement between the calculated and experimen-
tal data was noticed.

In the case of thick samples, the relative intrinsic
contribution of the DLC film to the total optical re-
sponse of the a-C:H/Si system was high enough to
specify the structure of the sample more precisely.
As a rule, the optical response of the a-C:H/Si sys-
tem is modelled by a multilayer structure [10, 14, 29].
A graded layer can model the substrate—DLC interface
[29]. However, as noticed above analysing reflectance
data, the surface of the Si substrate in the investigated
samples is damaged upon the treatment by Hs plasma.
It is reasonable to assume that the effect of substrate
surface roughness can be taken into account by inclu-
sion of a thin layer of porous Si (por-Si) [31]. In addi-

tion, the observation of the a-C:H/Si samples under an
optical microscope allows one to predict that a thin SiC
layer is formed at the substrate—-DLC interface. The
presence of the SiC layer is highly probable in the tech-
nological procedure used. Thus, the optical response
of the a-C:H/Si system was modelled by a multilayer
structure DLC/SiC/por-Si/Si.

Various models were used for a presentation of
the spectral dependence of the dielectric function for
DLC. The formulas [32] for a smooth absorption edge
of amorphous semiconductors were applied for dis-
persion of ta-C [29], sulphur incorporated nanocrys-
talline carbon [5]. On the other hand, Lorentzian-like
terms or their modifications were used for fluorinated
nanocarbon films [11] and other DLC layers [13]. The
Lorentzian line approximation

Z Ay
k

where €, is the high-energy dielectric constant, Ay,
FE, and T'j, are the amplitude, the energy, and the half-
width of the kth line, is particularly convenient for op-
tical data analysis below the absorption threshold.

We have chosen two or three Lorentzian-like terms
with adjustable parameters Ay, F, and [, in the fitting
procedure of the experimental spectra for ellipsometric
parameters (Fig. 5(b)). The dielectric function spectra
of DLC are presented in Fig. 6 together with the refer-
ence data. As seen, the dielectric function for samples
B2P1 and B1P4 is close to that for metastable a-C film
with a high percentage (76%) of diamond like compo-
nent according to the estimation made in [33]. The
lower values of absorption in these samples as com-
pared to glassy carbon [15] confirm a large amount of
sp3 bonds. As it is widely recognized [9], the energy
of the o — o* transitions in the sp? sites is higher than
for the 7 — 7* excitations in sp? sites. As seen from
Fig. 6(b), the energy of the maximum absorption in a-C
[28] (~3.5 eV), which has been accepted to be charac-
teristic of the thin DLC films investigated, corresponds
to that for sp?-bonded carbon in diamond films [15].
Thus, it is reasonable to assume that the amount of the
sp? sites is higher in the investigated thin a-C:H films
(samples B1P3, B1P1).

The dielectric function for a-C:H/Si sample B3P3
differs significantly from those of the other thick DLC
films. A lower absorption value in the energy region
1-3.5 eV indicates a higher content of sp> bonded sites.
A steeper slope of the absorption edge can be due to
formation of a better-defined Tauc-like gap [29].
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Fig. 6. Dielectric function spectra of DLC films for investigated

a-C:H/Si samples (points) and reference data: DLC is for dia-

mond like amorphous carbon “with 76% of diamond like compo-

nent” [33], a-C is the data for “amorphous carbon” [28], GC and

sp? in C are the spectra obtained for glassy carbon and the compo-
nent of spQ—bonded C atoms in diamond film [15].

The absorption spectra of thick DLC films was also
described by the modified Tauc-Lorentz model for
amorphous materials [34] which is based on the Tauc
joint density of states and the Lorentz oscillator:

AEC(E — Eg)? 1

Im (e(E)) = (E? — E2)? + (CE)? ok 3)

where Ej is the energy of a single Lorentz line, E is
the threshold energy for interband transitions, both con-
sidered as fitting parameters along with the amplitudes
A and C. The Ey value for thick samples B1P4, B2P1,
and B3P3 is equal to 4.95, 5.23, and 5.55 eV, respec-
tively, indicating an increased contribution of the en-
ergy of o — o* transitions in sp? sites in these series.
It should be noted that the contribution of thin DTC

films to the optical response is too weak for analysis
of the data in the framework of any complex model.
However, as noted above, the dielectric function of thin
DLC films is close to that for amorphous carbon. The
corresponding Fj value (4.13 eV), which follows from
the Tauc—Lorentz model (3) for a-C [28], agrees well
with those for thick DLC films.

Some difference in the optical constants determined
from reflectance and ellipsometry should also be noted.
This observation indicates that the DLC samples stud-
ied were nonhomogeneous along the surface normal.
This observation is in agreement with uniaxial optical
anisotropy noticed previously [8].

Summarizing, the provided studies of a-C:H/Si sam-
ples have shown a significant difference in the opti-
cal properties of DLC films. Some particular features
of optical properties were correlated to the technologi-
cal peculiarities and structural characteristics of a-C:H
films grown from CyHs + Hy plasma.
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Santrauka

Tirti amorfiniai deimanto tipo hidrogenizuoti anglies sluoks-
niai, uzauginti ant Si padékly i§ CoHa 4+ Ha plazmos. IS Sios
kompleksinés sistemos optinio atsako UV-VIS-IR spektro ruoze
(1-5 eV), tiriamo elipsometriniu ir atspindZio metodais, jvertintos

a-C:H sluoksniy optinés konstantos. Nagrinéjami a-C:H sluoks-
niai apibudinti efektyvaus sluoksnio modeliu, taciau optinis atsa-
kas analizuotas daugiasluoksniu modeliu. Optiniy a-C:H sluoks-
niy, iSauginty i§ CoHa +H> plazmos, savybiy biidingi bruozai buvo
susieti su technologijos ir sandaros ypatumais.



