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Abstract. Magnesium silicide films were formed on n-type Si (111) substrates with resistiv-
ities ranging from 2 to 15 Ohm-cm (samples 1 and 2) and from 0.1 to 0.5 Ohm-cm (samples 3
and 4) using reactive epitaxy with layer-by-layer deposition of magnesium and silicon layers at
a temperature of 250 °C. The article presents the results of a study of the morphology, optical
and phononic properties, and the band gap of samples containing magnesium silicide films with
thicknesses of 496, 682, 1143, and 414 nm, according to SEM data on a cross section. Atom-
ic force microscopy showed that the films of all samples were formed by the Volmer-Weber
mechanism, with the islands coalescing into clusters and grains. The island area of the film of
the first sample ranges from 0.12 to 0.48 um?, the second — from 0.02 to 0.06 um?, the third
— from 0.01 to 0.04 pm?, and the fourth — from 0.04 to 0.09 um?. The islands coalesce into
clusters and grains. In all grown films, Raman scattering (RS) peaks were detected at 258, 348,
and 693 cm™', which correspond to the formation of Mg,Si. In the IR spectra, the minimum
transmittance at a wavenumber of 270 cm™' varies from 0.04 to 0.01, which corresponds to an
increase in the absorption of IR photons with an increase in the thickness of the Mg,Si films
in the grown samples. The reflection and transmission spectra of the grown films revealed both
interference peaks (below 1.5 e¢V) and a peak with an energy of 2.2—2.3 eV, corresponding to
the interband transition in Mg,Si. Based on the infrared absorption spectra, the indirect band
gap width was calculated for each film: 0.80 and 0.86 eV for samples 1 and 2; 0.77 and 0.79 eV
for samples 3 and 4.
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AnHoranusa. PopMUpOBaHUE IUIEHOK CUJIMLIMAA MAarHusl OCYILIECTBIISUIOCh Ha ITOIUIOXKKAX
n-tuna Si (111) ¢ yneabHbIM conpoTuBieHueM ot 2 10 15 Om-cm (obpasusl 1, 2) u ot 0,1 10
0,5 Om'cM (0ob6pasubl 3 1 4) cmocOOOM PeaKTUBHOUW SMUTAKCUU MPU MOCTOMHOM OCaXKIACHUU
CJI0eB MarHusi M KpeMHus mnpu temnepatype 250 °C. B craTbe mpeacTaBieHbl pPe3yJbTaThl
nccienoBaHus Mopdosiorum, onTUIeCcKnx, (GOHOHHBIX CBOMCTB M IIIMPUHBI 3aMPEIIeHHOM 30HbI
00pas3LoB, coAepXalluX IJIEHKU CUJIMLMUAA MarHus ¢ ToamuHaMu 496, 682, 1143 u 414 um 1o
nmaHHeiIM COM Ha monepedyHoM cpede. MeTogoM aTOMHO-CHJIOBOT MUKPOCKOITMU MOKAa3aHo,
YTO TIJIGHKM Bcex 00pasioB (opMUpOBaJUCh Mo MexaHu3My Boabmepa-Bebepa, nmpu sToM
OCTPOBKM KOQJIECIUPYIOT B KJIacTepbl U 3epHa. Bo Bcex BhIpallleHHBIX IIJIEHKAaX OOHapyXeHbI
MUKU KoMOrMHauroHHoro paccesHus cseta (KPC) 258, 348, 693 cm™!, KOTOpbIE COOTBETCTBYIOT
(dopmuposanuio Mg, Si. B MK-cnekTpax MMHMMaJILHOE TIPOITYCKAHUE TPY BOJIHOBOM YMCJIE
270 cm ! m3mensiercst ot 0,04 mo 0,01, 9YTO COOTBETCTBYET yBeaWdeHMIo moriomeHus MK-
(HhOTOHOB C POCTOM TOJILMHEI IJIEHOK Mg,Si B BeIpalleHHBIX 0Opa3uax. B cnekTpax oTpaxkeHus
1 TIPOMYCKaHMSI BbIPAILLIEHHBIX TMJIEHOK OOHapyXXeHbl KaK MHTep(hEePeHIMOHHbIE MUKU (HUXE
1,5 3B), Tak u nuk c sHeprueit 2,2-2,3 3B, COOTBETCTBYIOLIMI MEX30HHOMY Iepexoay B
Mg,Si. Ilo maHHBIM MHGPAKPACHBIX CTIEKTPOB MOTJIOLIEHUS, pPacCUMTaHa HEMpsMas IIHpUHA
3alpelleHHOM 30HbI 1151 Kaxaoi rmienku: 0,80 u 0,86 3B — ob6pasust 1 u 2; 0,77 u 0,79 3B
— oOpasnsl 3 u 4.

KnoueBble cjoBa: CUJIMUMA MarHus, HAHOIUIEHKHW, ONTMYECKHUE CHEKTPhI, 3ampelieHHas
30Ha, MOP(OJIOTUSI TOBEPXHOCTHU
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Introduction

Currently, areas related to nano- and microelectronics are being widely developed in science
and technology. Many modern researchers in the field of photovoltaics are searching for
promising materials with new properties in order to increase the conversion rate of light energy
into electrical energy. One of these materials is Mg,Si nanofilms [1-3]. This material is a narrow-
band semiconductor with an indirect band gap (from 0.6 to 0.8 eV) [1, 2]. Mg,Si films have a
wide spectral photostability range (200-1800 nm) and a high maximum absorption coefficient
(95%) in this wavelength range [3]. The epitaxial growth of magnesium silicide in the film form is
complicated by the high degree of Mg atom desorption from the silicon substrate at temperatures

© ®owmun [.B., ToasikoB A.B., onbirun M.O., Tankun H.T., Tankun K.H., 2025. W3narens: Cankr-IlerepOyprekuii
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above 300 °C [5]. Therefore, one of the main tasks of modern researchers is also to find an
effective method for their formation. This paper discusses the optical, electronic properties, and
surface morphology of Mg,Si films formed on silicon.

Materials and Methods

The formation of Mg,Si films was carried out in the surface physics laboratory of AmSU in
a Varian vacuum chamber, a PHI-590 device, with a base pressure of 107 Pa. Two experiments
were conducted to grow Mg, Si films on n-type Si (111) substrates. The first experiment used
substrates with a resistivity of 2 to 15 Ohm-cm, while the second experiment used substrates with
a resistivity of 0.1 to 0.5 Ohm-cm. In both cases, the deposition of silicon and magnesium on the
substrates was performed using the following thermal sources: n-type Si (111) with a resistivity of
50 to 85 Ohm-cm and Mg with a purity of 99.999%. Before the films were grown, the substrates
and sources were chemically and thermally cleaned.

All samples with films were formed by the reactive epitaxy method at the substrate heating
temperature of 250 °C. A Si (60 nm) buffer layer was formed on the substrates beforehand, the
successive deposition of portions of Mg and Si was carried out.

In the first experiment, Mg and Si layers were deposited three times in a thickness ratio of
2.75:1 (sample 1) and 3:1 (sample 2). The deposition rates of magnesium and silicon were 9.4
and 1.1 nm/min, respectively. In the second experiment, Mg and Si layers were deposited in a
thickness ratio of 3:1, three times (sample 3) and four times (sample 4). The deposition rates of
magnesium and silicon were 10.7 and 1.7 nm/min, respectively.

The thickness of the formed films was determined using scanning electron microscopy (SEM),
their optical properties were researched using Raman, infrared, and visible spectroscopy, and their
surface morphology was researched using atomic force microscopy.

Results and Discussion

The AFM images of the samples (Fig. 1 and 2) were obtained using the Solver P47 microscope
in semi-contact mode.

b)

200

0 10 20 30 40 um 0 0 20 30 40 m
Fig. 1. AFM images of the surface of the first (¢) and second (b) samples

Analysis of the AFM images of the film surface (Fig. 1) showed that both the first and the
second sample have a Volmer-Weber island growth mechanism [6, 7]. The lateral dimensions of
the particles are in the following ranges: length from 0.4 to 0.8 um (sample 1) and from 0.2 to
0.3 pm (sample 2), and width from 0.3 to 0.6 um (sample 1) and from 0.1 to 0.2 um (sample 2).
Based on the geometric measurements, the area of the islands for the first sample ranges from 0.12
to 0.48 um?, and for the second sample, it ranges from 0.02 to 0.06 pm?. Visualization of the AFM
images showed that the islands did not completely fuse in sample 1, but in sample 2, they coalesced
and formed clusters. The cluster sizes of the second sample in the XY plane are as follows: length
from 1.4 to 1.8 pm, and width from 0.7 to 1.4 pm. Their area ranged from 0.98 to 2.52 uym?2. In
addition to the islands, a triangular step with a depth of 30 nm is clearly visible in the surface
relief. Based on the above, the first sample has a more developed surface relief than the second.
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By analyzing the AFM images of samples 3 and 4 (Fig. 2), it was found that the growth of
the films also followed the Volmer-Weber mechanism [6, 7]. In the third sample, the size of the
islands ranges from 0.1 to 0.2 um, and in the fourth sample, it ranges from 0.2 to 0.3 pum. The
area of the islands ranges from 0.01 to 0.04 pm? (sample 3) and from 0.04 to 0.09 um? (sample 4).
The islands coalesce into larger grains of about 0.5 pm, with an area of 0.25 pm?, in sample 3.
In sample 4, the coalescence of the islands is less pronounced. There is heterogeneity due to the
presence of punctures with a depth of about 20 nm in the surface relief of the third sample. The
fourth sample has almost no punctures. Based on the above, it can be concluded that sample 4,
compared to sample 3, contains a film with a less developed surface relief.

The thickness of the grown films was determined from the analysis of the SEM images of the
cross-sections of the samples obtained using a Hitachi S-3400N electron microscope (Fig. 3).
Based on the image analysis results, the film thickness of sample 1 is 496 nm, sample 2 is 682 nm,
sample 3 is 1143 nm, and sample 4 is 414 nm.

0 10 20 30 40 pm 0 10 20 30 40 um
Fig. 2. AFM images of the surface of the third (a) and fourth (b) samples

b)

S-3400N 10.0kV 10.4mm x35.0k SE 4 S-3400N 10.0kV 6.5mm x35.0k SE

Fig. 3. SEM images of samples 1 (a), 2 (b), 3 (¢), and 4 (d)
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The samples were examined by Raman spectroscopy using an NTEGRA Spectra II (NT-
MDT) spectrophotometer at a laser wavelength of 473 nm. Raman spectra are shown in Figure 4.

The spectra have all the peaks characteristic of Mg,Si at raman shifts of 259, 349, and
693 cm™! [4, 8, 9]. These maxima indicate the excitation of longitudinal optical phonons (F,
LO, 2LO0O, respectively) in this film material. The graphs (Fig. 4) show a low-amplitude peak at
480 cm™', which is consistent with amorphous silicon according to [4, §].

The far-infrared transmission vibrational spectra (Fig. 5) were obtained using a Bruker VERTEX
80v Fourier spectrophotometer.
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Fig. 4. Raman scattering spectra for samples 1 and 2 (a), 3 and 4 (b)
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Fig. 5. Infrared transmission spectra for samples 1 and 2 (a), 3 and 4 (b)

The light transmission spectra through the samples (Fig. 5) show a minimum at a photon wave
number of 610 cm™'. According to sources [8, 10], this peak corresponds to the excitation of a
phonon in Si. At the same time, the graphs show a minimum in the transmission coefficient at
270 cm™!, which, according to [8, 10, 11], corresponds to the fact that the formed films contain
Mg,Si. The presence of a peak at 270 cm™ is due to the excitation of the transverse optical
phonon TO, which is responsible for the absorption in the silicide films of all samples. The
minimum transmission value corresponding to Mg Si for the formed films is 0.03 (sample 1),
0.02 (sample 2), 0.01 (sample 3), and 0.04 (sample 4). This is due to the fact that thicker films
transmit less of the incident light. The above results are consistent with the SEM data presented
in Figure 3.

The IR-UYV transmission spectra (Fig. 6) and reflection spectra (Fig. 7) were obtained using
the following spectrometers: Bruker VERTEX 80v and Spectrophotometer U-3010.

From the graphs of the transmission coefficient as a function of photon energy (Fig. 6), it
can be seen that there is an alternation of minima and maxima in the range from 0.2 to 1.1 eV.
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Fig. 6. Near- and mid-infrared transmission spectra for samples 1 and 2 (a), 3 and 4 (b)
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Fig. 7. Reflection spectra for samples 1 and 2 (a), 3 and 4 (b)

This, according to [1, 2], indicates the interference features of the films. In the energy range of
1.1 to 1.3 eV, there is a significant decrease in the transmission value. This is due to absorption,
both in silicon [12] and partially in magnesium silicide [3], which is related to the specific
electronic structure of magnesium silicide films in the samples. At energies above 1.3 eV, the
absorption coefficient of silicon increases significantly, and the transmission of the film-substrate
system approaches zero. The absorption coefficient in magnesium silicide also increases due to
interband transitions, which is characteristic of the semiconductor Mg,Si [10].

The reflection spectra in the IR region of the spectrum in the energy ranges from 0.2 to 1.8 eV
(Fig. 7) show alternating maxima and minima of interference, as well as peaks in the visible
region at 2.3 (samples 1, 2) and 2.2 eV (samples 3, 4), which are attributed to indirect band Mg,Si
according to [6, 8, 10]. Due to the relatively small thickness, the transmission of Mg,Si films is
still noticeable at photon energies in the range of 1.2—1.5 eV [3]. This leads to the appearance
of the first interference maximum in the reflection spectrum at a photon energy of about 1.5 eV
(Fig. 7) when light is reflected from the film-opaque silicon substrate system at these energies.
The intensity of the maxima increases smoothly with decreasing photon energy, which is due to
a decrease in the absorption coefficient in the transparency region, but not to zero. The latter is
determined by the absorption on defects [12] in the grown films. The increase in the intensity of
the peaks at 2.3 and 2.2 eV is associated with a decrease in grain scattering in the films in samples
3 and 4, as well as with an improvement in their crystalline quality. The latter is confirmed not
only by an increase in intensity, but also by a decrease in the half-width of the reflection peaks. In
samples 1 and 2, an increase in light scattering on the film grains reduces the reflection coefficient
due to multiple reflections on the grains and partial loss of light during absorption in the grains.

To calculate the indirect band gap of the formed Mg,Si semiconductor films, we plotted the
dependence of the square root of the absorption coefficient on the photon energy (Fig. 8).
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Fig. 8. Absorption coefficient spectra for samples 1 and 2 (a), 3 and 4 (b)

According to the results of geometric calculation of the indirect band gap from absorption
spectra, according to the method described in [6, 7], the following values of this parameter were
obtained: 0.80 and 0.86 eV for the first and second samples; 0.77 and 0.79 eV for the third and
fourth samples. These values are close to the reference values (0.6-0.8 eV) [1, 2]. Higher values
of the indirect band gap in Mg,Si films in samples 1 and 2 compared to samples 3 and 4 may
be due to increased uncontrolled scattering of light on numerous grains and increased errors in
extrapolating experimental data.

Conclusion

Thus, this work presents the results of Mg,Si film formation on Si (111) by reactive epitaxy
with layer-by-layer deposition of magnesium and silicon at a substrate heating temperature of
250 °C. The film thicknesses in the samples were 496, 682, 1143, and 414 nm for the first, second,
third, and fourth samples, respectively. The island growth mechanism of films was revealed using
atomic force microscopy. The area of the film islands varies in the following ranges: from 0.12 to
0.48 um? (sample 1), from 0.02 to 0.06 pum? (sample 2), from 0.01 to 0.04 pm? (sample 3), and
from 0.04 to 0.09 um? (sample 4). The surface morphology of the films is also characterized by the
presence of grains and clusters caused by the coalescence of islands. Using the Raman spectroscopy
method, silicide formation was detected in all samples based on the peaks corresponding to Mg,Si
phonons: F, (259 cm™), LO (349 cm™), and 2LO (693 cm™'). The formation of Mg,Si in the
films of all samples was confirmed by IR vibrational spectroscopy, based on the presence of a
strong absorption peak for the 270 cm™! phonon in the transmission spectrum, whose amplitude
correlates with the thickness of the grown films. The reflection spectra of the grown films show
a peak at an energy of 2.2-2.3 eV, which also confirms the formation of Mg,Si in all the films.
However, the best crystal quality of the films and the maximum amplitudes of the reflection peak
at 2.3 eV are observed for samples grown with an increased ratio of magnesium deposition rates
to silicon, which provides a more uniform surface with minimal roughness. Based on the results
of geometric calculations of the band gap width of Mg,Si films, it was found that the band gap
width for the first sample is 0.80 eV, for the second sample it is 0.86 eV, for the third sample it is
0.77 eV, and for the fourth sample it is 0.79 eV. Based on the above, it can be concluded that the
reactive epitaxy method, with the sequential deposition of magnesium and silicon portions, allows
for the formation of magnesium silicide films with specified properties by changing the deposition
rate ratio towards magnesium enrichment.
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