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Abstract. With the increasing availability of scanning laser systems and direct laser writing
and lithography equipment, investigations of laser modification of materials regain their
high relevance for both emerging and well-established semiconductors, such as Si. In this
work, we have used Raman spectroscopy to study the structural modification of amorphous
Si (a-Si), polycrystalline Si (poly-Si), Si nanocrystals embedded in SiO,-matrix
(ncSi-Si0,), as well as SiO,/Si/Si0, multilayer structures, subjected to 1064 nm pulsed
laser annealing (PLA) by a commercial scanning laser (engraver). Raman scattering
spectroscopy was used as the main technique for studying the induced structural changes
due to the high sensitivity of phonon peak parameters to structural disorder and lattice
strain. Comparison of the spectra measured at different excitation wavelengths allows one
to probe the annealed structures at various depths. For a-Si, the PLA induces local
formation of highly crystalline Si patterns. The process exhibits a threshold effect, with
qualitative changes in the spectrum measured for samples annealed at 2-3% change in the
PLA power. For a set of SiO,/Si/SiO, multilayers with different combinations of layer
thickness, PLA results in a relaxation to a state that no longer depends on the thicknesses of
the Si and SiO, layers.
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1. Introduction Many possibilities for modification of the functional

properties of materials, for their advancements in the

Along with the emergence of numerous new materials,
silicon remains the prevailing material in micro- and nano-
electronics and photonics [1-3]. Moreover, in the search
for new materials for electronics, optoelectronics, and
sensors, their compatibility with established Si technology
is often considered a significant advantage. In view of
this, fundamental and applied investigations of various
forms of silicon materials maintain their high relevance
[2-10]. In particular, the interest in porous silicon
(por-Si) is driven by its promising applications in thermo-
electrics and microfluidics [11, 12]. Polycrystalline Si
(poly-Si) crystals and thin films are the basis of
photovoltaics [5, 13, 14] and silicon-on-insulator (SOI)
devices [6, 8, 15-18], respectively. Amorphous Si (a-Si)
is one of the materials used in sensors [19, 20] and low-
cost solar cells [5, 21], photonics [2, 6, 22], and novel
microelectronics [6, 14, 23] and radio-electronics
applications [24].

applications, can be implemented using pulsed laser
annealing (PLA) [3, 12, 25-37]. With availability of
scanning pulsed laser systems and direct laser writing
lithography  equipment, investigations of laser
modification of materials regain their high relevance for
both emerging and well-established semiconductor
materials, such as silicon. For example, laser processing
has substantially contributed to the advancement of
silicon-based solar cells in the last decade [13], enabling
efficiencies above 27% (on a single junction cell), which
is very close to the intrinsic limit of 29.4% [38]. The
compatibility of lasers with mass production and not
requiring vacuum conditions has facilitated their
introduction into existing industrial cell production lines
and offered essential advantages compared to other time-
consuming, costly methods of cell structuring. Laser
technologies will play a crucial role in developing
tandem Si solar cells with perovskites [39].
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Raman spectroscopy is generally one of the most
often used techniques for characterisation of Si-based
functional structures and devices [8, 4, 16, 40—44]. The
advantages of Raman spectroscopy in the structural
investigation of semiconductors in general and silicon-
based structures in particular are better lateral spatial
resolution and less probing depth compared to XRD.
Moreover, the probing depth is strongly dependent on the
wavelength of the excitation laser light (A.) and varies
from ~10nm for Ay.=325nm to ~10 um at A=
830 nm [18]. This also applies to microcrystalline Si
(mc-Si) and polycrystalline Si (poly-Si) because their
optical constants are very close to those of single-crystal
Si. Nanocrystalline Si (nc-Si) may have a stronger
absorption per unit volume due to the resonance effects,
particularly if the band gap increase is caused by the
quantum confinement effect in nanocrystals. An intrinsic
resonance in Si occurs only at 3.4 eV (364 nm), due to
direct gap interband absorption at the I' point [18].
Amorphous Si (a-Si) is featured by a strong absorption of
visible light, thereby reducing the penetration depth of
laser excitation by almost an order of magnitude
compared to (poly)crystalline Si [45].

In this work, we have used Raman spectroscopy and
microscopy to investigate structural modification induced
by PLA in amorphous (a-Si) and polycrystalline silicon
(poly-Si), Si nanocrystals (NCs) in SiO,-matrix
(ncSi-Si0,), as well as Si0,/S1/Si0, sandwich structures.

2. Experimental

PLA treatment was performed with the commercially
available laser engraver FM-30M-A11-D, equipped with
a 30W 1064 nm laser. The laser parameters were the
following: spot diameter 10 um, pulse duration 150 ns,
and nominal pulse energy E,,;=0.75ml). During
processing, the applied pulse energy was set to 16-22%
of E,., yielding absorbed fluences of approximately
60230 J-cm* depending on sample-specific optical
absorption. These peak absorbed fluences exceed the
melting thresholds by orders of magnitude, consistent
with the observed melting/phase—explosion regimes in
the scan tracks. By using a set of filters, the laser power
density can be tuned in a broad range. Preliminary
selection of the regimes suitable for controlled
modification of properties of silicon-based materials was
performed. Different percentages of the laser power
density were used. Other parameters were the following:
50 Hz repetition rate, lane spacing (hatching) 10 pm,
scanning speed of 100 or 400 mm/s. Optionally, the
sample could be thermally heated to 150°C during PLA,
to reduce the drawbacks of the thermal expansion
coefficient difference between the film and substrate or
between the optically heated part of the samples and the
rest of the sample. For each of the chosen PLA regimes,
a sample area of 5x5 mm was treated, which enabled
reliable registration of the Raman signal from the treated
area even without a microscope.

Raman study was performed using the 457 and
830 nm solid-state lasers for excitation, and the spectra

were acquired at a single-stage spectrometer MDR-23
(LOMO) or Renishaw 1000, equipped with a TE-cooled
CCD detector. To preclude any thermal or photo-induced
modification of the samples, the power density of the
laser on the sample surface was kept below 10° W/em?.
Raman spectra were recorded at a spectral resolution of
4cm', as proved by the Si phonon peak width of a
single-crystal Si substrate. The position of the Si
phonon peak at 520.5 cm ' was used as a reference for
peak positions in the Raman spectra of the samples.
Optical (UV-vis) reflection spectra were obtained using
a UV-3600 Plus/UV-3600i Plus spectrometer.

3. Results and discussion
3.1. Raman spectra of the initial samples

Fig. 1 shows typical Raman spectra of initial samples
(before PLA) of a-Si, ¢-Si, Si NCs in SiO,, and poly-Si.
c-Si (used as a reference) exhibits its typical narrow peak
at 520 cm', with FWHM close to 4 cm ', which is deter-
mined by the spectral resolution of the setup. The poly-Si
has a peak with the same FWHM, but its position is
shifted by ~0.4 cm™" to higher frequencies. The latter can
be caused by a weak compressive stress in the lattice of the
poly-Si sample, while the absence of extra peak broadening
indicates that the strain is very homogeneous within the
grains. No broadening due to size effects is expected, due
to um sizes of the single-crystal domains in poly-Si.

The Raman peak of the nc-Si sample is centered
close to the frequency of bulk Si, indicating that the
characteristic size of the crystallites is at least tens of nm.
The FWHM, larger than 10 cm, can be due to the
effects related to the high surface-to-volume ratio in
NCs, namely, quantum confinement, surface disorder,
and inhomogeneous strain. The spectrum of a-Si exhibits
a broad band (FWHM ~ 80 cm ') with a maximum close
to 480 cm ', strongly shifted to lower frequencies
compared to c-Si (520 cm ") due to the bond disorder [4].
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Fig. 1. Typical Raman spectra (Aq=457 nm) of the initial
samples: amorphous Si (a-Si), SiO, film incorporated with Si
NCs (ncSi-Si0,), and polycrystalline Si (poly-Si). A single-crystal
Si wafer (c-Si) was measured as a reference. The inset shows
the range of the crystalline peak in more detail, highlighting the
difference in FWHM and peak position between the spectra.
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3.2 Study on the effect of PLA annealing on the
structure of the a-Si layer

For a-Si, we have found that PLA with ns-pulsed
1064 nm light in an inert atmosphere leads to the
formation of a highly crystalline Si at a certain laser
power. This can be seen from the nearly bulk-like
position of the Raman peak, 519 cm™', observed at
Aexe=457 nm for 16% of the maximum PLA power
(Fig. 2). Notably, the peak width decreases only by
~l cm’', in the sample treated with 19% power, but is
significantly narrowed and shifted to 520.5 cm™' at 22%
of PLA power. This observation indicates that the PLA-
induced crystallization of a-Si is a pronounced threshold
process. Comparing the latter spectrum with the
reference c-Si spectrum (thin grey line in Fig. 2), one can
conclude that the peak position at 520 cm ' corresponds
to highly crystalline material with the crystal grain size
of tens of nm and a certain value of the compressive
strain. The larger FWHM (7 cm') compared to c-Si
(4cm™) can be the result of a moderate quantum
confinement and minor strain inhomogeneity.
Furthermore, the asymmetry of the peak at the low-
frequency side indicates that even at 22% of the PLA
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Fig. 2. Raman spectra of PLA-treated a-Si, measured at
Aexe =457 nm (solid lines) and 830 nm (dashed lines). The
solid grey line is c-Si at A, =457 nm shown as a reference.
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Fig. 3. Raman spectra of PLA-treated Si0,:Si sample, excited

with A =457 nm (solid lines) and 830 nm (dashed lines).

power, the incomplete transformation into large
crystallites occurred, and a minor part of the material
remains in the form typical for the samples treated at
16% and 19% of the PLA power.

At Aexe= 830 nm (Fig. 2, dashed curves), the spectra
of the initial and all PLA-treated a-Si samples exhibit
only a sharp line of single-crystal Si, without noticeable
manifestations of the amorphous or nanocrystalline
phases. This can be explained by a large penetration
depth of this wavelength, ~10 um, consequently, the
Raman signal of the Si substrate dominates the spectrum.
In the spectra of the annealed samples, the integral
intensity increases by 2-3 times, presumably due to the
contribution of the crystallized a-Si layer and deeper
penetration of the exciting beam into the substrate.

3.3. Study on the effect of PLA annealing on the
structure of the nc-Si layer

For the ncSi-Si0, sample, at A= 457 nm, PLA leads to
a downward shift of the Raman peak, from 521 to
518 cm', without significant narrowing (Fig. 3, solid
curves). This can be due to the formation of Si crystal-
lites from small and presumably amorphous Si clusters
and free Si ions, present in the initial sample. We can
assume that the spectrum of the initial sample is domi-
nated by the signal of the substrate. The efficiency of
crystallization increases with increasing PLA power, up
to a domination of the signal of crystallites in the spectrum
of the sample treated at 22% of PLA power (Fig. 3).

This assumption is confirmed by the inspection of
the spectra recorded at A= 830 nm (Fig. 3, dashed
curves). At this A, the spectral resolution is higher due
to stronger light dispersion in the red than in the blue
range. In this case, one can observe two components in
the spectra corresponding to 19% and 22% PLA power.
Considering that the 830 nm wavelength penetrates much
deeper into the Si substrate (~ 5 um) compared to
457 nm (~ 0.5 um), the shape of the spectra at
Aexe = 830 nm can be explained as follows. For the initial
sample, the spectrum differs from the one obtained at
Aexe= 457 nm only by a smaller FWHM (due to better
dispersion in the red) and stronger intensity (due to
deeper penetration in the Si substrate). A similar situation
also occurs in the case of 16% of PLA power. For 19%
PLA power, a threshold crystallisation was apparently
achieved, and A.= 830 nm can register its contribution
as a Raman line at 518 cm '. However, a large portion of
the 830 nm photons reach the substrate and contribute to
the component close to 521 cm . At 22% of PLA power,
the situation is qualitatively the same, with a slightly
larger intensity ratio of the nc-Si band to that of the Si
substrate, which is reasonable, because stronger
crystallization can occur at 22% compared to 19% power.
In the case of A= 457 nm, the difference between the
spectra of samples obtained at 19% and 22% of PLA
power was more pronounced than at A= 830 nm,
which is caused by the domination of the signal from
NCs due to stronger absorption of the blue wavelength.
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34. Study of PLA annealing of poly-Si layer

For poly-Si, we have found that the laser annealing at
different intensities and other parameters does not change
significantly the position and width of the peaks, but
causes a strong variation of the intensity of the Raman
peak for A= 830 nm (Fig. 4).

Moreover, the intensity exhibits even opposite
trends in some cases. In the case of the substrate kept at
150 °C, the intensity increases to about one order of
amplitude after the treatment at the highest laser power
(Fig. 4a). When the substrate is kept at room temperature
(and all the other parameters unchanged), no significant
change in the intensity is observed (Fig. 4b). Decreasing
the scan speed (by factor of 4) results in a gradual and
noticeable decrease of the peak intensity (Fig. 4c). Since
the position and FWHM of the peak do not change
significantly in all three cases, the major reason of the
intensity variation and different trends in this variation is
not related to the changed crystallinity of poly-Si.

At Aexe =457 nm, the peak maximum in the spectrum
of the initial poly-Si samples is centered at a much lower
frequency, 518 cmi”' (spectra not shown), but did not show
any significant dependence of the intensity, position, or
the lineshape on the PLA power, substrate temperature,
or scanning speed. Additional complex investigations are
needed to determine the physical reasons for the
observed behaviour of the Raman spectra of poly-Si.

3.5. PLA annealing of a-SiO, embedded into the Si
layer

A perspective application of the PLA of SOI (including
SBI — Si between insulator) structures is a method to
change their strain to increase the mobility of charge
carriers. It is well known that tensile strain in Si layers
significantly increases the electron mobility [4, 15, 17,
28]. In case of SOI, local heating and possibly even
recrystallization of the Si layer by ultrashort (fs—ns) laser
pulses, without noticeable heating of the SiO, layer(s),
may result in relaxation or elevation of the strain/stress in
the Si layer [6, 17]. Below, we demonstrate the results of
the PLA treatment of a series of SOI (SBI) structures
with different thicknesses of Si and SiO, layers.

The scheme of the Si0,/Si/SiO, samples studied in
this work is shown in Fig. 5, and the thicknesses of the
layers are listed in Table 1. Because the penetration depth
of 457 nm light in Si is only ~ 200 nm [18], this ensures
that the Raman spectra recorded at Ao =457 nm originate
solely from the embedded Si layer, without contribution
from the Si substrate.

Table 1. The thicknesses of the investigated SOI samples
according to the notations in Fig. 5.

Sample # 1 2 3 4 5
d,>%%, pm 1 1 1.6 1 2
d¥, um 06 | 05 [025] 02 | 02
d;>%, um 0.7 1 1.1 1 1
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Fig. 4. Normalized Raman spectra of poly-Si samples treated at
various laser powers: (a) substrate temperature is 150 °C,
(b) substrate temperature is 22 °C, (c) substrate temperature is
22 °C and four times lower scanning speed than that in (b). The
absolute intensity of the Raman peaks in each spectrum is
indicated by color bars.

Fig. 5. The scheme of the SiO,/Si/Si0, samples studied in this
work. The thicknesses of the layers are listed in Table 1.

Vertical homogeneity of the individual layers was
observed using the intensity oscillations in optical reflec-
tance spectra (Fig. 6), which allowed us to calculate the
thickness of the layers and verify the values from Table 1.
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Fig. 6. Optical reflectance spectra of the samples of SiO,
embedded into the Si layer. The numbers near the curves
correspond to the sample numbers in Table 1.

Fig. 7a shows a set of typical Raman spectra of the
SOI structure (sample #4), annealed using PLA at various
laser powers (Pppa). The spectra of the initial (not annealed)
sample and of reference single crystal Si are also shown
for comparison. One can see the downward shift of the
peak and the increase in its intensity with increasing Ppy a.

Because the FWHM does not change significantly,
the shift can be caused by the relaxation of compressive
strain or the emergence of tensile strain in the Si layer. It is
known that due to the difference in the thermal-expansion
coefficients of poly-Si and SiO,, the SiO, layer can induce
a significant strain in the poly-Si layer, even at the thick-
nesses equal to several tens to hundreds of nm, and the
value of strain can depend on the SiO, layer thickness [18].

In Fig. 7b, the dependence of the Raman peak inten-
sity (filled symbols) and frequency position (open symbols)
on Py, is plotted for different samples. From this graph,
one can see that different samples have different initial
values and different types of dependence. It is worth noting
that at the highest Ppp, all the samples tend to have the

(a) —— initial (no PLA)

sample #4 1 -ee-ee bulk Si reference
Si0, / Si/ SiO,
P2 19190 D= 457 nm
o |THM/0.2pm/1um
= 22%
g
© @
= 5
3 gl ]
o <
< ol
i —

540

530
Raman shift, cm™

500 510 520

Raman peak intensity, counts

same values of Raman peak intensity and frequency
position, which is indicated by the orange circle. One can
assume that the Si layer attains some relaxed state, which
is more determined by the power of the light pulses rather
than by initial conditions, which vary between the samples.

4.

In this work, we have investigated the induced by annealing
with a commercial near-infrared scanning ns-pulsed
lasers structural modification of amorphous, porous, and
polycrystalline silicon, as well as Si0,/Si/SiO, multilayer
structures by using Raman spectroscopy. For a-Si, we
have ascertained that with IR PLA annealing in an inert
atmosphere, highly crystalline Si can be obtained at a
certain laser power, as inferred from the bulk-like
position of the Raman peak, 520.5 cm '. The formation
of Si NCs in the SiO, matrix was shown to be a
pronounced threshold effect launched within a 1-2%
increase in the PLA power. For poly-Si, we have found
that the most significant changes in the spectra are a non-
monotonic variation of the intensity of the Raman peak,
which needs a separate study. The most noteworthy
observation for the SiO,/Si/SiO, system is that samples
with different thicknesses of the SiO, and Si layers obtain
very close values of the Raman peak intensity after the
PLA treatment at the highest power density. This can
indicate that PLA annealing drives the crystalline lattice
of the embedded Si layer to a more relaxed state, which
weakly depends on its thickness and the thickness of both
cladding SiO, layers. The obtained results demonstrate a
high potential of PLA with 1064 nm scanning engraver
in tuning the crystallinity and strain state of different
allotropes and micro- and nanostructures of silicon.

Conclusions
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Fig. 7. (a) Typical Raman spectra (A..=457 nm) of SiO,/Si/SiO, structure (#4) subject to PLA annealing at various powers.
The spectra of the initial sample and the reference single-crystal Si are shown for comparison. (b) Dependence of the Raman peak
intensity (filled symbols) and frequency position (open symbols) on Ppy 4 for different samples. The orange circle indicates that at the

highest Ppp 5, all the samples tend to have the same values.
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PamaniBcbke [OCTiZKeHHI CTPYKTYPHHUX 3MiH Yy KpeMHi€BUX MarepiajaXx, BHK/IMKAHHUX CKAHYBAaHHSM
IY-naHoiMIy1bCHUM JIa3epPOM

B.M. J[I:karan, IL.M. JlutBun, A.A. KopuoBmii, B.O. IOxumuyk, B.B. Crpeabuyk, K.B. CaemxeHuona,
M. Anapociok, O.B. Jly6ikoBcskuid, B.B. I:xaran, C.B. KonapaTtenko

AHoTanis. 3i 3pOCTaHHSIM JIOCTYITHOCTI CKaHYIOUMX IMITYJIBCHUX JIa3€pHUX CHCTeM Ta oOnajHaHHs Iyl Jitorpadil
MIPSIMOTO JIA3€PHOTO 3aINCY AOCHTIIKEHHS JIa3epHO1 Moaudikamii MaTepianiB 3HOBY HaOyBalOTh BEIHKOI aKTyaJIbHOCT1
SK JJIsl HOBUX, Tak i Jyisi 1oOpe BiIOMHUX HaMIBIPOBIIHMKOBUX MaTepianiB, TakUX sSK KpeMHid. Y npaHii poOoTi 3a
normoMororo  PaMaHIBCBKOI  CIIEKTPOCKOMIi  JOCHDKEHO CTPYKTypHY Moaudikamito amopdroro (a-Si) Ta
MOJIIKPUCTANIIYHOTO KpeMHito (poly-Si), HanokpuctaniB Si B Matpuili SiO, (ncSi-Si0,), a Takoxx OaraTonrapoBux
Si0,/Si/S10, cTpyKTYyp, BiAlaIeHUX IMIYJIbCHUM Jia3epHUM BunpoMintoBaHHsM rpu 1064 um (IJIB) 3a momomororo
KOMEPIIHOTO CKaHyrouoro Jjaszepa (rpaBepa). Crekrpockoris PamMaHIBCEKOTO pO3CifOBaHHS Oylia BUKOPHUCTAHA SIK
OCHOBHUI1 METO/ JIOCII/DKEHHS 1HIYKOBAaHMX JIa3€pOM CTPYKTYpPHHX 3MiH, 3aBISIKM BHCOKIH YyTJIMBOCTI IapaMeTpiB
(DOHOHHHX TIKIB 10 CTPYKTYPHOTO PO3YHOPSAAKYBAHHS Ta MEXaHIIHOTO HANPYKEHHS pemriTku. [IopiBHSIHHS CIIEKTPIB,
BUMIPSIHUX IIPU PI3HUX IOBXKHMHAX XBHWJII 30YIKCHHS, NO3BOJISIE NOCHIDKYBAaTH BiANaleHI CTPYKTYpH Ha DIi3HIH
rmbuHl. Jlnsg a-Si iMITynmbCcHMI JTa3epHHH Bigman CHPUYMHIOE JIOKaTbHE (OpMyBaHHS BHCOKOKPHCTAIYHHAX
BkitoueHb. [ Habopy SiO,/Si/Si0, OararomapoBux 3pa3kiB 3 pi3HMUMH KOMOIHAIisMM TOBHIMH Imapis, [JIB
MIPUBOIMTH 0 PeIaKcarlii B CTaH, SIKUH JaJli He 3aIeKUTh Big ToBIIMHU SiTa SiO, mrapis.

Kuro4osi ciioBa: nazepHuil Binman, amopQHHIt KpeMHill, TOMIKPUCTANIYHAN KPEMHIHA, S1 HAHOKpHCTAN.
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