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LASER-INDUCED CRYSTALLIZATION
OF Ge/Sn MULTILAYER AMORPHOUS FILMS

A comparative analysis of the structural, morphological, and optical properties of 150-nm-thick
polycrystalline GeSn films formed by laser annealing of amorphous multilayer heterostructures
on a Ge/Si(100) buffer layer using two types of radiation — pulsed nanosecond (A = 355 nm)
and femtosecond (A = 800 nm) was carried out. According to Raman spectroscopy and X-ray
diffraction data, pulsed nanosecond UV annealing within a narrow pulse energy density range
of 0.2-0.8 J/cm?® is most effective for preserving surface planarity and achieving mazimum
substitutional incorporation of tin (up to 10.3 at.% Sn). Femtosecond annealing provides a
lower level of tin incorporation (7.5 at.%) due to intermizing of Sn and Ge elements at the in-
terface between the film and the buffer layer, as confirmed by secondary ion mass spectrometry
profiles. It is shown that the surface morphology of the films under these two types of laser pro-
cessing also differs substantially; in particular, femtosecond annealing causes self-organization
of laser-induced periodic surface structures (LIPSS), which are promising for application in
specialized optoelectronic devices.
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1. Introduction

In recent years, GeSn thin films grown on silicon
substrates have been intensively studied [1-3|. Sig-
nificant interest in these materials is driven by the
ability to transform indirect-bandgap germanium into
a direct-bandgap GeSn solid solution by incorporat-
ing approximately 8-10 at.% of tin atoms into the Ge
lattice [4, 5]. Since Si, Ge, and Sn belong to Group
IV of the periodic table, GeSn materials are easily
integrated into well-developed Si technology, open-
ing broad prospects for creating efficient optoelec-
tronic devices. The choice of GeSn for such a trans-
formation is explained by the fact that the energy
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gap between the conduction band minima at the cen-
ter of the Brillouin zone (I-point) and at its edge
(L-valley) in Ge is only 140 meV, whereas in Si
this value exceeds 2 eV [4]. Tin is a semimetal in
which the valence band maximum is located above
the conduction band minimum at the I'-point. The
incorporation of Sn atoms into the Ge crystal lattice
sites leads to a restructuring of its electronic spec-
trum: the I-minimum of the conduction band shifts
downward much faster than the L-minima. As a re-
sult, at an Sn concentration of 810 at.%, the GeSn
solid solution becomes a direct-bandgap semiconduc-
tor. Under equilibrium conditions at room temper-
ature, the solubility of Sn in Ge does not exceed
1 at.% [6]. Therefore, nonequilibrium growth meth-
ods such as molecular beam epitaxy (MBE) [2, 7]
and chemical vapor deposition (CVD) [8] are usu-
ally used to form GeSn films with a high tin content
(>8 at.%). However, these methods are expensive and
primarily used to produce laboratory samples, which
highlights the relevance of developing more accessible
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Fig. 1. Schematic representation of the initial 10-period
Ge/Sn structure on a 100-nm Ge buffer layer grown on a Si
substrate

and scalable technological approaches. In addition to
the aforementioned MBE and CVD methods, other
approaches are applied to achieve nonequilibrium Sn
incorporation into Ge, including co-doping of Ge with
Sn and carbon atoms [9]. Local mechanical stresses
arising in the Ge lattice during Sn incorporation due
to the significant difference in their atomic radii can
be partially compensated for by the joint introduc-
tion of Sn and C atoms. At the same time, strain
compensation via carbon incorporation is limited by
its extremely low solubility in Ge, and any deviation
from the optimal Sn/C ratio leads to phase separa-
tion of carbon, triggering heterogeneous tin segrega-
tion. In view of this, it is advisable to maintain the
carbon concentration at a level deliberately below the
threshold of full strain compensation. It is known that
metastable homogeneous amorphous Ge;_,Sn, films
can be obtained over a fairly wide composition range
(x <0.25-0.35). At the same time, to form crystalline
films from them with a high content of tin incorpo-
rated into the lattice sites, it is necessary to imple-
ment a nonequilibrium process — ultrafast annealing,
which enables film crystallization while “freezing” Sn
atoms in the crystal lattice sites. As shown in [9-11],
pulsed laser annealing is an effective tool for this pur-
pose, allowing for rapid heating of the near-surface
layer and ensuring swift cooling of the material. De-
spite the high efficiency of femtosecond laser anneal-
ing demonstrated in [10, 12, 13], the high cost and
operational complexity of such systems significantly
limit their widespread technological application. The
use of nanosecond (ns) laser annealing (A = 355 nm)
can serve as a well-grounded alternative in certain
cases. Due to the small optical absorption depth in
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GeSn, ns-ultraviolet radiation can generate high tem-
perature gradients, providing a crystallization front
velocity sufficient to reach the Sn atom solute trap-
ping threshold. If, under these conditions, the substi-
tutional tin content in the Ge lattice remains com-
parable to that obtained with femtosecond (fs) an-
nealing, the use of ns lasers will make it possible to
significantly reduce the cost and simplify the technol-
ogy for forming polycrystalline GeSn films.

The aim of this work is to study the features of
amorphous Gej_,Sn, film annealing using pulsed ns
and fs lasers, to perform a comparative study of the
properties of the formed coatings, and to establish the
optimal laser processing regimes for achieving maxi-
mum incorporation of Sn atoms into the Ge crystal
lattice sites.

2. Experimental

GeSn films with a thickness of 150 nm were grown
by thermal evaporation of Ge and Sn targets in vac-
uum (6.7 x 1074 Pa) onto a 100-nm-thick Ge buffer
layer deposited on a Si(100) substrate. The deposi-
tion of Sn and Ge was carried out not simultaneously
but through a layer-by-layer alternation of Sn and Ge
intermediate layers (10 periods, Fig. 1). Laser anneal-
ing was performed using a Seal-355-5SE nanosecond
DPSS laser (wavelength A = 355 nm, pulse dura-
tion 7 & 22 ns, pulse repetition rate f = 130 kHz,
source power Plager = 5.0 W). To prevent film abla-
tion and ensure a solid-phase crystallization regime,
the radiation was attenuated by a glass plate. The
laser beam was focused into a spot with a diameter
d = 20 pm. Scanning was performed using a galvano-
metric system at a speed v = 2000 mm/s. The pulse
energy density was varied from 0.1 to 0.6 J/cm?. Du-
ring femtosecond annealing of the samples, a Ti: sap-
phire laser system was used (A = 800 nm, 7 = 150 fs,
f = 1kHz, average power P,y, = 135 mW). The laser
spot diameter was varied within the range of 840-
1040 pm, and the scanning speed was maintained in
the range of 0.1-1 mm/s. The structure and proper-
ties of the resulting films were investigated using sec-
ondary ion mass spectrometry (SIMS), X-ray diffrac-
tometry (XRD), Raman scattering spectroscopy, and
scanning electron microscopy (SEM). Raman scatter-
ing spectra were recorded using an MDR-23 spec-
trometer equipped with a cooled iDus 401A BR-DD
CCD detector (Andor). The spectra were excited by
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a solid-state laser with a wavelength A = 532 nm;
the power density of the radiation on the sample
surface did not exceed 103> W/cm?, which prevented
thermal heating and structural modification of the
samples. X-ray diffraction analysis was carried out
using Cu K« line radiation (A = 0.15406 nm) on a
Philips X’Pert PRO-MRD diffractometer in symmet-
ric geometry (26 —w) with a scan step of 0.025°. The
surface morphology and elemental composition were
studied using a Zeiss Sigma 500 VP FE-SEM scan-
ning electron microscope equipped with a Smart-
EDX EDS detector. Elemental depth profiles in the
films were obtained using time-of-flight secondary ion
mass spectrometry on a TOF-SIMS IV instrument
(Germany) in dual-beam mode, utilizing a 25 keV
BiT primary ion beam (1 pA) as the analytical
beam and a 1 keV O?T beam (250 nA) for sputter-
ing. The angles of incidence for both ion beams were
45°. TOF-SIMS spectra were acquired from an area
of 101.56 x 101.56 pm? within a 300 x 300 um? crater
bottom. The depth resolution was ~1 nm.

3. Results and Discussion

Typically, laser annealing of semiconductor structures
is applied to achieve ultrafast local thermal process-
ing without heating the entire substrate [14]. This is
critically important for submicron manufacturing in
modern microelectronics, where conventional furnace
annealing or rapid thermal annealing leads to degra-
dation or significant property changes in ultra-small
elements due to undesirable dopant diffusion. In our
case, the key objective was to locally crystallize the
amorphous GeSn film and “freeze” Sn atoms at sub-
stitutional sites in the Ge crystal lattice. To realize
this process, the cooling time of the laser-heated film
must be shorter than the diffusion time of Sn atoms
during their segregation. A number of other require-
ments are also imposed on laser annealing, notably
the prevention of the formation of an overly devel-
oped surface morphology (melting, capillary waves,
Marangoni effects), a requirement that is critical for
the subsequent formation of contacts or heterostruc-
tures. However, in this work, we focus primarily on
the efficiency of Sn incorporation into the Ge crys-
tal lattice. A direct comparison between nanosecond
(ns) and femtosecond (fs) annealing is complex, as
physically distinct processes occur in the film during
the interaction with ns and fs radiation. Nevertheless,
their influence on the final properties of the processed
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material can be fully characterized. For the crystal-
lization of an amorphous GeSn film by ns radiation,
the main parameters are the pulse energy density
(F = E,/S, where E,, is the pulse energy and S is the
laser spot area) and the peak power (Ppeak = E,/T,
where 7 is the pulse duration). During the interaction
of fs radiation with the film, a more critical parame-
ter is the cumulative (absorbed) energy density, as the
energy density of a single pulse is insufficient to in-
duce crystallization. Therefore, to achieve maximum
incorporation of Sn atoms into the Ge lattice, this
work experimentally determined the ns pulse energy
density sufficient to heat the amorphous GeSn film
to its crystallization temperature and incorporate Sn
atoms, as well as the cumulative energy density for
the interaction of fs radiation with the film.

Fig. 2 shows SEM images of the surface of GeSn
films processed by ns laser radiation (A = 355 nm)
with energy densities (F) of 0.1 (a) and 0.35 J/cm?
(b), as well as films processed by fs laser radiation
(A = 800 nm) with cumulative energy densities of
150 (¢) and 190 J/cm? (d). From Fig. 2, a, b, it
can be seen that increasing the ns radiation energy
density from 0.1 to 0.35 J/cm? significantly modifies
the film morphology. At F = 0.1 J/cm? (Fig. 2, a),
no distinct laser pulse spots are present on the film
surface; instead, only dark dendritic structures are
observed. These may result from surface atom dif-
fusion and represent a manifestation of the Soret
effect (thermodiffusion). After surface processing at
F = 035 J/em? (Fig. 2, b), laser pulse spots be-
come clearly visible, with their surfaces covered by
a network of corrugations. These represent compres-
sive strain waves formed during rapid structural re-
organization under high axial and radial temperature
gradients. Surface morphology changes in the film
processed by fs laser radiation (A = 800 nm) when
the cumulative energy density is varied from 150 to
190 J/cm? are less prominent. In both cases, a fine-
grained periodic relief structure is observed, resulting
from laser pulse overlap and the formation of laser-
induced periodic surface structures (LIPSS) [15] (see
insets in Fig. 2, ¢, d). With an increase in the cumula-
tive energy density, higher-magnification SEM images
reveal that pores begin to form within the film under
these conditions.

Raman scattering spectroscopy is an effective
method for quantitatively evaluating the content of
Sn atoms incorporated into the Ge crystal lattice [3,
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Fig. 3. Raman spectra of GeSn films: initial film (1); annealed
by nanosecond laser radiation (A = 355 nm) at pulse energy
densities of 0.1 (2); 0.2 (38); 0.3 (4); 0.35 (5); 0.45 (6); 0.6
J/em? (7).
crystal Ge is shown (8)

For comparison, the Raman spectrum of single-

9-11, 15, 16], as spectral analysis allows one to deter-
mine specifically the substitutional tin concentration,
rather than the total tin content measured by many
other techniques.

Fig. 3 shows the Raman scattering spectra of
the initial GeSn film and films annealed using a
pulsed laser at energy densities ranging from 0.1 to
0.6 J/cm?. The spectra were recorded at the center of
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Fig. 2. Representative SEM
images of the surface of GeSn
films treated with nanosecond
laser radiation (A = 355 nm) at
energy density of 0.1 J/cm? (a)
and 0.35 J/cm? (b); and treated
with femtosecond laser radia-
tion (A = 800 nm) at absorbed
energy density of 150 J/cm? (c)
and 190 J/cm? (d). The insets
show magnified areas of the film
surface. Images were acquired
at a beam energy of 1 keV and
a working distance of 3 mm us-
ing an in-lens detector

the laser-annealed spots. The spectrum of the initial
GeSn sample corresponds to a completely amorphous
phase. Analysis of the Raman scattering spectra of
the annealed polycrystalline GeSn film indicates a
strong dependence of the microstructural character-
istics of the material, particularly the efficiency of
Sn atom incorporation into lattice sites, on the laser
processing parameters (pulse energy density F). Ba-
sed on the frequency shift of the Ge-Ge vibrational
mode, the content of Sn atoms incorporated into the
Ge lattice can be estimated using the following ex-
pression [16]:

wgzs_nc(;;,e) = wgzgﬁﬁ —a-z+ B - €, (]-)
where o = 8244 cm™!, B = —563+34 cm ™!, and ¢ is
the elastic strain. During cooling from the onset tem-
perature of crystallization (Tgesn = 598 K) to room
temperature (298 K), the GeSn film tends to con-
tract much more strongly than the bulk Si substrate,
which holds the film and prevents it from shrinking
to its equilibrium volume. As a result, in-plane biax-
ial thermal tensile strain arises at the interface. Since
the film is polycrystalline, strains caused by the lat-
tice mismatch between the GeSn film and the Si sub-
strate relax almost completely at grain boundaries
and dislocations. Therefore, thermal stresses become
the dominant source of residual macro-stresses [17],
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which can be evaluated using the following expres-
sion [18]:

e = (Aa- AT), 2)

where Aq is the difference between the thermal ex-
pansion coefficients of the GeSn film and the Si sub-
strate (in our case, Aa ~ 5.1 x 1076 K~!; AT
is the temperature difference between the crystal-
lization onset and room temperature, amounting to
300 K). In addition to the substitutional Sn content
in the Ge lattice and the tensile elastic strain (e),
spatial confinement effects (size effects) can also af-
fect the frequency position of the Ge-Ge mode if the
size of the formed GeSn nanocrystals is significantly
smaller than 20 nm [19]. To estimate the average size
of the GeSn nanocrystals, X-ray diffraction (XRD)
patterns were recorded.

Fig. 4 shows the XRD patterns of the Ge;_,Sn,
film immediately after deposition (curve 1) and after
ns laser annealing at A = 355 nm (F = 0.2 J/cm?)
(curve 2). The XRD patterns demonstrate that the
initial as-deposited film is amorphous (curve 7). The
pattern after laser annealing (curve 2) represents a
superposition of signals from the annealed and unan-
nealed surface regions of the GeSn film. The size of
the coherent scattering domains (corresponding to
the average nanocrystal size) was determined using
Scherrer’s equation [20]:

D = (k-A)/ (8- cos(0)), (3)

where A is the X-ray wavelength, ( is the full width at
half maximum (FWHM) of the reflection in radians,
0 is the Bragg angle, and k is a dimensionless shape
factor (k = 0.9). The average nanocrystal diameter
determined from Eq. (3) using the parameters of the
(111) reflection for this film is ~13 nm. For GeSn
nanocrystals of this average size, the low-frequency
shift of the Ge-Ge Raman mode due to the spatial
confinement effect does not exceed 0.2 cm™!, which
was taken into account when determining the substi-
tutional tin content in the lattice. Estimation of the
substitutional Sn content incorporated into the Ge
lattice using Eq. (1) yields the following values: for
F =02J/cm?, z = 10.3 at.%; for F = 0.3 J/cm?,
xr = 9.7 at.%; for F = 0.35 J/cm?, 2 = 6.8 at.%;
for F = 0.45 J/cm?, x = 6.3 at.%. The maximum
incorporation of Sn into the lattice is observed for ns
laser annealing (355 nm) with a pulse energy density
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Fig. 4. X-ray diffraction (XRD) patterns of the as-deposited
Ge1_zSng film (1) and the Gej_zSn, film annealed by laser

radiation with A = 355 nm at a pulse energy density of
0.2 J/cm? (2)

in the range of 0.2-0.3 J/cm?. A further increase in
the radiation energy density leads to progressive Sn
atom segregation. With an increase in pulse energy
density up to 0.6 J/cm?, the GeSn film completely
evaporates (ablation occurs), resulting in only a low-
intensity second-order band (2TA) at 297 cm ™! from
the Si substrate being detected in the Raman spectra
(Fig. 3, curve 7). Note that for nanosecond annealing
at an energy density of F = 0.1 J/cm?, a band is
observed in the Raman spectrum (Fig. 3, curve 2),
which is a superposition of contributions from the
amorphous and crystalline phases.

As revealed by Raman scattering studies (spectra
not shown), due to the lateral propagation of the ther-
mal front, regions of the GeSn film not directly ex-
posed to the laser beam were also annealed up to a
distance of 2-3 pm from the boundary of the laser
spot. The lateral distance to which the thermal front
propagates can be estimated using the following ex-
pression:

L~ Dth . teff, (4)

where Dy, is the thermal diffusivity of the material,
and t.g is the effective thermal relaxation time of the
heterostructure following the laser pulse. The value
of Diy for the thin GeSn film and Ge buffer layer
at high temperatures lies within the range of 0.1-
0.25 cm?/s. Although the nanosecond laser pulse du-
ration is 22 ns, the effective dissipation time (teg)
of the thermal field in the film during thermal re-
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Fig. 5. Raman spectra of the 10-layer Ge/Sn structure in
the as-deposited structure (1) and after femtosecond laser an-
nealing at accumulated energy densities of 150 J/cm? (2), 170
J/cm? (8), 190 J/cm? (4). For comparison, the Raman spec-
trum of single-crystal Ge is shown (5)

laxation is in the range of 100-250 ns. Substituting
these values into Eq. (4) yields L & 3.2 um, which is
in good agreement with the experimental data. Thus,
the temperature of the thermal wave up to ~3 pum
from the laser spot boundary exceeds the solid-phase
crystallization threshold of GeSn (7' > 300-350 °C),
but remains well below the melting threshold. This is
supported by SEM morphological observations: the
film surface remains atomically smooth, and its crys-
tallization proceeds purely due to the propagation of
the lateral thermal front.

Fig. 5 presents the Raman scattering spectra of
the 10-period Ge/Sn structure after fs laser anneal-
ing as a function of the cumulative energy den-
sity. It should be noted that while studying the
Ge/Sn structures annealed by the ns laser, we an-
alyzed the Raman spectra as a function of the single-
pulse energy density, as one pulse was sufficient to
crystallize the amorphous layer. For femtosecond an-
nealing, a regime with a significantly lower energy
density per pulse was selected; therefore, approx-
imately 10* pulses must strike the same area to
achieve crystallization. As a result, the cumulative
effect drives film crystallization, with the total cu-
mulative energy density being the governing parame-
ter. The initial as-deposited film, as mentioned above,
is amorphous, as evidenced by a broad featureless
band centered at 256 cm~! in the spectrum (Fig. 5,
curve [). Under fs laser annealing at a cumulative
energy density of 150 J/cm?, an asymmetric Ge-Ge
band characteristic of crystalline GeSn appears at
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293.5 cm~!. Note that for femtosecond annealing at
a total energy density of less than 150 J/cm?, the
Raman spectrum is a superposition of contributions
from the amorphous and crystalline phases (spectrum
not shown). An estimate of the tin content incorpo-
rated into the Ge crystal lattice, using spectrum 2
(Fig. 5) and Eq. (1), yields a value of ~7.5 at.%. A
further increase in the total energy density leads to
a gradual shift of the Ge-Ge band. Increasing the
cumulative energy density causes a gradual shift of
the Ge-Ge band toward higher frequencies, signal-
ing enhanced Sn segregation processes. At a cumu-
lative energy density as low as 170 J/cm?, the Ge—
Ge peak shifts to 296.6 cm™!, corresponding to a
substitutional tin content of 3.7 at.% according to
Eq. (1). Further increases in total energy lead to fur-
ther Sn segregation.

Comparing the maximum substitutional Sn in-
corporation achieved via ns versus fs annealing in-
dicates that the former yields a higher substitu-
tional tin fraction: 10.3 vs. 7.5 at.%. This contrasts
with theoretical expectations, according to which
fs annealing should “freeze” Sn atoms into Ge lat-
tice sites more effectively. To elucidate the rea-
sons for this behavior, mass spectrometry measure-
ments using secondary ion mass spectrometry were
performed on initial, ns-annealed, and fs-annealed
samples.

In Fig. 6, a, b, the profiles of Ge and Sn in GeSn
films treated with ns (a) and fs (b) lasers are shown
(blue and red curves, respectively), along with their
distributions in the initial GeSn film (gray curves).
All profiles were obtained from the ratio of ToF-SIMS
signal intensities of Ge™ and Sn™, normalized to the
average Sn content according to EDS analysis.

In Fig. 6, a, an alternation of Ge and Sn lay-
ers is clearly observed in the initial film. After ns-
laser annealing, the distribution profiles of Ge and Sn
atoms remain similar, and at first glance it appears
that complete intermixing of the elements does not
occur; however, the oscillation amplitude of the Sn
atomic concentration in adjacent layers decreases sig-
nificantly. Furthermore, despite the absorption depth
of ns-laser radiation with a wavelength of 355 nm in
the GeSn film being only 10-20 nm, comparison of
the profiles indicates that the distribution of Ge and
Sn atoms undergoes changes throughout the entire
thickness of the film. This indicates that the directed
thermal front from the laser pulse reaches the inter-
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Fig. 6. Profiles of Ge and Sn Loy

in the GeSn films treated with
ns (a) and fs (b) lasers. Pro-
files of the initial film are also
shown as gray curves. The pro-
files were obtained from the ra-
tio of ToF-SIMS signal inten-
sities of Get and Sn*, nor-
malized to the average Sn con-
tent according to EDS analysis.
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to the laser-treated areas of the Depth (nm) Depth (nm)
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face with the Si substrate. The incomplete intermix-
ing of elements between layers observed in the profiles
is because the crater formed during SIMS analysis
partially covers the unannealed area of the film. As
a result of the superposition of signals from the an-
nealed and unannealed regions, such an averaged pro-
file is obtained.

A different pattern of Ge and Sn atomic distribu-
tion is observed after fs-laser annealing (Fig. 6, b). In
this case, the etching raster during SIMS measure-
ments almost completely fell within the fs-treated
area (see inset in Fig. 6, b), as a result of which
interlayer oscillations of the Ge and Sn profiles are
only weakly pronounced. At the same time, blurring
of the interface between the film and the Ge buffer
layer is observed: some Sn atoms diffuse into the
buffer, while Ge atoms, conversely, diffuse into the
film. Consequently, the effect of an increased number
of Sn atoms at the lattice sites during fs-processing
of the film — due to their ultrafast “freezing” — is com-
pensated for by their intermixing with Ge atoms from
the buffer layer.

The Ge content in Fig. 6, b does not reach 100%
due to the diffusion of silicon into the buffer. Note
that the diffusion of Si from the substrate or buffer
layer into the GeSn film could induce a shift in
the Ge-Ge mode. However, according to literature
data, Si contributes noticeably to the shift in the
frequency of the Ge—Ge vibrational mode only at
concentrations xSi > 1 at.%. At lower Si contents,
this shift does not exceed the spectral resolution
of the spectrometer (0.5 cm™!). Furthermore, the
recorded Raman spectra show no bands charac-
teristic of local Si-Ge (390-400 cm~!) and Si-Si
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(500-520 ¢cm~1) vibrations, confirming the absence
of significant interfacial silicon intermixing in the
studied active GeSn layer.

4. Conclusions

Polycrystalline GeSn films were fabricated and in-
vestigated by nano- and femtosecond laser annealing
of amorphous layers grown on a Ge buffer layer on
a Si(100) substrate, varying the pulse energy den-
sity for ns-radiation and the total energy density
for fs-radiation. A comparative analysis of the ob-
tained films was carried out, establishing that for
ns-radiation, the most effective pulse energy density
range for maximum incorporation of Sn atoms into
Ge crystal lattice sites is 0.2-0.3 J/cm?, with the
substitutional tin content reaching 10.3 at.%, which
agrees well with EDS analysis. A further increase in
energy density leads to enhanced tin segregation, as
the increased energy delivered to the material extends
the cooling time and, accordingly, increases the du-
ration of Sn diffusion. For fs-radiation, the most ef-
fective total energy density for Sn lattice incorpora-
tion is 150 J/cm?. The advantages provided by ultra-
fast heating and crystallization processes of the film
during fs-annealing are somewhat offset by interfa-
cial intermixing of atoms with the Ge buffer layer
and Si substrate, as evidenced by SIMS profiles. On
the other hand, fs-laser annealing makes it possible to
obtain a film morphology substantially different from
that obtained by ns processing. In particular, fs-laser
processing is characterized by the formation of laser-
induced periodic surface structures (LIPSS), which
are promising for application in specialized optoelec-
tronic devices.
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JIABEPHO-IHAYKOBAHA KPUCTAJII3ALIA
BATATOIITAPOBUX AMOP®HUX IIJIIBOK Ge/Sn

TIpoBe/ieHO IOPIBHAIBLHUI aHAaJIi3 CTPYKTYPHO-MOPQOJIOTTiYHAX

Ta
TO:.

ONTHYHHUX BJIACTUBOCTEH mosikpucrasivamx IIiBok GeSn
BIIMHOIO 150 HM, c>OpPMOBaHHX METOIOM JIA3€PHOI'O Bimma-

1y amMopdHUX 6araTomapoBUX FeTePOCTPYKTYP Ha 6ydepHOMY
mapi Ge/Si(100) 3 BUKOPUCTAHHAM JBOX TUILB BUIPOMIHIOBAH-
Hsl: IMIIYJIBCHOTO HaHOCEKYHHOro (A = 355 uM) i peMTOCEKYH-
nuOoro (A = 800 HM). 3a HaHUMU CIEKTPOCKOII] paMaHiBCBKOro
posciloBanHs cBiTia Ta X-npomenesol nudpakromerpii (XRD)
BCTAHOBJIEHO, IO IMIy/JIbCHUN HaHOCEeKyHIHHI YD-Bigmana y

By

3bKOMY Jliana3oni rycTunu exeprii iMmyssey 0,2-0,3 JTxk /cm?

€ HaftepeKTUBHIINMUM 7151 36epeKeHHs [IJIAHAPHOCT] ITOBEPXHI

Ta
Ba

JOCSICHEHHSI MAKCUMAJILHOI'O 3aMiCHOrO BOYIOBYBaHHS OJIO-
y By3ui rpaTku repmasiio (go 10,3 ar.% Sn). PemrTocekyH-

nHE Bigmas 3abe3metdye QeIno HIDKYIUN PiBeHb iHKOpIopariil
osioBa (7,5 ar.%) yHacnigok MixkdasHoro nepeminryBaHHs eje-
MeHTiB Sn Ta Ge MiXK IIBKOIO Ta 6ydepHUM IapoM, Mo M-

TB!

epxkeno npodinsamu SIMS. ITokazano, mo Mmopdosiorist mo-

BEpXHI IIIBOK 33 yMOB BHKOPHMCTaHHS I[X JIBOX THIIIB JIa3ep-
HOI OOPOOKH TaKOXK CYTTEBO BiApi3HAETHCA: 30KpeMa, (emTo-
CEeKYH/HUI BiJlIajl CHPUYMUHSE CaMOOPraHi3alliio IIOBEPXHEBUX

e

piommunnx crpykryp (LIPSS), siki € mepcnekTuBHEME JIst

BUKOPHCTAHHS B CHEIiaJIbHUX OIITOEJEKTPOHHUX IPUCTPOSIX.

K

A% 061 caoea: wiaiBku GeSn, JyiazepHuiil Bijmasi, HaHOCE-

KyHIHUN Jia3ep, dpemrocekyHanuumii tazep, XRD, CEM, SIMS,

pamMaHiBCbKa CIHEKTPOCKOIIisl, Cerperaitis.
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