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Optical properties of linear-chain carbon film deposited on a steel sample
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The optical constants of a linear chain carbon (LCC) film in the spectral range from 248 to 1100 nm (1.13—5.0eV
with a step of 0.1eV) were obtained by the Beatty ellipsometric method, and its thickness was determined. The
LCC film was deposited on a pre-polished mirror surface of a massive steel sample using the technology of pulsed
carbon plasma with ion stimulation. It was found that in the measured range of the spectrum the refractive index
of the film varies from 2.35 to 2.73, and the value of k varies from a value close to zero to 1.02. The effective
film thickness is determined to be d = 92 + 2A. According to the type of conductivity, the LCC film is a dielectric
(Eqg = 4.1eV). A simplified method for determining the band gap of nanosized semiconductor and dielectric films

is proposed.
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Introduction

It is known that carbon can exist in three valence states,
which correspond to sp3-, sp2- and spl-hybridization
of atomic orbitals. So, there are three pure allotropic
forms corresponding to three valence states [1]. The
first state (Sp3) corresponds to three-dimensional (spatial)
polymer of carbon — diamond. The second state (Sp2) cor-
responds to two-dimensional (planar) polymer of carbon —
graphite, and the third valence state (spl) corresponds to
unidimensional (linear) polymer, which is named carbyne.
Carbyne is the linear-chain carbon (LCC) for the first
time discovered (synthesized) in 1960 in A.N. Nesmeyanov
Institute of Organoelement Compounds (INEOS) by the
method of dehydropolycondensation (stitching) of acetylene
molecules (spl-bond). Today, there are physical grounds
of the methods for production of films of various carbon
phases at low temperatures and pressures by means of ion
beams; unique ion sources have been created for the imple-
mentation of such methods; new experimental procedures
and devices were used to study these films; ion, ion-plasma
and laser methods have been developed for production of
thin nanocrystalline films [2]. Materials containing linear-
chain carbon have unique physical and chemical properties
and are widely applied in different areas of the science and
engineering. These materials have already been applied in
electronics, medicine, space and aero engineering. Very
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promising applications are optics, microwave technologies
and electrics. Today, the technologies have been developed
for production of high-efficient adsorbents with a low cost,
based on the linear-chain carbon [3]. High efficient cold
thermal and secondary electron emitters have been made
with record-breaking characteristics [4], thus allowing to
create devices of new generation, based on the vacuum
electronics. Light-emitting devices of new generation have
been developed. The work [5] presents the results of
application of nano-size coatings made of 2D-ordered linear-
chain carbon in medicine. In all applications, high stability
of relevant operational characteristics of these materials are
of a key importance.

The data obtained by using spectral methods are essential
for creation, study and forecasting the properties of coatings
made of linear-chain carbon. As a rule, in order to
resolve certain tasks, the researchers record the spectra
of reflection, passage or absorption within narrow regions
of X-ray, visible or IR radiation. The purpose of this
work was to study the complex of optical properties of the
linear-chain carbon film applied onto steel sample, within a
wide range of wavelengths, from ultraviolet to near infrared
radiation. The data obtained in the work can be used
for creation and verification of theoretical models of the
light interaction with various types of nano-size structures.
Moreover, due to record-breaking values of optical constants
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Figure 1. Dependences of the refraction index n and absorption
coefficient k of the LCC film on the wavelength A.

of diamond-like materials, the presented results can be used
for simulation of composite nano-structures with unique
optical characteristics.

Experimental procedure

Deposition of linear-chain carbon films onto a sur-
face of a solid sample made of the steel 09G2S, with
preliminary polishing, was made in vacuum ion-plasma
set ,URM.3.279.070 Diamond“ in vacuum of ~ 10~!Pa
according to the procedure described in [6]. These films
were produced by using the technology of pulse carbon
plasma with ion induction. A good homogeneity of the film
thickness was controlled by means of optical microscopy.

For determination of optical constants of LCC film,
we used a classic ellipsometric method described in the
works [7,8]. The parameters A and W determined therein
were found by means of spectral ellipsometer by Beatty
method. The measurements were performed on the samples
of base material (polished steel without film) and with the
film on it at the light beam falling angles 72° and 76° within
the region of wavelengths 248 to 1100nm (1.13—5.0eV
with the pitch of 0.1eV). Ellipsometer was created on
the basis of spectral complex KSVY-12 and a goniometer
GS-5. Based on the obtained ellipsometric parameters A
and W by resolving main equation of ellipsometry for each
wavelength, were determined optical constants of the base
material M, K,. Measurements at the wavelengths of 1100
and 950 nm allowed to calculate optical constants of the
film n;, kj, as well as its thickness d according to [9].
This value of thickness was used in calculations of optical
constants of the film within the whole spectral range.

Results and discussion

According to the solution of main equation of ellipsom-
etry, the film refraction index within the used range of

spectrum varies from 2.35 to 2.73, and the value k changes
from zero to 1.02, wherein the film thickness is equal
tod=92+ 2,&, and the film is nano-sized and dielectric
(Fig. 1). The absorption coefficient k of LCC film at
the wavelengths 1 = 953.9nm (1.3eV) and 1 = 1100 nm
(1.13eV) is equal to zero. The film reflectivity within the
specified range of spectrum varies from 17 to 26% (Fig. 2),
by reaching the maximum at A = 269.6 nm (4.6¢V).

It is known that the optical spectrum of absorption in
visible and near UV range allows to calculate the band gap
(optical energetic slot) of wide gap materials with the use
of the known Tautz ratio:

(ahw)? = A(hv — E,), (1)

where a = 4mk/A — absorbance, hv — energy of photons,
E, — band gap, A — constant. When building the function
(ahv)? of hv (eV) the value E, is derived by extrapolation
of straight line in the high-energy part of the spectrum,
wherein the crossing point of that straight line with abscissa
axis corresponds to the optical band gap.

The work [10] uses ellipsometric method for the measure-
ment of spectral dependences a on 4 for thin films CdS with
subsequent calculation of optical band gap. The authors in
the mentioned work determined the band gap, by using the
spectral ellipsometry method, for the films CdS made by
magnetron spraying onto silicon and glass base materials.
Determination of disperse dependences k; (coefficient of
film absorption) and a on hv was done as follows. First,
we measured the spectra of ellipsometric parameters A and
W within the range from 1 to 5eV. Next, we made an
optical model (film/base material), which contains optical
parameters, such as n;, N, — refraction indices of the film
and base material, ki, ky — absorption coefficients of film
and base material, d — the thickness of studied film. Within
the selected optical model, by resolving the base equation
of ellipsometry (R,/Rs =tgWe, where R, and R are
Fresnel reflection coefficients) we calculated ellipsometric
parameters, that coincide to the maximum extent with
the experimentally measured parameters, determining the
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Figure 2. Reflectivity R of film of LCC.
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spectra of n; and K; in this way. Main fault of that approach
is the need for cumbersome arithmetic with selection of
relevant models and optical parameters, which is quite
challenging.

We proposed much simplified approach to determination
of the optical band gap of nano-size semiconductor and
dielectric films by using the method of ellipsometry. We
found that for small, nano-size thicknesses, with the increase
of the absorption coefficient k of film, the decrease of
ellipsometric parameter W is typical. It is clearly seen when
building nomograms A—W for poorly absorbing film on
metallic base (Fig. 3, 1 = 6526 A, falling angle ¢ = 72°,
n =1.82 ky =3.11, n; = 2.4, k; = 0—1.0, d = 100A,

LCC film, base material — steel 09G2S). The point at
A ~ 104° and W ~ 31° corresponds to the film thickness
d = 0 (no film), and the lines mean six areas of nomogram
for different values of k. The calculations were performed,
by starting from the near IR region, where the value of
(W, — W) is minimum.
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Figure 3. Nomogram A — W, 1 = 6526A, ¢ = 72°, n, = 1.82,
ky=3.11,n = 2.4, k; = 0—1.0, d = 100 A.
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Figure 4. Dependence of W, — W on the absorption coefficient k
of film.

41 Optics and Spectroscopy, 2022, Vol. 130, No. 5

Figure 4 shows that with the increase of the absorption
coefficient k1, the difference W, — W¢ is rising (W is
ellipsometric parameter of pure base material, and Wy refers
to the base material with film). It appears that the spectrum
W, — Wy is similar to the spectrum Kk; of the film, and the
spectrum A, — Ay corresponds to the spectrum n (A, is
ellipsometric parameter of a pure base material, A¢ refers
to base material with film) (Fig. 1,5). Therefore, experi-
mentally measured values W, Wy, A;, Ar allow to determine
the nature of change of optical constants of nano-sized
films on the wavelength without any additional calculations
and selection of a reflecting model. In particular, when
building the dependence ((W, —\I’f)hv)2 on hv (eV) the
extrapolation of straight-line in high-energy part of the
spectrum to the abscissa axis results in the value of optical
band gap.

As can be seen in Fig. 5, the differences A, — Ar and
W, — Wy are rising, as far as the wavelength is decreasing,
wherein the difference A, — Ar is reaching the maximum
A =269.6nm (4.6¢V), as reflectivity R at this wavelength
(Fig. 2). Based on the foregoing, we build the dependence

(W — \Iff)hv)z on hv (eV) (Fig. 6), as well as the curve
(ahv)? on hv (eV) (Fig. 7), obtained from the spectra
of optical constants. Both these figures demonstrate that
the crossing point corresponding to the optical band gap,
is near to 4eV on both dependences. Based on the
dependence ((\I’C — \I’f)hv)2 on hv it is E; =4.1eV, and
based on (ahv)? on hv we get E, =3.94eV. For the
sake of comparison, crystalline diamond has the band gap
E, =5.5¢eV.

Conclusion

For the first time we obtain the optical constants by
using the Beatty ellipsometric method for the linear-chain
carbon film within the spectral range from 248 to 1100 nm
(1.13—5.0eV with the pitch of 0.1eV) and its thickness
is determined. LCC film was deposited onto the surface
of a solid sample made of steel 09G2, with preliminary
polishing, by using the technology of pulse carbon plasma
with ion induction. According to the solution of main
equation of ellipsometry, the film refraction index within
the used range of spectrum varies from 2.35 to 2.73,
and the value k changes from zero to 1.02, wherein
the film thickness is equal to d =92+2A, and the
film is nano-sized and dielectric. The film reflectivity
within the specified range of spectrum varies from 17%
to 26%, by reaching the maximum at A1 = 269.6nm
(4.6¢eV).

Optical band gap of the LCC film was determined,
which is equal to E; =4.1eV. Based on the analysis of
ellipsometric parameters obtained from the base material
with and without film, we proposed a simplified method for
determination of the band gap of nano-sized semiconductor
and dielectric films, which does not require cumbersome
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Figure 5. Dependences Ac — Ar and (W, — W) on the wave
length A of LCC film.
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Figure 6. Dependence [(W. — W)hv]? on the energy of photons
of LCC film.
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Figure 7. Dependence (ahv)? on the energy of photons.

arithmetic with selection of relevant models with necessary
optical parameters.
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