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Abstract

Ultrashort pulsed laser annealing is an efficient technique for crystallizing amorphous semi-
conductors with the possibility to obtain polycrystalline films at low temperatures, below
the melting point, through non-thermal processes. Here, a multilayer structure consisting
of alternating amorphous silicon and germanium films was annealed by mid-infrared
(1500 nm) ultrashort (70 fs) laser pulses under single-shot and multi-shot irradiation condi-
tions. We investigate selective crystallization of ultrathin (3.5 nm) a-Ge non-hydrogenated
films, which are promising for the generation of highly photostable nanodots. Based on
Raman spectroscopy analysis, we demonstrate that, in contrast to thicker (above 10 nm)
Ge films, explosive stress-induced crystallization is suppressed in such ultrathin systems
and proceeds via thermal melting. This is likely due to the islet structure of ultrathin
films, which results in the formation of nanopores at the Si-Ge interface and reduces stress
confinement during ultrashort laser heating.

Keywords: silicon-germanium multilayer structures; ultrathin films; femtosecond laser
annealing; selective crystallization; stress confinement; Raman spectroscopy

1. Introduction

Semiconductor nanomaterials are one of the blocks of future technologies due to
their unique optical, electrical, thermal, and mechanical properties that are superior to
their bulk counterparts [1]. The most important properties which distinguish semicon-
ductor materials from their bulk counterparts are size-dependent bandgap and quantum
confinement. These properties enable unique phenomena in optics, optoelectronics, and
nanoelectronics, and they are strongly dependent on nanostructure sizes and heterostruc-
ture compositions. As examples, long-wavelength photosensitivity was observed in Ge/Si
heterostructures [2], and efficient light emission from direct-bandgap hexagonal Ge and
S5iGe alloys was demonstrated by Fadaly et al. [3]. Upon semiconductor nanoparticle
synthesis and thin film fabrication, the as-prepared nanomaterial is usually amorphous,
while for their use in real applications, such as sensors, solar energy harvesting, or thin-film
transistors, crystalline nanosized materials are of high demand [4,5]. One of the methods
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of preparing nanocrystals and nanocrystalline thin films is the annealing of amorphous
materials [6]. The traditional method is thermal annealing of the whole structure in a
furnace [7,8], which does not allow for performing selective crystallization of a certain part
of the film or a specific film component. These limitations can be overcome by using laser
annealing [9-12] or combinations of laser and furnace annealing [13,14]. The variety of
available lasers enable the choosing of laser wavelengths and pulse durations to achieve
optimal conditions for selective crystallization [10,12].

One of the advantages of short and ultrashort pulse laser annealing is that, due to
localized rapid laser heating, the heat-affected zone is very small on the scale of the entire
sample, of the order of the irradiation spot diameter in the lateral dimension and the
absorption depth in the longitudinal dimension, and the absorbed laser energy rapidly
dissipates [15]. This allows for controlling the depth of crystallization of amorphous
material [16,17] and can be used for gently crystallizing refractory amorphous films on
non-refractory substrates without thermal damage to the latter [12]. Furthermore, crys-
tallization of semiconductors with ultrashort laser pulses can be achieved, under certain
conditions, at fairly low temperatures, below the material’s melting point [11]. This is
particularly important for semiconductor heterostructures like Ge/Si ones, since, at ele-
vated temperatures, interdiffusion between the Si and Ge layers occurs, which deteriorates
the performance of heterostructure-based devices [18]. Using pulsed laser annealing, it
is possible to produce thin-film transistors (TFTs) based on crystallization of a-Si:H at
relatively low levels of heating. Already, first attempts to fabricate TFTs using pulsed laser
annealing of amorphous silicon have shown good characteristics, with a carrier mobility of
~0.6 cm?/ Vs [19]. In further works, approaches were developed for lateral crystallization.
It was shown that, after laser annealing of amorphous silicon, it was possible to achieve a
carrier mobility up to 410 cm?/V-s [20].

The mentioned features of pulsed laser annealing that enable utilizing non-refractory,
relatively cheap, and flexible substrates are highly beneficial for the fabrication of solar cells,
as for their mass production, there is a need for cheap substrate materials. In recent years,
much effort has also been directed to improving solar cell elements by including nanostruc-
tures of metals and narrow-gap semiconductors in their matrix, which results in enhanced
light absorption [21,22]. In particular, germanium-based nanostructures and nanofilms
attract much attention for applications in the fields of flexible electronics and thin-film solar
elements with improved characteristics [23,24]. Ge/Si heterostructures as well as multilayer
nanostructures, which consist of germanium inclusions in a wider-bandgap silicon, are of
both fundamental and practical interest [25]. Heterostructures with germanium quantum
dots in a silicon matrix integrated into resonator devices allow for reaching quantum
efficiency sufficient for use in silicon optoelectronics [26]. Incorporating germanium and
tin nanoparticles into unalloyed layers of p-i-n structures based on amorphous or micro-
crystalline silicon films enables enhancing the efficiency of solar cells [27] and widening the
absorption spectrum toward long wavelengths for solar elements and photodiodes [28]. It
is known that the difference between the lattice constants of germanium and silicon plays a
significant role in the mechanisms of self-organization of nanostructures (quantum dots)
of germanium [29]. Modulation-doped field-effect Si/SiGe transistors have demonstrated
potential for high-speed applications [30].

Therefore, Ge/Si heterostructures based on amorphous materials can be fabricated on
large areas and on non-refractory substrates, and thus, it is important to develop methods
for their crystallization by laser irradiation. In this paper, we present the results of an
attempt to crystallize ultrathin (3.5 nm) germanium layers in non-hydrogenated multilayer
stacks with silicon films to explore a possibility of formation of periodically located crys-
tallized Ge nanolayers and/or Ge quantum dots that would be suitable for applications
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in optoelectronics. In Section 2, the preparation of Si/Ge multilayers stacks is described,
and the choice of irradiation conditions and the sample analysis are provided. Section 3
presents a detailed description of the results, and in Section 4, we discuss why the laser
crystallization process in multilayer stacks containing low nm Ge films behaves differently
as compared to thicker Ge films, as in [12]. Finally, in Section 5, conclusions are made whilst
outlining further prospectives for Ge/Si multilayer structures and their applications.

2. Materials and Methods

An Si/Ge multilayer stack (MLS) with a size of 25 x 25 cm? consisting of alternating
amorphous Si and Ge nanolayers with thicknesses of 30 and 3.5 nm, respectively, with a
Si layer on the top, were fabricated by molecular-beam epitaxy (MBE) on a 1 mm thick
glass substrate. During the deposition, the temperature of the glass substrate remained
near room temperature, and the deposition rate was 1 A/s for Siand 0.1 A/s for Ge. The
thickness of the layers was controlled by the deposition rate and deposition time. The
grown MLS structures did not contain hydrogen, contrary to the multilayer stacks studied
in [12]. The schematics of the MLS and its irradiation are shown in Figure 1. Using the same
MLS sample ensured that all experiments were performed on exactly identical material.

IR laser
pulse

a-Si 30 nm !
a-Si 30 nm /
a-Si 30 nm

a-Si 30 nm
Glass

a-Ge 3.5 nm

Figure 1. Schematics of a-Ge/a-Si multilayer stack irradiated by laser.

Modification of the Ge/Si stacks was performed using a femtosecond Ti-sapphire
Astrella laser (Coherent, Santa Clara, CA, USA) equipped with an optical parametric ampli-
fier (TOPAS from Light Conversion, Vilnius, Lithuania). For the modification experiments,
70 fs Gaussian pulses in the mid-IR spectral range (wavelength 1500 nm) with the pulse
energy up to 400 pJ were chosen. These irradiation parameters were found previously
to be favorable ones for laser annealing of amorphous semiconductors [12,31]. The laser
beam was focused at a normal incidence on the sample surface by a glass lens (focal length
150 mm) onto a circular spot with an effective diameter of 2wy = 60 £+ 1 um. The spot
size was determined in separate calibration experiments using the D? technique [32] un-
der single-shot conditions. The pulse energy Ey was varied by an attenuator consisting
of a A/2 plate and a polarizer to obtain the peak fluence Fy = 2Ey/ w3 in the range of
20-200 m]/cm?. The uncertainty in the fluence determination was evaluated as 5%. Details
of the annealing experiments can be found in [12,31].
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The phase composition of the irradiated structure was investigated using a micro-
Raman spectrometer (T64000 spectrometer from Horiba Jobin Yvon, Lille, France), which
utilizes a fiber laser at a wavelength of 514.5 nm. The laser beam was focused to a spot of a
10 um diameter. The Raman spectra were collected from the centers of the laser-annealed
60 um diameter spots, i.e., from regions uniformly annealed at the peak fluence F.

Before the laser annealing, the transmission and reflection of the Ge/Si stacks were
measured in a range of wavelengths from 500 nm to 2500 nm using a UV-3600 spectropho-
tometer (Shimadzu, Kyoto, Japan). To register the reflection spectra, a specular reflection
attachment with an angle of incidence of 5 degrees was used. As a reference, an aluminum
mirror was used, and a correction was made taking into account the Al reflectivity. It was
not possible to study the transmission and reflection spectra after laser annealing because
the uniformly annealed spots were too small.

Below, we present the results for 1 and 10 laser shots of irradiation at the same laser
spot. Single-shot irradiation has been demonstrated to enable a-Ge crystallization in GeSi
MLSs and appears to be the most attractive regime for fundamental studies of the laser
annealing process. Ten shots were used, similarly to [33], for exploring practically important
regimes of annealing of large sample areas using laser scanning, and an overlapping spot
was used, and thus, the same sample site was irradiated several times.

3. Results

The transmission and reflection spectra of the as-deposited a-Ge/a-Si stack are shown
in Figure 2. The minima and maxima seen in the spectra correspond to interference inside
the structure. The thickness of the total stack estimated from the interference is ~130 nm,
in agreement with that obtained from the growth rates of the germanium and silicon
nanolayers. It is necessary to mention that the sum of the reflectance and transmittance
is only slightly lower than 100%. The absorption coefficient of the non-hydrogenated
amorphous silicon for a photon energy of 0.827 eV is ~5 x 10°> cm~! [34]. For a total
thickness of the a-Ge layers of ~10 nm, the linear absorption was estimated as ~0.5%, while
non-linear effects are negligible at the laser intensities used for measurements [12]. The
structure of the irradiation spots produced on the Si/Ge MLS is similar to that observed
in [12] and, at fairly high laser fluences, consists of three zones: an external modification
region, a middle damage region, and a central ablation region. The threshold fluences
for the appearance of these regions were measured using the D?> method for Gaussian
pulses [32]. The obtained threshold values for modification, damage, and ablation are only
slightly lower or equal to those of hydrogenated a-Ge/a-Si layers [12] and are 45, 70, and
110 mJ/cm?, respectively. We note that, in the case of ultrathin Ge layers, the threshold
fluences are expected to be governed by silicon, which, being the top layer of the studied
multilayer stack, is the first shield experiencing the laser radiation impact (Figure 1). It is
known that the linear absorption coefficient of non-hydrogenated silicon is higher than that
of hydrogenated silicon [26], and the same tendency should be expected for two-photon
absorption. However, the reflectivity of non-hydrogenated a-Si is also higher [35], which
likely serves as a compensating factor, resulting in the similar modification, damage, and
ablation thresholds.

The Raman spectrum of the as-deposited a-Ge/a-Si MLS is presented in Figure 3. The
spectrum contains wide bands at 150, 280, and 480 cm ™. These bands correspond to the
maxima of the densities of vibrational states for amorphous silicon and germanium. The

1

maxima at 150 and 480 cm™ " are conditioned by light scattering on the local vibrations

of Si-Si bonds of acoustic (neighboring atoms oscillating in phase) and optical (antiphase

-1

oscillations) types [36]. The maximum at 280 cm™" corresponds to light scattering on the

vibrational states of Ge-Ge bonds of the optical type [37]. The maximum in the densities of
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vibrational states of the acoustic type for germanium is located at ~100 cm~! [37], which
cannot be recognized in the Raman spectrum, as this range is cut off by the edge filter. The
narrow lines seen at frequencies smaller than 150 cm ™! are attributable to scattering on
vibrational-rotational modes of molecules in the air [38]. It is known that the vibrational
optical frequency of Ge-Si bonds is approximately 400 cm~! [39], which shifts with the
change in Ge fraction [40]. It is difficult to recognize the presence of these bonds in the
Raman spectra against the background of the wide asymmetric band of Si-Si bonds. Thus,

the as-deposited samples consist of amorphous germanium and amorphous silicon.
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Figure 2. Transmittance and reflectance spectra of an as-deposited a-Si/a-Ge multilayer stack on a
glass substrate.
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Figure 3. Raman spectrum of as-deposited Si/Ge MLS on the glass substrate.

In Figure 4a, the Raman spectra are shown for the Ge/Si MLS after irradiation by
femtosecond laser pulses at relatively high laser fluences of 155 and 130 mJ/cm?. The
number of laser shots onto one spot was 10. The spectra correspond generally to the
Ge-Si solid solutions. The vibrational frequencies of the Ge-Si bonds lie in the range from
~390 cm ! to 440 cm~! [39]. From the spectra in Figure 4, it can be concluded that the
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peaks in this range appear from the oscillations of the Ge-5i bonds, thus indicating that
intermixing of the layers of germanium and silicon occurs with subsequent crystallization.
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Figure 4. (a) Raman spectra of Si/Ge MLS on glass substrate after femtosecond laser annealing with
10 pulses per irradiation spot at high laser fluences. (b,c) Deconvolution of the Raman spectra into
individual Gaussian peaks at fluences of 155 mJ/cm? and 130 mJ/cm?, respectively.

The compositions of the solid solutions of GexSi(;_,) after laser irradiation with the
high and medium fluences were determined using the following method. If the solution is
completely intermixed, the concentrations of Ge-Ge, Si-Si, and Ge-5i bonds depend on the
stoichiometric factor x as follows [39,41-43]:

2
NGeGe = ¥%; Ngesi = 2x(1 —x); Nsigi = (1—x)".
For determining the composition, the following expressions were used:

Isi.si :A(l—x)
IGe-si 2x

(1)

IGe-Ge _ X (2)

IGe—Si 2(1 - x) .

The values Is;.si, Ige-si, and Ige.Ge are the integral intensities of the Raman spectra for
5i-5i, Ge-Si, and Ge-Ge bonds, respectively. The coefficients A and B, which are determined
by the composition-dependent cross-sections of the Raman spectra for different bond types,
were deduced in [39].

To analyze the Ge-Si intermixing efficiency, the Raman spectra were deconvoluted into
Gaussian curves (Figure 4b,c) using the peak fitting software Fityk 0.9.8 [44]. For annealing
with 10 laser pulses at 155 mJ/cm?, the x factor is equal to 0.13 and 0.34 according to
Equations (1) and (2), respectively. Note that the expressions (1) and (2) give the same
composition parameter x only for the cases when the solid germanium-silicon alloy is
uniform throughout the entire thickness of the structure. If, e.g., the structure contains re-
gions of pure germanium, the x value calculated using expression (1) will be overestimated,
while that calculated by expression (2) will be underestimated. In our case, the x value
calculated by expression (1) is smaller than that calculated by expression (2). This indicates
that not all layers are mixed uniformly, and there are some regions enriched by germanium



Appl. Sci. 2025, 15, 11082

7 of 12

and extended regions of pure silicon. The integral intensity Is;.s; in Equation (1) contains
signals from the regions where silicon is non-mixed and mixed with germanium. We note
that according to both equations, the content of germanium in the solid solution is higher
than it should be based on the ratio of the thicknesses of the layers of germanium and
silicon (uniform intermixing assumes a composition of approximately Geg 0gSig92). The
observed Ge-excessive composition indicates that the silicon layers contain both germa-
nium nanocrystals and regions of crystalline germanium, which are separated by transition
layers of solid solution.

After irradiation of the Ge/Si MLS with 10 laser pulses at a laser fluence of 130 m]/cm?
(Figure 4a,c), the bands corresponding to Ge-Ge bonds can still be recognized. This al-
lows for estimating the composition of the solid solution as x = 0.1 and x = 0.23 from
Equations (1) and (2), respectively, which indicates that the solid solution is more homo-
geneous. We note that unmixed silicon can partially be in an amorphous state, which can
explain the estimated enhanced concentration of germanium. Indeed, the crystalline Si-Si
peaks have shoulders toward the amorphous phase (compared with Figure 3) that point
to the presence of an overlapping amorphous peak. At excitation of the Raman spectrum
by green laser light (514.5 nm), the Raman cross-section is larger for crystalline silicon as
compared with amorphous silicon [45]. As a result, Equations (1) and (2) give an underesti-
mated content of silicon and, respectively, an overestimated content of germanium.

At a laser fluence of 80 mJ/cm? (10 pulses, Figure 5), the composition is Geg 0sSig.o2
according to Equations (1) and (2). This corresponds exactly to the composition estimated
from the ratio of the thicknesses of the Ge and Si layers. We assume that, in this regime, a
complete intermixing of layers takes place. Interestingly, this happens in the regimes of
moderate fluences. It can be speculated that, in the case of large fluences (Figure 4), the
complete melting of layers occurs. During cooling, the regions enriched by silicon first
crystallize, and nanoislets of germanium precipitate. However, note that, with single-pulse
irradiation at a fluence of 80 mJ/cm? (Figure 5), the Ge-Ge peak is not recognized, while
the Si crystalline peak starts to emerge.

100 T T T T T T
— 80 mJ/cm’ 10 shots
- - - 80 mJ/cm’ 1 shots

Si-si

~1
w
T
1

Raman Intensity, arb.un
3
T
1

[
3

100 150 200 250 300 350 400 450 500 550
Raman shift, cm™

Figure 5. Raman spectra of Si/Ge MLS on glass substrate after laser annealing with 1 and 10 pulses

per irradiation spot at a medium fluence of 80 mJ/cm?.

Presumably, in the case of formation of the solid solution Geg gSip 9, (Figure 5), com-
plete melting is not reached, and interdiffusion of germanium and silicon can proceed
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partially in the solid state. At one laser shot, complete intermixing does not happen. The
germanium peak is not seen, which indicates that the germanium remains in the amorphous
state. It is known that, under Raman spectrum excitation with green light (514.5 nm), the
Raman cross-section for crystalline germanium is considerably larger than for amorphous
germanium [46]. If the crystalline phase is present, there should be a clear manifestation of
the Ge crystalline peak. The broadened Si peak indicates that the silicon is not completely
crystallized.

At a lower laser fluence of 66 mJ/cm? (Figure 6, left, 10 pulses), it looks like the
germanium remains in the amorphous phase. However, due to ultrathin layers of germa-
nium, most of the Ge fraction is intermixed with silicon, creating a pronounced Ge-Si peak,
while the crystalline germanium phase, if present, is not well distinguished. The silicon
crystalline Si-Si peak is very pronounced, although the shoulder toward the amorphous
phase is even more extended as compared with Figures 4 and 5.

T T T T T T T T T

.l , sisi | )
—— 66 mJ/cm” 10 shots - - - 60mJ/cm” 10 shots
2 ]
| ---60 mJ/cm” 10 shots ——-- 60mJ/cm? 1 shot _
| —-—--60 mJ/cm? 1 shot 40 - ’

x7

—
(73

30

—
o
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[N FEETE FETEY RS ETETE P | 1 1 1

100 150 200 250 300 350 400 450 500 550 200 300 400 500
Raman shift, cm™ Raman shift, cm™

Raman Intensity, arb.un

Figure 6. Left: Raman spectra of Si/Ge MLS on glass substrate after laser annealing at low fluence.
Right: Magnified view of the Raman spectra obtained for 60 mJ/ cm? at 1 shot (blue line, x7) and
10 shots (red line, x4).

With further decreasing the laser fluence (Figure 6, 60 mJ/ cm?, left, 10 pulses), a
considerable part of the silicon remains unmixed, as a peak of nanocrystalline silicon at
513 cm ! is present. Additionally, a peak with a location at 495 cm ™! is pronounced, which
can be attributed to a solid Ge-Si solution. Indeed, according to the experimental fits for
the bond frequencies in the Ge-Si solution [47]:

WGe-Ge = 3003 —32(1 — x) +12(1 — x)?,

— 3)
wsj.gj = 520 — 62x,

this peak should correspond to Si-Si oscillations in the solution Gey4Sigs. Apparently,
germanium is mixed with the nearest atomic layers of silicon with the formation of a solid
solution. The remaining silicon is partially crystallized, as evidenced by the peak with a
position at 513 cm 3. According to the estimations in [39], the size of the crystallites is
about 3 nm. For single-pulse irradiation at 60 mJ/cm?, which is below the modification
threshold, the Raman spectrum is very similar to that of the as-prepared MLS (compare
with Figure 3). We note that at such irradiation conditions, at fluences slightly below the
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modification threshold, the formation of Ge crystallites without signs of mixing between
germanium and silicon in the MLS was achieved in [12]. The possible reasons for the
difference between the results of [12] and the present results for ultrathin Ge layers will be
discussed in the next section.

4. Discussion

One of the initial goals of this study was to achieve the crystallization of ultrathin
(low nm) germanium films in amorphous non-hydrogenated Ge/Si multilayer stacks
whilst preserving the amorphous phase of silicon and avoiding intermixing between
adjacent layers, similarly to what was achieved for Ge/Si MLS with thicker Ge layers [12].
However, as seen from the above results, such a regime is not detected under our irradiation
conditions. In this section, we discuss the difference in the physical properties and processes,
which did not allow here for observing a selective crystallization of germanium in the
Ge/Si multilayer stack in comparison with thicker Ge layers, as in [12].

In [9], successful Ge crystallization without intermixing with the adjacent Si layers
was found at single pulses with a laser fluence slightly below the modification threshold,
while no crystallization signs were detected in the present experiment at such laser fluences.
When applying several pulses, up to 10 shots, a partial crystallization of silicon occurs,
while Ge-5i intermixing is evident with the formation of solid Ge-5i solution. Figure 6, on
the right, demonstrates magnified Raman spectra for the laser-irradiated MLS at a laser
fluence of 60 mJ/cm?, with 1 and 10 pulses presented on the left of Figure 6. If single-
pulse-irradiated stacks do not show any signs of crystallization (compared with Figure 3
for the as-deposited MLS), a small peak of crystalline germanium can be recognized at
10 laser pulses. The peak maximum is at ~287 cm ™!, red-shifted as compared to that of the
~4.5-nm crystallites located at 298.5 cm ! observed in [12], indicating the formation of tiny
Ge crystallites (quantum dot), whose average size is to be determined. Indeed, the red shift
of the Raman spectra increases with the decrease in the nanocrystal size with simultaneous
peak broadening [48,49], which is in agreement with the Ge peak in Figure 6, on the right.
According to Zi’s model [49,50], it can be expected that the average size of Ge crystallites is
1-1.5 nm.

Now the question arises as to why Ge nanolayers do not crystallize in the “cold”
manner, as was proposed in [11]. The main reason can be attributed to the ultrathin
layers of germanium. When amorphous germanium layers are deposited by molecular-
beam epitaxy, they first form islets, which, with the increase in the deposited material,
transfer to continuous layers [50]. We anticipate that ultrathin Ge films are deposited as 0D
nanostructures, which, being covered by thicker silicon layers, unavoidably form nanopores.
Such sandwich structures with nanopores at the interfaces should demonstrate changes
in physical properties, e.g., in thermal diffusivity [51], as compared to their pore-free
counterparts. In the case of laser annealing under our irradiation conditions, germanium
nanolayers readily absorb laser irradiation and heat and then expand. For relatively thick
Ge films, like in [11,12], a-Ge layers are strongly confined by the adjacent silicon layers, thus
experiencing strong stress with the possibility of explosive crystallization below the melting
threshold. For 3.5 nm layers, the pores are expected to be of size comparable with the film
thickness and serve as the stress-release centers upon thermal expansion. As a result, the
stress-confinement regime cannot be realized, and Ge crystallization proceeds via thermal
melting. However, more studies are envisioned for the multilayer formation of Ge nanodots,
which can find application niches in optoelectronics, solar cells, and photodetectors.
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5. Conclusions

In this work, an attempt was made to selectively crystallize ultrathin (3.5 nm) amor-
phous non-hydrogenated germanium layers in a multilayer stack with amorphous non-
hydrogenated silicon films of 30 nm thickness by ultrashort mid-IR laser pulses at a 1500 nm
wavelength. Such pulses were successfully used for laser annealing of thicker a-Ge layers
in a-Ge/a-Si stacks with the formation of a-Ge nanocrystallites without intermixing with
the adjacent silicon layers [11,12]. Selective crystallization of thinner non-hydrogenated Ge
films can enable the formation of periodic nanodots of high photostability embedded in
a silicon matrix, which can find applications in optoelectronics, photodetectors, solar ele-
ments, etc. Nano-inclusions of germanium-silicon solid solutions in amorphous silicon can
also represent nanostructures with a narrower band gap in a wide-bandgap semiconductors
suitable for such applications.

However, the laser annealing results demonstrated a different character of crystal-
lization as compared to those for thicker hydrogenated counterparts. At relatively low
laser fluences, at which selective crystallization was achieved for thicker a-Ge:H layers by
single laser pulses, no change in Raman spectra was observed for the ultrathin a-Ge films
as compared to the as-prepared samples. Crystallization of a-Ge layers was found using
multi-shot irradiation, where intermixing of germanium and silicon was observed with the
formation of solid Ge-Si solution and partial crystallization of silicon. The evident absence
of the explosive crystallization pathways revealed in [11,12] for thicker layers is explained
by peculiarities of deposition of ultrathin films, plausibly providing nanopores at interfaces
in multilayer structures. Nanopores reduce stress confinement for nanofilms thermally
expanding under laser heating, thus eliminating the conditions for non-thermal crystalliza-
tion. This manuscript highlights novel, subtle aspects of laser processing of nanostructured
material, which can be important for achieving desired laser modification results.
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