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FORMATION OF Mn4Si7/Si(111),
CrSi2/Si(111), AND CoSi2/Si(111) THIN FILMS
AND EVALUATION OF THEIR OPTICALLY
DIRECT AND INDIRECT BAND GAPS

Now, silicon-based heterostructured nanocomposites are of great interest. Despite the fact that
silicon semiconductor films (crystalline, polycrystalline, amorphous) have been systemati-
cally studied for a long time, heterostructural films are new materials, the study of which
began relatively recently. We will produce and investigate the properties of heterostructured
Mn4Si7/Si(111), CrSi2/Si(111), and CoSi2/Si(111) thin films using infrared and ultraviolet
spectroscopies. Absorption, transmission, and diffuse reflectance spectra are obtained applying
FTIR spectroscopy instruments and a UV spectrophotometer. The band gap energies calculated
from the transmission spectra are in the interval 0.32–1.31 eV for films deposited on the silicon
substrates and in the interval 0.36–1.25 eV for the glass substrates.
K e yw o r d s: FTIR spectroscopy, transmission spectroscopy, UV absorption, band gap, thin
films.

1. Introduction
Nanoscale modifications of metal silicide films are of
interest as functional materials for nanophotonics, op-
toelectronics, and IR detectors [1]. An important key
parameter that determines the optical properties of
a material is the band gap. The most common way
to obtain this parameter is to use data from the ab-
sorption spectrum. However, in some cases, the di-
rect measurement of the optical absorption is diffi-
cult due to the structural features of samples. The
main purpose of this work is to implement an al-
ternative method for determining the intervals for
the band gaps of Mn4Si7/Si(111), CrSi2/Si(111), and
CoSi2/Si(111) thin films on the basis of the analysis
of reflection spectra [2, 3].

Experimental infrared absorption measurements
can be made using a dispersion-type IR spectropho-
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tometer or an interference-type Fourier transform in-
frared (FTIR) spectrophotometer. Dispersion tools
have limitations associated with low throughput and
long scan times. Computerized FT-IR is very con-
venient, fast and allows one to get a large number
of scan-averaged spectra. Commercial instruments
provide a software for measuring many parameters
such as peaks, subtraction spectra, etc. [4]. The ef-
fect of quantum size is manifested in this mate-
rial even in crystals with a size of several tens
of nanometers due to the small effective mass of
the excited electron-hole pair. The quantum dots of
Mn4Si7/Si(111), CrSi2/Si(111), and CoSi2/Si(111)
nanofilms are very attractive for mid-infrared opto-
electronic devices such as photonic detectors. It is
used as a target material in infrared sensors, grat-
ings, and various optoelectronic devices [5, 6].

2. Literature Review

Kubelka–Munk [7] and Kumar [8] studied it on var-
ious chemical compounds and measured the band
gap from infrared and ultraviolet spectra of inorganic
substances.

3. Research Methodology

Using a molecular turbopump (Pfeiffer vacuum), a
high vacuum was created in the chamber of the
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EPOS–PVD-DESK-PRO magnetron device at a pres-
sure of 10−6 Torr. First, the surface of the transpar-
ent glass and silicon wafers was mechanically cleaned
with 25% dilute hydrofluoric acid, then the surface
of the glass and silicon was re-cleaned by ionizing
the argon gases inside the chamber using an “ion
gun” cleaning device installed in the magnetron cham-
ber. The current from the power source of the mag-
netron was 657 mA, power 240 W, voltage 320 V. Air
was sucked into the chamber with the help of a tur-
bomolecular pump until a pressure of 10−5 Torr was
reached. First, thin Mn4Si7/Si(111), CrSi2/Si(111),
and CoSi2/Si(111) films of various thicknesses were
created at room temperature using the ion-plasma
method.

The absorption, transmission, and diffuse reflec-
tion spectra were obtained using a UV-1900i spec-
trophotometer and the Happ–Hanzel method apply-
ing an IRTracer-100 spectrophotometer for thin films
obtained by the “ion-plasma” method. One of the de-
vices, the IRTracer-100, has the unique feature that
it can be used in addition to existing accessories such
as the single reflector attenuated total reflectance and
diffuse reflectance devices, as well as transmission
measurement accessories such as removable KBr.

In this work, the effect of substrate materials on the
physical properties of deposited CrSi2/Si(111) thin
films is comprehensively studied. Two substrates are
used in this study, namely, glass plates (substrate)
and pure silicon wafers (substrate). As a result of
the test by the ion-plasma method under high vac-
uum conditions, the thin layers of chromium silicide
appear. The direct optical band gap of thin films is
measured by extrapolating the linear portion of the
square of the absorption curve to the x-axis and was
developed by Kubelka–Munk. A variant of this devel-
oped method is also widely used.

4. Analysis and Results

The SEM image of CrSi2 films is shown in Fig. 1. It
can be seen from the figure that the individual sec-
tions of the film 90–150 nm in size (black phases) are
not covered with silicon. The Si(111) surface is com-
pletely covered with an amorphous CrSi2 film with
the 1-min sputtering. SEM image and RHEED pat-
tern (inset) of a thin CrSi2 film obtained as a result
of the 120-second magnetron sputtering on a silicon
surface annealed at 𝑇 = 720 K for 1.2 h is shown in

Fig. 1. SEM image of the CrSi2/Si(111) film surface

Fig. 2. SEM image and RHEED pattern (inset) of a thin
CrSi2 film obtained as a result of the 120-second magnetron
sputtering on a silicon surface annealed at 𝑇 = 720 K for
1.2 hours

Fig. 3. SEM image of a cross-section of a thin CrSi2 film
formed by the magnetron sputtering on a silicon surface for
120 s, then annealed at 𝑇 = 720 K for 1.2 h
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Fig. 4. Transmission and absorption spectra of chromium silicide thin films

Fig. 5. Dependence of the absorption reflection function on
the photon energy

Fig. 2. As can be seen from the figure, in this case, a
smooth and uniform polycrystalline CrSi2 film is for-
med. In Fig. 3, we present the SEM image of a cross-
section of a thin film of the CrSi2/Si(111) system. It
can be seen that the film thickness is about 80 nm.

The characteristics of diffuse reflection spectra and
energy structure determine the band gap of thin films
and are very important for increasing the sensitivity
of optoelectronic devices and predicting their quali-
tative parameters. For example, the most commonly
used measurement methods are thin film transmis-

sion measurements or absorption-based spectroscopic
methods. These methods are preferable for measuring
the optical and some electrical properties of materi-
als, since they are mainly based on the calculation
of the depth of photon penetration into the energy
band gap of semiconductors [9]. Owing to the depth
of penetration of photons into thin films, it is possible
to determine the width of the hole or electron con-
duction band in them from the photon energy. When
determining the optical band gap of nanoscale sam-
ples, some band width variables must be taken into
account. IR spectroscopy measures parameters such
as the photon energy (hv), wavenumber (𝑘), absorp-
tion reflectance (𝐹 (𝑅)), and absorption and scatter-
ing coefficients (𝐾,𝑆). When experimentally deter-
mining the band gap of thin films, it is a common
practice to first convert the transmission spectra into
pseudo-absorption spectra 𝐹 (𝑅) using the Kubelka–
Munk transformation [7]:

𝐹 (𝑅) =
𝐾

𝑆
=

(1−𝑅)
2

2𝑅
. (1)

Here, 𝑅 is the reflection coefficient of the sample, 𝐾
and 𝑆 are the absorption and scattering coefficients,
respectively. The spectra obtained by the diffuse re-
flection method differ from the standard transmission
spectra. The spectra can be converted to Kubelka–
Munk units to compensate for the differences. Fi-
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Fig. 6. Spectra of indirect transitions measured by the Kubelka–Munk function

gure 5 shows the band gap energy spectrum for CrSi2
calculated by the DRS method.

The scatter factor depends on both particle size
and sample packaging, which explains the impor-
tance of the sample preparation for accurate results.
To perform the Kubelka–Munk conversion, we se-
lect “Kubelka–Munk” from the FTIR program menu.
There are no settings for this. The Kubelka–Munk
equation creates a linear dependence of the spec-
tral intensity on the sample concentration. Now, we
consider the energy structure swallowing spectra and
parameters.

The spectral dependences of the absorption co-
efficient 𝛼(ℎ𝑣) were calculated using the following
analytic equations and formulas recommended by
Kubelka–Munk and Kumar [8]:

𝛼(ℎ𝜈) =
ln
(︁
𝑅max−𝑅min

𝑅(ℎ𝑣)−𝑅min

)︁
2 𝑑

. (2)

Here, 𝑅max and 𝑅min are the maximum and minimum
values, and 𝑑 is the absorption layer thickness. We
have

𝛼(ℎ𝑣)ℎ𝑣 = 𝐴 (ℎ𝑣 − 𝐸𝑔)
𝑛
, (3)

here, 𝐴 is a constant, 𝐸𝑔 are the band gaps, and 𝑛 is
the index determining the type of i nterband transi-
tions (1/2; 3/2; 2, and 3 are directly and indirectly al-
lowed and forbidden for transitions, respectively). Li-
mited by information about the energy structure and
nature of interband transitions in the CrSi2 film, we
approximate the absorption data obtained from the

Fig. 7. Values of the energy gap with the absorption and
emission of phonons (𝐸𝑝ℎ) according to the Kumar model for
manganese silicide

Kumar and Kubelka–Munk models by Eq. (3), setting
the parameter 𝑛 as a variable. The best fit (correla-
tion coefficient 0.986) was achieved with values of 2
and 1/2 for CrSi2.
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Fig. 8. Schematic representation of indirect interband transi-
tions with the absorption and emission of phonons in thin films
obtained by the ion-plasma method

The obtained values of the energy gap
and phonon energy for Si(111), CrSi2/Si(111),
and Mn4Si7/Si(111) thin films

Sample Si(111) CrSi2/Si(111) Mn4Si7/Si(111)
method 𝐸𝑔 , eV 𝐸𝑔 , eV 𝐸𝑔 , eV

Kubelka–Munk 1.1512 0.3543 0.773
Kumar model 1.132 0.362 0.684

To obtain the values of the band gap energy, we
analyzed the spectral dependences of the determined
absorption using the Kubelka–Munk and Kumar ap-
proaches in the coordinates of indirect optical transi-
tions (Figs. 5 and 6).

The approximation of the linear segment in the
spectral dependence of the Kubelka–Munk func-
tion by a straight line up to the intersection with
the abscissa axis is equal to 1 for thin Si(111),
Mn4Si7/Si(111), and CrSi2/Si(111), respectively. We
get 1.512 eV, 0.773 eV, and 0.3543 eV for band gap en-
ergies for indirect transitions. More complex features
are observed when using the Kumar model (Fig. 6).
The absorption spectrum is characterized by two lin-
ear sections. The coordinates of the points of the in-
tersection with the energy axis correspond to the val-
ues 𝐸𝑔 + 𝐸𝑝ℎ and 𝐸𝑔 − 𝐸𝑝ℎ, where 𝐸𝑔 is the energy
gap between the maximum and minimum conduction
bands of the valence band, E𝑝ℎ is the indirect optical
energy of the involved phonons in the transition [10,
11]. In other words, there are two types of indirect
transition: absorption and emission of phonons. In
Fig. 7, we see a schematic representation of these
transitions. The obtained values of the energy gap

and phonon energy for Si(111), CrSi2/Si(111), and
Mn4Si7/Si(111) thin films are summarized in Table.

5. Conclusion

We have measured the band gap (𝐸𝑔) and phonon en-
ergies for heterostructured thin films obtained under
high vacuum conditions by the ion-plasma method
with the application of the Fourier IR and UV ab-
sorption spectroscopies. The energy gaps are deter-
mined for indirect transitions at 1.1512 eV, 0.773 eV,
and 0.3543 eV for Si(111), Mn4Si7/Si(111), and
CrSi2/Si(111) thin films, respectively. We have pre-
sented an approach to determining the spectral char-
acteristics of absorption centers, types of interband
transitions, and band gaps for thin films formed by
the magnetron sputtering based on reflection spectra
data.
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ВИГОТОВЛЕННЯ ТОНКИХ ПЛIВОК
З Mn4Si7/Si(111), CrSi2/Si(111) ТА CoSi2/Si(111)
I ОЦIНКА ЇХНIХ ОПТИЧНО ПРЯМИХ
ТА НЕПРЯМИХ ЗАБОРОНЕНИХ ЗОН

Виготовлено тонкi плiвки з Mn4Si7/Si(111), CrSi2/Si(111)
та CoSi2/Si(111) з неоднорiдною структурою i дослiдже-

но їх властивостi методами спектроскопiї iнфрачервоного i
ультрафiолетового свiтла. Iз застосуванням iнфрачервоної
Фур’є-спектроскопiї отримано спектри поглинання, транс-
мiсiйнi та дифузiйного вiдбиття. Використовуючи трансмi-
сiйнi спектри, розраховано, що енергiї заборонених зон на-
лежать iнтервалу 0,32–1,31 еВ для плiвок на кремнiї i 0,36–
1,25 еВ для плiвок на склi.

Ключ о в i с л о в а: iнфрачервоної Фур’є-спектроскопiя,
трансмiсiйна спектроскопiя, поглинання ультрафiолетово-
го свiтла, заборонена зона, тонкi плiвки.
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