Semiconductor Physics, Quantum Electronics & Optoelectronics, 2026. V. 29, No 1. P. 019-027.

Semiconductor physics

Synthesis of Ge_Sn, and Ge,_, ,Sn,C, films by magnetron sputtering
followed by laser annealing

V.0. Yukhymchuk*, G.G. Tarasov, M.Ya. Valakh, P.M. Lytvyn, O.Yo. Gudymenko, N.V. Mazur, T.M. Sabov,
V.S. Yefanov, V.M. Dzhagan

I/. Lashkaryov Institute of Semiconductor Physics, NAS of Ukraine, 41, Nauky Ave., 03028 Kyiv, Ukraine
Corresponding author e-mail: v.yukhymchuk@gmail.com

Abstract. Ge;,Sn, is a critically important material for creating direct-bandgap
semiconductors integrated into silicon photonic platforms. However, the low equilibrium
solubility of Sn in Ge and high mechanical strain in Ge;_,Sn, films currently hinder their
commercial application. This work aims to develop a cost-effective method for producing
structurally stable Ge; ,Sn, films with relatively high Sn content by incorporating carbon
(C), and to assess the efficiency of non-equilibrium laser annealing for their crystallization.
Amorphous Ge;_Sn, and Ge;_.,Sn,C, films were deposited on Ge-buffered Si substrates
by magnetron sputtering of the corresponding targets. The samples were subjected to rapid
laser annealing using a scanning CW laser (A = 455 nm) with varying energy density
(fluence) and regular thermal annealing for comparison. The films were characterized using
Raman spectroscopy, X-ray diffraction, scanning electron microscopy, atomic force
microscopy, and X-ray photoelectron spectroscopy. Laser annealing is found to be
significantly more efficient than thermal annealing, enabling the formation of Ge;_,,Sn,C,
films with a substitutional Sn content up to 4.2 at.% and crystallites with a size of 30 nm,
which is three times larger than those formed by thermal annealing. Furthermore, the co-
incorporation of C significantly improved the surface morphology.
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1. Introduction

Ge;_,Sn, is a promising material for efficient NIR light
absorbers and emitters, as well as being well-suited for
integration into silicon-based optoelectronics and nano-
electronics [1-3]. Both theoretical and experimental
studies have shown that at a certain Sn fraction (typically
between 6-10 at.%), crystalline Ge; ,Sn, compounds
undergo a transition from an indirect-bandgap semi-
conductor (like Ge) to a direct-bandgap semiconductor
[4-6]. The variation in the reported critical values of x
[4-6] can be attributed to differences in the parameters of
the Ge|_,Sn, films, namely, mechanical stresses [7], donor
doping concentrations [8], and the influence of quantum-
size effects resulting from the small grain size [9].

An important feature of Ge;_,Sn, is that increasing
the Sn fraction substitutionally incorporated in the Ge
lattice not only facilitates the transition to a direct-
bandgap structure but also significantly narrows the
bandgap energy. This narrowing enables the use of
Ge_Sny-based devices within both short-wavelength

infrared (1.5-3 um) and potentially the long-wavelength
infrared (8—15 um) ranges. This capability could replace
expensive A"BY semiconductor technology with cost-
effective monolithic Si-integrated technology in the
production of photonic devices.

Ge,_,Sn, materials are highly versatile for opto-
electronic applications, namely in photodetectors, light-
emitting diodes, and lasers. Additionally, the high charge
carrier mobility theoretically predicted for Ge;_,Sn, has
spurred the development of field-effect transistors based
on these materials. The potential for monolithic
integration with Si electronics has also led to studies of
their thermoelectric applications [10]. Furthermore, these
compounds have demonstrated effectiveness as
electrodes for lithium-ion batteries [11].

Despite significant advances in the fabrication and
study of Ge_Sn, films with a high Sn content, and even
the demonstration of laser emission from these materials
[12], no commercial devices based on them have been
developed to date. This is primarily because the best
physical and technical properties of high-quality Ge;_,Sn,
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films are achieved only through non-equilibrium
synthesis methods such as molecular beam epitaxy
(MBE) and chemical vapor deposition (CVD). While
these methods are effective, they are expensive and
typically geared toward scientific research rather than
mass production. Consequently, the current challenge is
to develop more cost-effective and technologically
simpler methods for fabricating Ge,_,Sn, films, such as
thermal evaporation [13] or magnetron sputtering [14].

A key obstacle to applying these methods is the
fundamental issue the low equilibrium solubility of Sn in
Ge, which is only 0.5 at.%. This low solubility arises from a
significant difference in the covalent radii of Sn (rg, = 162
pm) and Ge (7. = 137 pm). Sn atoms can be incorporated
into the Ge lattice only when their concentration does not
exceed 0.5at.%. Beyond this limit, the large lattice
mismatch (as, is 1.15 times larger than ag.) introduces high
local stresses. This causes Sn atom precipitation, the
formation of Sn clusters, and their partial diffusion to the
film surface and the film-substrate interface. To overcome
this, it is essential to either reduce the lattice mismatch or
create conditions in which Sn atoms remain incorporated in
the Ge lattice, thereby forming a to compensate for the local
stresses that arise metastable solid solution (Ge;_Sn,). To
form Ge,_,Sny films on Si substrates with a high Sn content
(= 6 at. %), it is necessary to compensate for the local
stresses that arise in the Ge lattice.

This can be achieved by incorporating atoms with
significantly smaller covalent radii than Sn, such as carbon
(rc = 91 pm) or boron (rg = 82 pm), to create the solid
solution Ge,_«,Sn,C, (or Ge,_«,Sn,By). While boron atoms
are more effective at stress compensation due to their
smaller covalent radius, they also act as acceptor dopants.
Thus, their incorporation requires careful consideration of
the overall impact on the electronic structure of Gej
ySn,By and its renormalization, as this can significantly alter
film properties. Another approach to obtaining crystalline
Ge_,Sny films with high Sn content is forming amorphous
Ge_,Sny films, followed by rapid laser annealing. This non-
equilibrium annealing process ensures crystallization
without significant segregation of Sn atoms.

This work aims to study the crystallization
processes of amorphous Ge,_Sn, and Ge;_ ,Sn,C, films
by varying the parameters of laser annealing and to
investigate the properties of the resulting films.

2. Experimental technique

p-type Si (100) wafers were used as substrates. A 100 nm
thick Ge buffer layer was deposited by magnetron
sputtering of the corresponding target on these substrates.
Then, the Ge buffer was covered with a 100 nm thick
Ge_Sn, layer (the sample structure is schematically
shown in Fig. la). To obtain optimal characteristics
during Ge;_,Sn, film deposition, the discharge current
was varied from 100 to 150 mA, and the temperature of
the Si substrate from room temperature to 200 °C.

To dope the Ge_Sn, films with carbon, a thin
(~2 nm) carbon layer was incorporated within the film
thickness. This was achieved by depositing a 100 nm Ge
buffer layer on the Si substrate, followed by a 50 nm
Ge;_,Sn, layer, then the 2 nm carbon layer, which was
finally covered with another 50 nm layer of Ge; ,Sny
(the sample structure is schematically shown in Fig. 1b).

(b)

Fig. 1. Schematic representation of the studied Ge;_,Sn,
structures on pre-formed buffer Ge layers on Si substrates:
(a) without doping and (b) with carbon doping.

All formed structures were cut into several pieces.
Some of them were thermally annealed for 15 min in a
nitrogen atmosphere at temperatures from 300 to 600 °C,
and the rest were annealed using a CW scanning laser
(A = 455 nm) also in a nitrogen atmosphere. The fluence
was varied within 16.0...160.0 J/cm”. The laser spot was
20 pm wide and 100 um long, and the scanning speed
was equal to 5 mm/s.

The resulting films were characterized using the
X-ray diffractometry, Raman spectroscopy, atomic force
microscopy (AFM), and scanning electron microscopy
(SEM). Raman spectra were recorded using an MDR-23
spectrometer equipped with a TE-cooled CCD detector iDus
401A Andor. The signal was excited by a 532 nm solid-state
laser, with a power density on the sample surface not
exceeding 10> W/em?, which excluded thermal modification
of the samples. X-ray diffraction (XRD) analysis was
performed using a Philips X'Pert PRO-MRD setup with Cu
K, line (A =0.15406 nm) in a symmetric (20 — ®) mode
with a scan step of 0.025 degrees. Surface morphology was
studied using a scanning electron microscope Tescan Mira 3
MLU, and a Digital Instruments Nanoscope Illa AFM
system (working in tapping mode, nominal tip radius 10
nm). XPS analyses were carried out using a PHI 5500LS
spectrometer with a monochromatic Al K, (1486.7 eV)
source. Calibration yielded a binding energy (BE) of 84 ¢V
for the Au 4f;, line and 932.6 eV for the Cu 2ps), line.
Survey scan analysis was carried out with a pass energy of
93.9 eV and a 0.2 eV step. High-resolution spectra were
obtained using a pass energy of 11.75 ¢V and a 0.1 eV step.
Before analysis, the samples were pre-etched for 1 min with
an Ar’ ion beam (5 keV, 3x3 mm raster 5 pA).

3. Results and discussion
3.1. Theoretical modelling of the band structure

One of the most critical parameters of Ge;_,Sn, materials
is the bandgap energy, which depends on the Sn atomic
content incorporated into the Ge crystal lattice.
Numerous studies have calculated the bandgap, both
from first principles and using empirical data [15, 16]. In
our study, we also carried out theoretical modelling of
the band structure of unstrained Ge;_,Sn, films.
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Fig. 2. Calculated electronic structures of Ge;_ Sny

with different tin contents: (a) x = 0.06 at. % (indirect
bandgap); (b) x =0.21 at. % (direct bandgap).

The band structure of Ge;_Sn, was calculated for
various Sn fractions (x) using the empirical pseudo-
potential method [17, 18]. We employed an 8-band k-p
Hamiltonian, in contrast to the traditionally used 6-band
k-p Hamiltonian. The 8-band model accounts for the
coupling between the conduction and valence bands,
which is crucial for accurate calculations.

This Hamiltonian, as proposed in [17], was used in
conjunction with the adjustable parameters from [18] to
calculate the electronic band structure of Ge;_Sn, along
symmetry lines in the Brillouin zone for various Sn
concentrations, by diagonalizing the Hamiltonian.

Fig. 2a displays the calculated band structure of
Ge_Sn, with x = 0.06, corresponding to an indirect
bandgap, while Fig. 2b illustrates, as an example, the
electronic structure for x = 0.21, which already
corresponds to a direct bandgap. Fig. 2 clearly
demonstrates that increasing the tin content in the Ge
lattice results in a dramatic change in the electronic
structure of Ge;_,Sn,, specifically a transition from an
indirect bandgap to a direct bandgap. The selected Sn
fraction (x=0.21) corresponds to one of the highest
values reported in the literature [19]. With this tin
content, the Ge;_Sn, material is undoubtedly a direct-
bandgap semiconductor. To more precisely determine the
Sn fraction in the Ge lattice at which this transition
occurs, we plotted the dependence of the bandgap energy
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Fig. 3. Sn-concentration dependence of the I', L, and X
valley energies in Ge;_Sn, and Ge;_,S,C, (0.8 at.% C)
structures.

on the Sn content (Fig. 3), along with the impact of co-
doping with carbon atoms. The results show that
introducing both tin and carbon atoms into the Ge lattice
significantly reduces the amount of tin needed for the
transition from an indirect-bandgap to a direct-bandgap
electronic structure [20].

Calculations using this method revealed that for
Ge_Sn,, the transition from an indirect to a direct
bandgap occurs at x=0.12. For Ge;,SnC,, the
transition happens at x=0.045 and y=0.008. Thus,
incorporating carbon atoms into the Ge crystal lattice not
only reduces the local stresses caused by Sn atom
incorporation but also significantly alters the electronic
structure, lowering the Sn fraction required for the
transition to a direct-bandgap semiconductor.

As highlighted in the introduction of this study, it is
crucial to form and experimentally investigate the properties
of Ge_Sny films co-doped with carbon. Notably, due to
their much smaller covalent radius compared to Ge, carbon
atoms are incorporated into the Ge lattice less readily than
Sn atoms, with an equilibrium concentration of only ~10°
cm” [21]. Therefore, selecting the correct Sn/C ratio is
critical, as exceeding the critical concentration will lead to
carbon precipitation, forming clusters, and triggering the
precipitation of Sn atoms [22].

3.2. Experimental studies

Fig. 4 shows the Raman spectra of Ge;,Sn,C, films
formed on a Ge buffer by magnetron sputtering,
thermally annealed at temperatures from 300 to 600 °C.
The initial film and the film after thermal annealing at
300 °C are amorphous. Annealing the initial film at
400 °C leads to its crystallization, evidenced by the
appearance of an intense band corresponding to the
Ge-Ge vibrational mode at 297.7 cm ' and a less intense
band at 266 cm ', corresponding to the Ge—Sn vibrational
mode. Annealing at 500 °C also results in crystallization,
but the Ge-Ge band occurs at 298.2 cm . Since the
frequency position of this band depends on the tin
content in the Ge|_,Sn,C, film, its shift to the high-
frequency side is associated with the partial segregation
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of tin from the Ge lattice. A further increase in annealing
temperature to 600 °C shifts the Ge-Ge band to
299 cm ', which is attributed to significant segregation of
both tin and carbon atoms. The latter is evidenced by the
appearance of bands at 1545 and 1710 cm™ (see the inset
to Fig. 4), which are attributed to vibrations of amorphous
carbon and C = O bonds, respectively.

The content of Sn atoms incorporated into the Ge
lattice can be estimated from the frequency position of
the Ge-Ge band using the following formula (1),

provided in [23]:

Ge—G Ge—Ge
OGesn(x) = DGebulk — A » (1)
where mgzgf(i) is the Ge-Ge Raman peak frequency for

the alloy, 0S5 is the peak frequency for pure Ge, a is

a constant, and x is the Sn fraction. This formula does not
account for internal stresses that may be present in the
film. According to this formula, Sn fraction in the film
annealed at 400 °C is 4.0 at.%, and after annealing at
500 °C, the content decreases to 3.2 at.%.

If the mechanical stresses present in the film are
considered, the following formula should be used [24]:

Ge—-Ge (2)

®GeSn(x) =

where oo = 82 + 4 cm’l, B=-563 £5 cm’l, and ¢ is the
elastic strain. This formula is well-suited for pseudo-
morphic films. In our case, the films are polycrystalline
and relax during the annealing process. However, as
shown in [25], stresses may still be present in polycrys-
talline Ge films due to the different coefficients of ther-
mal expansion of crystallites at the crystallization tempe-
rature and room temperature. The magnitude of these
stresses can be estimated according to the formula [25]:
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Fig. 4. Raman spectra of Ge;,Sn,C, films formed by
magnetron sputtering of a Ge;_Sn, target and C onto a Ge
bufter. Films were thermally annealed at temperatures from 300
to 600 °C. The inset shows the spectra at different points on the
surface of the sample annealed at 600 °C within the range of
C—C and C-O vibrations.
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Fig. 5. (a) Raman spectra of Ge,_,,Sn,C, films annealed by a
scanning CW laser with fluence density from 16 to 160 J/em™.
The inset shows the spectra of the GeHSnx films annealed
with fluences of 112 and 160 J/cm?® (b) Raman spectra of
Ge__ ySn C, films annealed by a scanning CW laser at
112 J/em? at dlfferent points on the film.

where o is the coefficient of thermal expansion, Ao =
Olfitm — Olsubstrate (AQL & 1.0-10° °C™! in our case), AT is the
difference between the annealing temperature (400 °C)
and room temperature (20 °C), v = 0.27 is the Poisson
ratio of the Ge film [26]. According to (2) and (3), the
substitutional Sn fraction is 3.0 and 2.1 at.% in
Ge|_x,Sn,C, films annealed at 400 °C and 500 °C,
respectively. Thus, according to (1) and (2), for films
annealed at 400 °C, the content of Sn in the Ge lattice is
within the range 3.0...4.0 at.%.

Earlier, we have shown [13] that annealing of GeSn
films using scanning laser is more effective compared to
thermal annealing. Therefore, we performed annealing of
Ge|_«ySn,C, films using a continuous scanning laser with
A = 455 nm. During annealing, the laser fluence was from
16 to 160 J/em’.

As seen from Fig. 5a, if Gej__ ySn,(C films are
annealed with a laser fluence up to 64 J/cm’, they remaln
completely amorphous (only a broad band at 271 crn
appears in the spectrum). At a fluence of 80 J/cm? an
additional band caused by the crystalline phase at
297 cm' appears in the spectrum. The optimal laser
fluence has been established to be 112 J/cm®. A further
increase in the laser fluence leads to a gradual shift of the

Yukhymchuk V.O., Tarasov G.G., Valakh M.Ya. et al. Synthesis of Ge,_Sn, and Ge,_,,Sn.C, films by magnetron ...

022



SPQEO, 2026. V. 29, No 1. P. 019-027.

SEM HV: 10.0 k¥
View field: 50.0 pm

WD: 1.99 mm
Det: InBeam
SEM MAG: 3.79 kx

Fig. 6. SEM images of the surface of (a) Ge;_Sn, and
(b) Ge;_Sn,C, films annealed by a CW scanning laser with a
fluence of 112 J/em®. The insets show a magnified image of
these surfaces.

Ge—Ge bands to high frequencies (Fig. 5a, curve J),
indicating partial segregation of tin from the Ge crystal lattice.
Registration of Raman spectra at different points on
the surface of the annealed film showed that the film is
homogeneous within the error range (Fig. 5b).

Estimation of the elemental composition of the
formed film according to (1) and (2) yielded that the
content of incorporated tin atoms in the Ge lattice is
between 3.2 and 4.4 at.%. This value is close to the
theoretically calculated value for Ge,_,,Sn,C,, at which
the transition to a direct-bandgap semiconductor occurs.

The Raman spectra of Ge;_Sn, films (see inset in
Fig. 5a) annealed under the same conditions as
Gej_xySn,C, are similar to the spectra of the ternary
alloy, although the Ge—Ge band frequencies are slightly
higher. This indicates that, in this case, a lower percentage
(~3 at.%) of tin atoms is incorporated into the Ge lattice.

Fig. 6 shows SEM images of the surface of
Ge;_,Sn, (a) and Ge;_,Sn,C, (b) films annealed using a
scanning laser with a fluence of 112 J/cm?’. Fig. 6a shows
that the surface of the Ge; ,Sn, film exhibits uniformly
distributed “large” islands with sizes of 1-2 pm and a
density of 2.5-10” ¢cm 2, around which the smaller islands
are visible. It is worth noting that the “small” islands are
arranged in concentric circles around the “large” islands.
The height of the latter, estimated by AFM studies

(image not shown), is small, only 4-6 nm. These are most
likely areas with significant Sn and C segregation.

The formation of this morphology can be explained by
the following mechanism: The “large” islands -create
significant local inhomogeneity on the film surface,
absorbing laser radiation more efficiently and, accordingly,
heating up more strongly. This creates a strong radial
temperature gradient around them. In most liquids
(including semiconductor melts), surface tension decreases
with increasing temperature. Consequently, the Ge,_ ,SnC,
film melt begins to move from areas with lower surface
tension (hotter areas) to areas with higher surface tension
(colder areas). Thus, convective flows (a manifestation of
the Marangoni effect [27]) arise around large islands,
circulating along the radii and capturing and transporting
dissolved Sn or C atoms. The dynamics of the convection
flow in a thin liquid film can lead to hydrodynamic
instabilities resulting in the formation of stationary or
oscillating structures, the so-called convection cells
(rolls/cells). Upon cooling and rapid recrystallization, these
cells lead to the periodic accumulation of material (Sn-rich
phases) in the form of rings of “small” islands around the
initial “large” island. Thus, the “large” island acts as a center
that sets a radial thermal gradient, which triggers a
thermocapillary flow, leading to formation of an ordered
ring structure of smaller islands. It should be noted that
cracks are also observed on the surface of the Ge;_,Sn,C,
film, which were formed during the annealing process, as
the Gei,Sn,Cy film is formed on a strained Ge buffer
layer. Raman spectra of the Ge,_(Sny film (without carbon)
annealed by a laser (inset in Fig. 5a) indicate that the Sn
content in the Ge lattice is approximately 1 at.% smaller
compared to the Ge;_,Sn,C,.

The morphology of the Ge;_«,Sn,C, film annealed
under the same laser conditions is significantly different.
Neither “large” islands nor cracks appear on the film
surface. At high magnification (inset in Fig. 6b), islands
with average sizes of ~100 nm are visible, randomly
distributed over the surface. Apparently, the addition of
C atoms changes the phase transition mechanism during
laser annealing from the growth of a few large islands
(due to strong Sn segregation) to the controlled
nucleation and growth of many small, homogeneous
crystalline islands (~100 nm), which significantly

Intensity, arb. un.

2Theta, degree

Fig. 7. XRD of Ge,_, ,Sn,C, films: (/) as grown, (2) thermally
annealed at 400 °C, (3) annealed by scanning laser radiation
(A =455 nm) at a fluence of 112 J/em®.
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Fig. 8. XPS Ge 3d spectra of as-grown (a) and annealed at 600 °C Ge;_,Sn, samples (b); XPS Sn 3d spectra of as-grown (c) and

annealed at 600 °C Ge;_,Sn, samples (d).

improves the surface morphology. The reduction of Sn
segregation and stress compensation due to C incorporation
makes the film more mechanically stable during rapid thermal
annealing, preventing the formation of macroscopic cracks.

Fig. 7 shows the diffraction patterns of the initial
GeySn,C, film as well as after thermal and laser
annealing. The XRD study confirms that the initial film
is completely amorphous. Thermal annealing in a
nitrogen atmosphere at 400 °C leads to its crystallization.
To ensure effective XRD measurement, laser annealing
of these films was carried out over a 1 cm® area of a
1.7 cm® sample with a fluence of 112 J/em®. In this case
laser annealing also leads to its complete crystallization.
The presence of an amorphous component in this
diffractogram is due to the presence of the sample edges
that were not subjected to laser scanning. This laser
annealing has a potentially important application, namely
the possibility of performing crystallization locally
without heating the entire sample to high temperatures,
as during thermal annealing.

Another important advantage of laser annealing is
the formation of a more perfect crystalline structure
compared to the structure obtained with thermal
annealing, which is reflected in significantly smaller full

widths at half maximum (FWHM) of the reflections. The
average size of coherent scattering regions (crystallites),
D, was calculated using the Scherrer formula [28]:

D:(ka)/(bxcose), 4

where A is the X-ray wavelength, B is the FWHM of the
reflection (in radians), 6 is the Bragg angle, and K is the
dimensionless particle shape coefficient. The results
indicate that the crystallite size is ~10 nm for materials
formed by thermal annealing and ~30 nm for those
formed by laser annealing.

Fig. 8 shows high-resolution XPS spectra and their
decomposition on individual components for the initial
and thermally annealed at 600 °C Ge;_Sn, film. From
the general XPS spectra, it was found that the initial film
contains Ge, Sn, and C, and after its annealing, oxygen
also appears. The Sn concentration in the initial film is
2.5 at.%, and after annealing, it increases to 4.3 at.%.

The deconvolution of XPS spectra of the initial film
(Fig. 8a) showed that the observed peaks correspond to
metallic Ge(0) 3ds;, Ge(0) 3dsp,, and GeOy 3d [29, 30]. Ge
is mainly in the metallic state, with a Ge-Ge bond content of
93.45 at.%. Annealing leads to the formation of an oxide
film on the surface, as evidenced by the appearance of peaks
corresponding to GeO and GeO, (Fig. 8b). Oxygen required
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for the formation of oxides can originate from the residual
furnace atmosphere and impurities in the carrier gas (N), as
well as from the initial native oxide layer on the film
surface. Figs. 8c and 8d show the XPS Sn 3d spectra from
films before and after annealing. One can see that Sn is in
the metallic phase before annealing, and the SnO, phase is
formed after annealing. The Sn(0)/SnO, phase ratio was
68.6/31.4 at.%.

Thus, studies on GeSn, and Ge; 4 ,Sn,C, films
formed by magnetron sputtering followed by annealing
using a scanning continuous laser indicate the possibility of
forming Ge, Sn, films with a high tin content (~4 at.%).
The effectiveness of laser annealing for providing non-
equilibrium processes, namely, the transformation of the
amorphous Ge,_, ,Sn,C, phase into a crystalline one without
significant tin segregation, has been confirmed.

The issue of determining the optimal Sn/C ratio in
as-grown amorphous films with increasing the proportion
of Sn relative to Ge remains relevant. Measuring the
photoluminescence spectra of these films will allow us to
definitively confirm the transformation from an indirect-
bandgap structure to a direct-bandgap one.

4. Conclusions

This work theoretically analyzed the change in the
bandgap energy upon the incorporation of both tin atoms
and simultaneously tin and carbon atoms into the Ge
crystal lattice. The results show that introducing a small
amount of carbon into the Ge lattice significantly reduces
the amount of tin needed for the transition from an
indirect-bandgap to a direct-bandgap structure.

The possibility of forming polycrystalline Ge; ,Sny
and Ge;_,Sn,C, films by magnetron sputtering on a Ge
buffer formed on a Si substrate, followed by laser
annealing, has been experimentally demonstrated. Raman
spectroscopy and XRD results showed that annealing of
amorphous Ge;Sn, and Ge;,Sn,C, films using
scanning continuous laser radiation is significantly more
effective than thermal annealing. This advantage is
evidenced by the following. Laser annealed Ge,_, ,Sn,C,
films are more crystallographically perfect compared to
films that were thermally annealed, evidenced by the
smaller FWHMs of XRD reflections and the larger size
of nanocrystallites (30 nm versus 10 nm). Laser annealing
allows obtaining Ge;__,Sn,C, films with a slightly larger
(~0.4 at.%) content of tin atoms in the Ge lattice.

It was demonstrated that the simultaneous
incorporation of tin and carbon atoms significantly changes
the morphology of the film surface during laser annealing. It
was shown that “large” (~1-2 pum in diameter) islands
caused by the segregation of Sn and C atoms and
macroscopic cracks are not formed in the Ge,,Sn,C,
films. Using XPS spectroscopy, it was shown that thermal
annealing at 600 °C in a nitrogen atmosphere leads to the
formation of germanium and tin oxides, which may be due
to the presence of oxygen in the residual furnace atmosphere
and impurities in the carrier gas (N,), as well as from the
initial native oxide layer on the film surface.

Thus, the magnetron sputtering method in
combination with scanning laser annealing is promising
for the creation of polycrystalline Ge;_,Sn,C, films.
Carbon doping effectively compensates for lattice strain,

stabilizes the metastable solid solution, and provides a
pathway for achieving direct-bandgap GeSn materials at
lower tin concentrations.
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Cunres maiBok Ge_, ,Sn, 12 Ge,_, ,Sn,C, METO0M MArHETPOHHOI'0 PO3NKIEHHS 3 NOJAILIIMM JIA3ePHUM BilnajaoM

Zxy
B.O. KIOxumuyk, I'.I'. TapacoB, M.fl. Bamax, IL.M. JluTBuH, 0.1. I'ynumenxo, H.B. Ma3syp, T.M. Caé6os,
B.C. €panos, B.M. /I:karan

Anorauis. Ge,_Sn, € KpUTHYHO BOKIMBUM MaTEPialoM Ul CTBOPEHHS NMPSIMO30HHUX HAIIBIIPOBIIHUKIB, IHTETPOBAHUX Y
kpeMHieBi (oronHI mrardpopmu. OnHAK HU3bKA PIBHOBaXKHA PO3YMHHICTE Sn y Ge Ta BHCOKI MEXaHIUHI HANpYKCHHS B
tiBkax Ge,_Sn, Hapasi IepemKoKaoTh IX KOMEPLIHOMY 3acTOCyBaHHIO. MeToro Iti€i poboTH € po3pobka eKOHOMIYHO
e()EeKTUBHOTO METOJy OTPUMAaHHS CTPYKTYpPHO CTaOuUIbHUX TUTiBOK Ge;_Sn, 3 BIAHOCHO BUCOKMM BMICTOM OJIOBA LIUIIXOM
nonasanHs Byrienio (C) Ta omiHka eeKTHBHOCTI HEPIBHOBKHOTO JIa3€pHOrO Bimmany ajis iX Kpucramizainii. AMopdHi
nnisku Ge_Sn, ta Ge_, ,Sn,C, Oynu naneceni na Ge-Oydepusopani Si miKknagKu METOJOM MarHETPOHHOIO PO3IMMIIEHHS
BIMOBIAHMX MilleHel. 3pa3ku MmijiaBaiyd HIBUJIKOMY BiJmaiy 3a JornoMoror ckanyrwouoro CW mazepa (A =455 uMm) 3i
3MIHHOIO TYCTHMHOK) €HEprii, a TakoX 3BUYaWHOMY TEpMIYHOMY Biamamy s TOpiBHsAHHS. [DTBKM JOCHiKEHO 3a
JIOTIOMOT'OK0  PaMaHIBChKOi CIIEKTPOCKOITii, PEHTIeHIBChKOT AMdpaxiiii, CKaHyr4Ol eIeKTPOHHOI MIKPOCKOMii, aTOMHO-
CHJIOBOI MIKpPOCKOIIIT Ta PEHTIeHIBCHKOI (HOTOETEKTPOHHOI CIeKTpockorii. JlasepHHid BiAman BUSBHUBCS 3HAYHO
edexTuBHIIIUM 3a TepMiuHuil Ta Ko3BonuB (Gopmysaru miiBku Ge,, ,Sn,C, 3 BMicToM onosa B Ge rparui 10 4.2 ar.% Ta
KpuctaimitamMu posmipoM 30 HM, IO BTpHYi OimbIne, HDK Ti, IO YTBOPWINCS IpH TepMiuHOMy Bimmam. Kpim Toro,
nonaBaHHs C 3HAYHO MOKPAIIMIO MOP(OIIOTiIO TTOBEPXHI.

Kmouosi cnosa: Ge_Sn,, Ge,,SnC,, npsmMa 3ab0poHeHa 30HA, MarHeTPOHHE PpO3NHUJIEHHs, JNa3epHUM Biman,
KOMITEHCAIIisl HAIIPYXEHb.
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