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Pulsed laser crystallization is an efficient annealing technique to obtain polycrystalline silicon or germanium
films on non-refractory substrates. This is important for creating “flexible electronics” and can also be used to
fabricate thin-film solar cells. In this work, near- and mid-infrared femtosecond and picosecond laser pulses were
used to crystallize a Ge/Si multilayer stack consisting of alternating amorphous thin films of silicon and
germanium. The use of infrared radiation at wavelengths of 1030 and 1500 nm with photon energies lower than
the optical absorption edge in amorphous silicon allowed obtaining selective crystallization of germanium layers
with a single laser shot. The phase composition of the irradiated stack was investigated by the Raman scattering
technique. Several non-ablative regimes of ultrashort-pulse laser crystallization were found, from partial crys-
tallization of germanium without intermixing the Ge/Si layers to complete intermixing of the layers with for-
mation of Ge,Sijy solid alloys. The roles of single- and two-photon absorption, thermal and non-thermal
(ultrafast) melting processes, and laser-induced stresses in selective pico- and femtosecond laser annealing are
discussed. It is concluded that, due to a mismatch of the thermal expansion coefficients between the adjacent
stack layers, efficient explosive solid-phase crystallization of the Ge layers is possible at relatively low temper-
atures, well below the melting point.

1. Introduction When thin layers of a narrow-band semiconductor (for example Ge)

are surrounded by layers of amorphous silicon, the pulsed infrared laser

Low-temperature crystallization of thin amorphous semiconductor
films is in high demand for creation of “flexible electronics” devices.
Recently, germanium thin films with a record-high hole mobility were
obtained on flexible plastic using post-growth annealing at relatively
low temperature of 500 °C [1]. However, in order to use inexpensive
plastics as flexible substrates, it is necessary to considerably reduce the
temperature of the processes below 120 °C. This cannot be done for
silicon and germanium films even using metal-induced crystallization
[2]. Pulsed laser annealing appears to be the only suitable technique for
low-temperature crystallization of amorphous semiconductor films on
non-refractive substrates [3-12]] which can also be efficiently used for
structuring of materials [13-16].
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annealing (PIRLA) technique allows to selectively crystallize regions
that absorb infrared light, i.e., Ge layers in our case, if the laser photon
energy is below the optical absorption edge of a-Si (1.3-1.4 eV [17,18]).
Such multilayer (ML) stack structures can be used in p-i-n photodiodes or
solar cells [19]. Recently, attempts were made to selectively crystallize
germanium in amorphous Ge/Si MLs but, since a non-infrared (A = 690
nm) nanosecond laser was used, the laser annealing led to intermixing of
the silicon and germanium layers and to formation of their solid alloy
[11]. Kolchin and coauthors [12] tried to crystallize amorphous Ge(10
nm)/Si(5 nm) MLs using a femtosecond laser (A = 1250 nm, pulse
duration 150 fs). However, regimes of selective Ge crystallization were
not found, possibly due to too high laser fluences applied (above 100
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mJ/cm?) for such ultrathin layers. Recently, we carried out successful
experiments on selective crystallization of germanium layers in an
amorphous Ge/Si ML stack using picosecond 1030-nm laser annealing
[20]. In the present study, we have extended the irradiation conditions
to longer wavelength (1500 nm) and shorter pulse duration (70 fs) and
compared pico- and femtosecond PIRLA regimes with the aim to find
optimal conditions for selective crystallization of Ge layers in Ge/Si ML
stacks without crystallization of silicon and intermixing germanium and
silicon layers.

2. Experimental

A multilayer a-Si:H/a-Ge:H stack consisting of 4 silicon (40-nm
thick) and 3 germanium (15-nm thick) alternating amorphous layers
was produced by plasma enhanced chemical vapor deposition (PECVD)
on a Si(100) substrate with the top layer formed by a-Si. Monosilane
(SiH4) and monogermane (GeH,4) gases diluted by Ar were used as
precursors for the Si and Ge layers, respectively. The temperature of the
substrate during deposition was 225 °C. The thickness of the as depos-
ited layers was controlled using a transmission electron microscope
(TEM JEM-2200FS, 200 kV acceleration voltage) in the cross-section
mode. For TEM measurements, a Si/Ge stack sample was first mechan-
ically polished using a microscope Leica EM TXP and then thinned by a
focused Ar ion beam. The presence of Si-H and Ge-H chemical bonds in
the sample was analyzed using a Fourier transform infrared (FTIR)
spectrometer FT-801 “Simex” with a spectral resolution of 4 cm ™"

The multilayer Si/Ge stack was annealed by either a picosecond laser
(HiLASE PERLA-B, A = 1030 nm, pulse duration 1.4 ps, pulse energy up
to 10 mJ) or a femtosecond laser (Astrella, Coherent) in combination
with an optical parametric amplifier (TOPAS, Light Conversion) deliv-
ering a beam at A = 1500 nm with a pulse duration of 70 fs and pulse
energy up to 0.4 mJ. Both ps and fs pulses had Gaussian spatial and
temporal profiles. The beams were focused at normal incidence on the
sample surface by glass lenses onto circular spots of diameter 2w of 2.1
mm for 1030 nm and 0.53 mm for 1500 nm where g is the beam waist
at the surface defined as the width at 1/e? of the peak intensity. The
o value was measured in every annealing experiment (see Sec. 3.2) by
examining spot images using an Olympus BX43 optical microscope in
Nomarski mode. The pulse energy Ey was varied using a A/2 plate in
combination with a Glan polarizer to give a peak laser fluence Fy = 2Eq/
703 in the range 20-200 mJ/cm? All the PIRLA experiments were
performed under single shot irradiation conditions to avoid accumula-
tion of defects in the stack under multi-shot irradiation [21,22] which
apparently adversely affect the selective crystallization.

The phase composition of as-deposited and annealed ML stack was
studied by Raman spectroscopy using a T64000 spectrometer with
micro-Raman setup and a solid-state fiber laser (514.5 nm) as an exci-
tation source. The excitation laser beam was focused to a 10-pm-diam
spot at the center of the PIRLA-produced spots and thus the Raman
spectra were collected from sites annealed uniformly at the peak laser
fluence Fy.

3. Results and discussion
3.1. Characterization of the as deposited stack sample

Fig. 1 shows a cross-sectional TEM image of as-deposited a-Si:H/a-
Ge:H ML stack. As is seen, the produced layers are identical in thickness,
15 nm for a-Ge and 40 nm for a-Si.

Fig. 2 shows a FTIR spectrum of the as-deposited a-Si:H/a-Ge:H ML
stack in the range of valence mode vibrations of Ge-H and Si-H bonds.
One can see two peaks with the strongest one at ~ 2000 cm™! corre-
sponding to Si-H bonds. Note that hydrogen from the SiH4 precursor is
mainly contained in Si-H bonds, not in Si-Hj bonds, because the latter
would result in a peak at ~ 2090 cm™! [23]. The hydrogen atomic
concentration in the Si layer can be estimated from these data as ~ 10 %
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Fig. 1. TEM image of as-deposited a-Si:H/a-Ge:H ML stack. The dark fields are
Ge layers.
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Fig. 2. FTIR spectrum of as-deposited a-Si:H/a-Ge:H MNLs.
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using the IR-data-analysis method [24]. A weak peak at ~ 1880 cm ™! is
related to valence mode vibrations Ge-H bonds [25]. This peak is
considerably smaller than the Si-H peak, since, first, the thickness of the
germanium layers is 2.7 times less than that of the silicon layers, second,
the Ge-H bond is less strong and, third, the hydrogen concentration in
the Ge layers is apparently lower than that in the Si layers as can be
concluded based on correlations of the peak heights and the thickness of
the layers. The last fact is favorable for the ultrashort PIRLA process
since, at high hydrogen concentrations, dehydrogenation during rapid
heating can cause damages in the layers.

3.2. Laser-induced damage and ablation of the Si/Ge ML stack

Fig. 3 shows optical images of typical spots produced at the ML stack
surface by femtosecond 1500-nm laser pulses at different fluences. The
general structure of the spot is similar to that observed for other mate-
rials, in particular for silicon crystals, irradiated by Gaussian laser pulses
[10,26,27]. At sufficiently high laser fluences, three regions, corre-
sponding to different local irradiation regimes within the spot, are
clearly seen (Fig. 3,c). The central region 3 with a sharp boundary is the
ablation zone. The middle region 2 also has a well-defined boundary
and, according to [26], can be associated with the film damage and
annealing, presumably due to melting of the top Si layer. The external,
barely visible region 1 has a rather fuzzy outer boundary and is possibly
due to silicon oxidation [26] and/or a modification of the upper Ge layer
resulting in the change of contrast in the images. With further increase in
laser fluence, several ablation regions are observed due to complete
removal of top stack layers (Fig. 3,d). At fairly low fluences, below a
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threshold value for ablation, only the regions 1 and 2 are observed
(Fig. 1,a,b).

An analysis of the spot optical images as a function of laser fluence
allowed determining the effective irradiation spot size wo and the
threshold laser fluences for modification, damage and ablation of the
investigated stack sample, Fy, m, Fin g and Fy, . The analysis was based on
the standard procedure for Gaussian beams when the damaged/ablated
area S is related to the pulse energy Eq by [28,29]

2
7w
=""In

5=7

(Eo/Em) €8]
where Eg is the corresponding threshold energy. By plotting the
measured S values as a function of InE, we can obtain both the effective
spot radius wg and the threshold fluence Fy, = 2Ep/nwd. Fig. 4 shows
such a plot for spots produced by 1500-nm, 70-fs pulses. The data yield
good straight line fits in semilog plots confirming the Gaussian profile of
the laser beam. The fits result in the spot diameter 2wy = 0.53 mm and
the modification, damage and ablation thresholds of 50, 70 and 115 mJ/
em?, respectively. Similar spots were produced by irradiating the ML
stack with 1030-nm, 1.4-ps laser pulses (although with considerably
larger sizes) and very similar threshold values were obtained. All the
measured modification, damage and ablation thresholds are summa-
rized in Table 1. Note that, by properly adjusting the brightness and
contrast of the Nomarski polarized light microscopy images, we were
able to clearly identify the outer region boundary (Fig. 3,a,b) and thus to
evaluate the corresponding modification thresholds.

Fig. 3. Images of spots produced on the Si/Ge ML stack surface by single 1500-nm, 70-fs laser pulses at peak fluences of 77 (a), 95 (b), 145 (c) and 170 mJ/cm? (d).
The numbers in (¢) show modification (1), damage/annealing (2) and ablation (3) regions within the spot (see text for details).
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Fig. 4. Modified, damaged and ablated areas of spots produced on the Si/Ge ML stack surface by 1500-nm 70-fs laser pulses as a function of laser pulse energy. The
lines represent the least-square fits according to Eq. (1). The measured threshold energies are indicated.

Table 1
Measured thresholds for Si/Ge ML stack modification (Fy,,), damage (Fy, q) and
ablation (Fy,q) by ultrashort laser pulses.

Irradiation conditions Fipm Fpq Finas mJ/cm?
1500 nm, 70 fs 50 70 115
1030 nm, 1.4 ps 45 65 110

3.3. Phase composition of the PIRLA-processed Si/Ge ML stack

Fig. 5 shows Raman spectra obtained after irradiation of the Si/Ge
MLs at low laser fluences, below the damage threshold, for both fs and ps
pulses. A Raman spectrum of the as-deposited ML stack is also shown.
The latter contains broad bands at ~ 480 cm ™! and ~ 275 cm ™! related
to the density of vibrational states of a-Si [23] and a-Ge [25], respec-
tively. This indicates that all the layers are completely amorphous, since
there are no peaks corresponding to mono- or nanocrystalline phases of
silicon or germanium. It is known that the vibration frequencies of Ge-Si
bonds are in the range from ~ 390 cm ™! to ~ 440 ecm ™! [30]. In Ge/Si
MLs, the Ge-Si bonds can be formed at hetero-boundaries, but, as one
can see, the spectrum of the as-deposited MLs has no features at this
frequency range. This indicates that the concentration of these mixed
bonds is too low to be detected. Note that narrow peaks located at fre-
quencies below 150 cm ™! are due to scattering on rotational-vibrational
modes of the air molecules. It should be noted that the peak from the
silicon substrate (520.6 cm™!), which is usually very large, does not
appear in the Raman spectra. There are two reasons for this. First, the
polarization geometry Z(X’'Y’)-Z (in Porto notation) is forbidden for
monocrystalline Si (100) orientation, where Z is (100), X’ is (011) and
Y’ is (0 1 -1) crystallographic directions. The second reason is that green
light is strongly absorbed by germanium. The penetration length in
germanium is about 10 nm for photons with wavelength 514.5 nm.
Therefore, 45 nm of germanium is sufficient to prevent the excitation
source laser light from reaching the silicon substrate and scattering from
it.

The PIRLA treatment of the Si/Ge stack at fairly low fluences, below
50 mJ/cm? for fs pulses and 40 mJ/cm? for ps pulses, i.e., below the
measured modification thresholds, does not lead to changes in the
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Fig. 5. Raman spectra of pulse-laser annealed Si/Ge ML stack, low fluences
below the damage threshold. The arrow shows a small peak of Ge nanocrystals
produced by ps PIRLA. The spectrum of the as-deposited sample is shown by the
blue dotted line. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Raman spectra, and, therefore, does not cause noticeable structural
transformations in the a-Ge/a-Si ML sample. After the ps PIRLA at a
fluence of 46 mJ/cm?, one can see a transformation of the broad a-Ge
band - a narrower feature at a higher frequency of ~ 296 cm ™! appears
against the background of the amorphous component (Fig. 5, dashed
line). In monocrystalline Ge, the position of the peak for longwave op-
tical phonons active in the Raman process is known to be 301.5 cm ™ **For
nanocrystalline samples, according to the phonon confinement model
(see [31] and references therein), the Raman peak is shifted towards
lower frequencies and the smaller is the nanocrystal size, the larger is the
shift. In the case of Ge nanocrystals (NCs), the observed shift of 5.5 cm!
corresponds to the average NC size of about 3 nm [31]. Note that this
size is much smaller than the thickness of the Ge layers (15 nm). In the
case of femtosecond PIRLA at a fluence of 64 mJ/cm? (solid black curve,
Fig. 3), the NC-Ge peak is higher and narrower, and its position is at
about 298.5 cm ™! (Fig. 5 solid line) that corresponds to the average NC-
Ge size of about 4.5 nm.

Fig. 6 shows Raman spectra obtained after irradiation of the Ge/Si
ML stack at 70 mJ/cm?, i.e., near the damage thresholds for both laser
pulses (see Table 1). Again, the Raman spectra are quite similar for both
fs and ps PIRLA. Under these irradiation conditions, the germanium
layers are already almost completely crystallized, but there is slight
intermixing with the silicon layers. This can be seen from the appearance
of a Ge-Si peak at ~ 400 cm L. In the case of intermixing, it is no longer
possible to accurately determine the size of Ge NCs, since these are no
pure germanium nanocrystals, but nanocrystals from a Ge,Si;., solid
alloy. The position of the Raman peak depends now not only on the size
of the NCs, but also on the stoichiometric parameter x [30]. In addition,
the composition of the NCs can be inhomogeneous. Note, however, that
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Fig. 6. Raman spectra of pulse-laser annealed Si/Ge ML stack, low-middle

fluences near the damage threshold.
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in both cases the unmixed part of the silicon layers remains amorphous.

When laser fluence is increased above the ML stack damage
threshold but still remains below the ablation threshold, laser-induced
crystallization of the Si layers begins. This is manifested by the
appearance of a narrow peak at ~ 510 cm ™! which is more pronounced
at 1030-nm ps PIRLA (Fig. 7). According to the phonon confinement
model for Si nanocrystals [32], their average size under these conditions
is about 2 nm. With further increase in the fluence, above the ablation
thresholds, almost complete intermixing of the germanium and silicon
layers occurs (Fig. 8). Therewith, along with the main peak at 400 cm ™!
related to the solid Si/Ge alloy, an additional peak appears at ~ 430
cm™! (shown by the red arrow in Fig. 8) which is presumably due to
local vibrations of Si atoms in Ge surroundings [30]. However, if the
fluence is not too far from the ablation threshold, there is still a region of
nanocrystalline silicon as manifested by the presence of a narrow peak
at ~ 513 cm™! (Fig. 8, fs pulses). The average size of the Si NCs is
estimated to be about 3 nm in this case. At higher fluences the Si-NC
peak disappears (Fig. 8, ps pulses) indicating that all the layers in the
stack are intermixed. If we assume complete uniform intermixing, then,
based on the Si and Ge layer thicknesses, the stoichiometric parameter x
is expected to be about 0.3 and thus the Si-Si peak should be stronger
than the Ge-Ge and Ge-Si peaks [30], which is not the case. One reason
of this can be in the partial removal of silicon from the irradiation region
due to ablation of the top Si layer. On the other hand, the Si-Si peak is
wider than that observed for a homogeneous solid Ge,Si;x alloy [30].
This indicates that, in our case, the GeSi solid alloy is rather inhomo-
geneous in composition and thickness variations of the x parameter are
possible.
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Fig. 7. Raman spectra of pulse-laser annealed Si/Ge ML stack, middle fluences
above the damage threshold but below the ablation threshold. The arrow shows
the peak of Si NCs produced by ps PIRLA.
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Fig. 8. Raman spectra of pulse-laser annealed Si/Ge ML stack, high fluences
above the ablation threshold. The arrows show the peak of Si NCs produced by
fs PIRLA and an additional peak of intermixed Si/Ge layers produced by
ps PIRLA.

3.4. Analysis of ultrashort-laser-induced processes in Si and Ge layers in
Ge/Si ML stacks

Irradiation of semiconductor materials by ultrashort laser pulses
triggers a wealth of thermal and non-thermal processes in the irradiated
samples [33-35]. When coupling with a bandgap material, a high-power
laser beam generates free electrons via linear and/or non-linear photo-
ionization (depending on the ratio between material band gap and
photon energy). The electrons excited to the conduction band absorb
laser energy and can become highly energetic, providing additional free
electrons in the impact (avalanche) ionization. During femtosecond
laser pulses, the lattice remains cold and, thus, the material occurs in a
highly-nonequilibrium state whose relaxation to equilibrium takes place
in picosecond time scale via electron-phonon coupling. For picosecond
laser pulses, the electron-lattice relaxation proceeds already during laser
action, thus providing some heating of the lattice before laser pulse
termination. Ultrafast heating of a material results in stress generation,
which can culminate in heated region destruction even in the solid state
[36,37]. In semiconductors, ultrafast laser excitation of a dense free-
electron plasma can lead to a phenomenon called ultrafast or cold
melting [38-40]. In nanolayered structures considered here, the situa-
tion can be even more complicated, as the processes mentioned above
can occur differently in adjacent layers, thus creating strong tempera-
ture gradients and a thermal expansion mismatch at interfaces. In this
section, we analyze the major processes induced by ultrashort laser
pulses in amorphous Ge and Si layers under the conditions of our ex-
periments and consider their consequences for Ge/Si multilayer stacks.
The optical and thermophysical properties of silicon and germanium
used in the present estimations are given in Table 2.
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Table 2
Optical and thermophysical properties of amorphous silicon and germanium
used in the analysis.

Parameter a-Si a-Ge
Density, p, g/cm® 2.28 [41] 5.15 [42]
Heat capacity, c;, J/(kg K)) 800 [41] 330 [43]
Melting temperature, Tp,, K 1420 [41] 985 [44]
Heat of fusion, AH,,, J/kg 1.25.10° [41] 3.5-10° [44]
Band gap, Eg, eV 1.7 (direct) [45] ~0.45 [46]

One-photon absorption 0.4 at 1030 nm 3.10% at 1030 nm [48]

coefficient, a, 1/cm [47] 2.35.10° at 1500 nm [48]
1072 at 1500 nm
[45]
Two-photon absorption 2 at 1030 nm taken as negligible for
coefficient, 5, cm/GW [49]° 1030 nm "
0.08 at 1550 nm 12 at 1500 nm [50]
[45]
Reflection coefficient, R 0.4 at 1030 nm ~0.43 at 1030 nm [48]
[51] ~0.4 at 1500 nm [48]
0.31 at 1500
[51]
Young’s modulus, E, GPa 134 [52] 126 [53]
Poisson ratio, v 0.25 [52] 0.25 [54]
Linear thermal expansion 1-10°° [55] 1.7-10°° (solid) [56]

0.9656-10~* (liquid) [57]
Unknown*®

coefficient, oy, 1/K

Rupture tensile strength, GPa 1.6 [58]

 Crystalline Si (no data available for a-Si at 1030 nm).

b Unknown for 1030 nm although calculations [50] show considerable
reduction of 2PA with the photon energy thus implying the dominance of 1PA
under considered conditions.

¢ Considered in estimations to be the same as for a-Si although expected to be
somewhat smaller similar to crystalline Si and Ge [59].

Photo-ionization with generation of the free-electron plasma. In a general
form, ionization kinetics in silicon under excitation by ultrashort near-
infrared laser pulses can be described by the following rate equation
[35,60]:

2572
a; -_ (1 I;)ZI(Z’ 9,0 Iz)hil &0 4 5(1m, — Crm, @)

Here n, and ny, is the free electron and hole densities respectively
(usually assuming n, = np); a and $ are the one- and two-photon ab-
sorption (1PA and 2PA respectively) coefficients; I is the laser intensity;
he is the photon energy; 6(T,) is the electron temperature dependent
coefficient of collisional ionization; C is the Auger recombination coef-
ficient. A similar framework can also be applied for germanium. For the
sake of simplicity, we disregard in our analysis the impact ionization and
recombination during the laser pulse in order to get a rough estimate of
number of electrons excited by photoionization channels, which we
consider here as the dominant processes. The expression for the esti-
mations reads as

(1-R)alt (1—R)’pPt (1 —R)aF (1 —R)’pF?
, ~ = 3
e ho | 2w ho | 2har 3)

where F is the incident laser fluence and 7 is the laser pulse duration.
The results of the estimations of the free electron density for the
conditions of irradiation by 1.4-ps, 1030-nm and 70-fs, 1500-nm laser
pulses are presented in Tables 3 and 4 respectively. Contributions of the
1PA and 2PA processes are given in separate columns (except the case of
a-Ge at 1030 nm where 1PA is dominant and 2PA may be disregarded).
It is evident that, although for a-Si the two-photon absorption is the
dominating process, the number density of the excited electrons is low,
below 10%° ecm™3. Such excitation level cannot lead to a noticeable
heating as will be shown below. On the contrary, for a-Ge, estimations
show that the one-photon absorption is a governing process, which leads
to generation of very high densities of free electrons although the 2PA
process can also significantly contribute at 1500 nm laser wavelength.
Having the data on the electron excitation and using energy balance
considerations, one may estimate the resulting material heating.
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Table 3
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Results of estimations for 1.4-ps laser pulses at A = 1030 nm of the electron number densities generated in 1PA and 2PA processes, lattice temperature expected after

electron-lattice thermalization, and the fraction of the molten phase f.

Fluence, mJ/cm? a-Si a-Ge
ne, cm > (1PA) N, cm ™2 (2PA) T,K n,, cm~> (1PA) To + AT, K T — fAHp, K f
40 5.16-10'° 2.14-10'8 300.7 3.56-10% 1121 985 0.128
55 6.9-10'° 4.05.10'® 301 4.9-10% 1430 985 0.42
70 8.75-10'° 6.56-10'8 302 6.23-10% 1737 985 0.709
100 1.25-10" 1.34.10'° 304.2 8.9-10% 2353 1292 1
150 1.88-10'7 3.10° 310 1.34.10%2 3391 2330 1
190 2.38-10"7 4.83.10"° 316 1.69-10%2 4198 3137 1
Table 4
The same as in Table 3 for 70-fs laser pulses at A = 1500 nm.
Fluence, mJ/cm? a-Si a-Ge
N, cm > (1PI) n,, cm > (2PI) T, K n,, cm > (1PI) n,, cm 3 (2PI) To + AT, K T — fAHpq, K f
40 2.16-10%° 3.4.10"® 301 7.86-10%° 3.86-10% 541 541 0
55 2.96-10%° 6.43.10'8 302 1.34.10% 7.3.10%° 710 710 0
70 3.77-10%° 1.04-10" 303.4 1.95-10% 1.18:10% 896 896 0
100 5.39-10"° 2.12.10% 306.7 3.5.10% 2.410% 1370 985 0.36
150 8.09-10%° 4.78.10%° 315 7.05-10% 5.4.10% 2457 1396 1
190 1.02-10'° 7.64.10%° 325 1.08:10%2 8.7.10% 3604 2543 1

Heating of a-Ge and a-Si layers; a-Ge melting and melt fraction. The
thermalization between laser-excited hot electrons and lattice in semi-
conductors takes time of several picoseconds so that the thermal con-
duction can be disregarded on such timescales as a slow process. Hence,
the local temperature increase AT = T — T (the initial temperature Ty =
300 K) of the considered materials by ultrafast laser pulses can be
roughly evaluated using the energy balance equation which can be
written as

cppAT =n,(E, + E,) @)

Here ¢, is the heat capacity, p is the density, E; is the band gap, E, is
the average energy of free electrons generated by the laser pulse. We
note that material heating at fluences above the melting threshold
proceeds in three stages, namely (1) heating to the melting point, (2) the
melting stage when material consumes the heat of fusion for lattice
disordering, remaining at the melting temperature, (3) further heating
of the melt to higher temperatures. Thus, the temperature rise obtained
from Eq. (4) allows to estimate if the materials is heated to the melting
point.

We note that, upon very rapid heating, solid materials can experience
substantial superheating to a temperature T,, > T, at which a cata-
strophic homogeneous melting occurs [61-63]. The superheating level
(T3, — Tm)/Tm can reach values of 0.4 or even higher, depending on
material properties and heating rate. Molecular dynamic studies [63]
have revealed that, due to the nucleation catastrophe, the lattice tem-
perature drops at the melting interface (boundary of complete melting)
as a result of the energy expense for the latent heat of fusion (lattice
destabilization). Hence, here we disregard the stage of transient over-
heating and evaluate the molten fraction as

f = CF(T - Tm)/AHm (5)

where AH,, is the heat of fusion. The condition f > 1 means complete
melting and the temperature of the melt can be found from Eq. (4) by
extraction of AH;;. We also note that the average energy of the excited
free electrons can be considered at the level of ~ 2 eV at ultrashort laser
heating to the temperature levels of melting point and slightly above
[35], thus considering this value as Ef, in our evaluations.

Using the described framework, we have evaluated the heating levels
and the molten fractions for both germanium and silicon layers under
our irradiation conditions, assuming for simplicity an insignificant
attenuation of the laser beam in each nanolayer. The results are

presented in Tables 3 and 4 for pico- and femtosecond pulses respec-
tively. In all irradiation regimes studied, the estimations predict only
minor heating of silicon nanolayers via their direct laser excitation. On
the contrary, a-Ge nanolayers should be heated close to or above the
melting point.

For ps irradiation regimes, germanium experiences partial melting at
laser fluences from 40 mJ/cm? to 70 mJ/cm? (Table 3), which should
result in the formation of nanocrystalline phase within amorphous ma-
trix that agrees with the Raman spectra (Figs. 5 and 6). According to
estimations, the fraction of molten phase increases from ~ 20 % at 46
mJ/em? to 71 % at 70 mJ/cm?. In this fluence range, no signs of a-Si
crystallization have been detected while at 70 J/cm? a weak but distinct
peak of Ge-Si intermixing starts to appear (Fig. 6). It can be explained by
the enhanced mobility of Ge atoms in the molten zones, including Ge-Si
interfaces, where covalent Ge-Si bonds can be formed. When laser flu-
ence approaches and exceeds 100 mJ/cm? (Fig. 7), a-Ge nanolayers
become molten completely (Table 3). They can partially transfer the
heat to a-Si nanolayers for their heating that can be followed by for-
mation of Si nanocrystals. Here we underline that, for ps irradiation
regimes, the impact ionization process and free-electron plasma ab-
sorption can contribute to heating that is disregarded in the estimations
for simplicity. Thus, the temperature levels in Table 3 may be somewhat
underestimated. However, at F > 150 mJ/cmz, the evaluated tempera-
ture levels in a-Ge nanolayers indicate that heat transfer from molten
germanium to a-Si nanolayers must lead to heating of a-Si above its
melting point. As a result, molten Ge and Si nanolayers can efficiently
mix that is indeed seen in Fig. 8.

The situation with fs laser pulses is more complicated. For laser
fluences of 40-70 mJ/cm?, the estimations show that a-Ge layers do not
reach the melting point. Although impact ionization, if considered, may
somewhat increase the evaluated temperature levels, we underline that
this process is less efficient for fs pulses as compared to ps ones (impact
ionization is insignificant for silicon at fs laser irradiation [35] that is
even more applicable for Ge with the lower band gap). On the other
hand, at fs laser pulses other processes such as stress formation and so-
called ultrafast melting can influence the overall phenomenon of ma-
terial crystallization. First, we evaluate the possibilities of strong
stresses, which can lead to explosive crystallization of amorphous
nanolayers [65-69].

Role of stresses; explosive crystallization. Upon annealing, amorphous
semiconductor films experience thermal tensile stresses due to a
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mismatch of the coefficient of thermal expansion with the substrate
(between adjacent nanolayers in our case) [64]. As a result, nano-
crystalline phase is formed even at moderate temperatures, well below
the melting point. An external heat source, a laser or a particle beam, can
induce stress in the locally heated amorphous film and trigger a process
called explosive crystallization [65-69]. The heat released in explosive
crystallization heats adjacent regions of amorphous material and thus
provides a propagation of a “crystallization wave”. When knowing the
level of heating within the laser-irradiated spot, maximum stress can be
evaluated as follows [70]:
max Eo/AT

T ) ©

where E is Young’s modulus, q; is the coefficient of linear expansion, AT
is the average temperature increase within the irradiation spot, and v is
the Poisson ratio. Using the data in Table 2, the stresses in a-Ge nano-
layers upon irradiation at 1500 nm wavelength are evaluated to increase
from 0.34 GPa at 40 mJ/cm? to 0.97 GPa at 100 mJ/cm?. Thus, we may
speculate that, in this fluence range, the efficient a-Ge solid phase
crystallization without appearance of NC-Si and Ge-Si intermixing is
possible due to strong stresses in relatively cold a-Ge nanolayers. We also
note that the observed crystallization may be facilitated by the large
mismatch between the coefficients of linear expansion of a-Ge and a-Si
(see Table 2).

As shown recently via atomistic machine learning modeling [71],
amorphous silicon under high pressure experiences a three-step trans-
formation from the amorphous phase to nucleation of crystallites: (1)
formation of coexisting polyamorphic low- and high-density regions; (2)
structural collapse into a high-density amorphous phase; and (3) rapid
nucleation of crystallites in this high-density phase. The authors of [71]
subjected a-Si to a hydrostatic pressure at a constant rate of 100 MPa/ps
with keeping the temperature well below the melting point (at 500 K).
They found that applying such conditions was enough to overcome local
energy barriers for structural transformation of the material towards a
more stable crystalline form. In our case, the dynamic pressure at
picosecond timescale can be even higher, up to several hundreds of MPa
at sub-melting temperature levels. Furthermore, such transformation
can be facilitated by the so-called ‘non-thermal phase transition’.

Can the mechanism of ultrafast non-thermal phase transition promote a-
Ge crystallization? Analyzing the data on the evaluated electron number
density in Table 4, we note that, in fs irradiation regimes, the density of
the ionized atoms in the a-Ge nanolayers approaches the criterium of
ultrafast (non-thermal) phase transition [38-40]. It is accepted that, if a
significant fraction (~10-15 %) of the valence electrons is pumped to
the conduction band of semiconductors, the strong electronic excitation
is almost immediately followed by bond softening and a sharp reduction
of the average bonding-antibonding splitting, lattice destabilization, and
the appearance of so called non-thermal melting already on a sub-ps
time scale [72-76]. Although ultrafast destabilization of the lattice in
already-disordered amorphous semiconductors looks to be rather diffi-
cult to observe, lattice atoms become mobile and can form crystallites as
mentioned above. For low-bandgap semiconductors such as a-Ge, from
the energy balance considerations one can expect a situation when
“ultrafast melting” is not followed by thermal melting. Then, the
destabilized lattice can build its more energetically stable crystalline
form. However, this issue is beyond the scope of the present paper and
calls for further investigations.

4. Conclusions

Pulsed infrared laser annealing (PIRLA) of thin amorphous layers of
silicon and germanium in a multilayer Si/Ge stack has been performed
using two IR lasers with picosecond (1030 nm) and femtosecond (1500
nm) pulse durations with the aim to find conditions for selective crys-
tallization of the Ge layers. The phase composition of the irradiated
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sample was analyzed by Raman spectroscopy and the observed crys-
tallization conditions were correlated with the measured laser-induced
damage and ablation thresholds of the Si/Ge stack. Several regimes of
PIRLA with increasing laser fluence are found for both picosecond and
femtosecond laser pulses. (1) At low fluences, below the damage
threshold, selective crystallization of germanium is observed when the
Ge layers are crystallized into nanocrystals while the Si layers remain
amorphous without noticeable intermixing of Ge and Si. (2) The Ge
layers are almost fully crystallized without detectable Si crystallization
but some Ge-Si intermixing occurs at fluences near the stack damage
threshold. (3) Complete crystallization of the Ge layers with partial
crystallization of Si layers and Ge-Si intermixing are observed at laser
fluences above the damage threshold but below the ablation threshold.
(4) Almost complete intermixing of the Ge and Si layers in the multilayer
stack takes place at high laser fluences, above the ablation threshold.
The crystallization and intermixing processes proceed similarly for the
studied pico- and for the femtosecond PIRLA conditions.

A simple theoretical analysis involving evaluations of electron-hole
generation, heating, molten fraction, and laser-induced stresses has
been performed. It showed that in all experimental regimes, silicon
layers can be heated only slightly by laser irradiation while germanium
layers either approach or even overcome the melting point. It is
concluded that intermixing of Ge and Si nanolayers at high laser fluences
occurs due to heat transfer from molten Ge nanolayers to silicon,
inducing melting of the latter. At optimal irradiation regimes when only
germanium layers demonstrate crystallizations with no intermixing with
silicon, stress-induced explosive crystallization may contribute to the
phase transition process. The question on the possibility of ultrafast non-
thermal phase transition is raised as the evaluated density of electro-
n-phonon pairs is high and can induce destabilization of the amorphous
lattice that however calls for further studies.
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