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Abstract. The work is devoted to the formation of polycrystalline silicon coatings on elec-
trospinned nonwoven polyacrylonitrile mats using a metal layer absorbing laser radiation. The
results of experimental studies confirming the presence of crystallized silicon structures on non-
woven polymer substrates are presented. The efficiency of tin films with different thicknesses
is compared when using them as upper laser-absorbing layers during laser-stimulated metal-in-
duced crystallization of silicon. It was found out that during laser processing, the metal does
not ablate completely and the remaining part of it is collected into particles, the size of which
depends on the initial thickness of the metal film. It has also been established that during the
laser annealing process expansion or glass transition of fibers can occur.
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AnnoTanus. Pa6oTta mocBsieHa MoydeHU IO MOJUKPUCTAINYECKIUX KPEMHMEBBIX TOKPBITHI
Ha HETKAHOM HAHOBOJOKHMCTOM IOJMMEPHOM MaTepuajie Mpu IMOMOIIM MOMIOLIAIOIIETO
JIa3€PHOC N3JTY4YCHUC CJ104d OJIOBA. anBeI{eHH PE3YJbTAThI SKCIICPUMECHTAJIbHBIX

PICCJ'[CZ[OBaHHﬁ, IOATBECPXKAAIOIINE HAINMYNC KPUCTATVIM30BAHHBIX KPCMHUCBLIX CTPYKTYP Ha
HETKaHBbIX ITOJIMMCPHBIX ITOIJIOXKKaX.

KinioueBblie ciioBa: HAaHOBOJIOKHUCTBIE HETKAHbIE MaTepHUaibl, MATHETPOHHOE paclblLICHUE,
Jla3ep-CTUMYJIUPOBaHHas KpUCTaJIU3alus KpPEeMHMUSI, MeTaJUI-uUHAYLIMPOBaHHAS
KPUCTAIN3ALNST KPEMHUS
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Introduction

Silicon (Si) is an affordable and well-studied material used in many fields of science and
technology, for example, in micro- and nanoelectronics or solar energy harvesting. Devices using
its polycrystalline (pc-Si) form are among the most promising. Recent research shows that pc-Si
combines advantages such as efficiency close to that of crystalline Si (c-Si) and a relatively low
cost of production [1]. Si films can be crystallized in various ways, but most of them are realized
at sufficiently high temperatures. Metal-induced [2] or laser-stimulated [3, 4] crystallization
methods are used to lower the crystallization temperature. However, both of these methods
reduce the crystallization temperature of Si insufficiently for use bendable polymers as substrates.
Combining the two approaches mentioned above allows minimizing the thermal effect on the
substrate and opens up the possibility of using a larger range of materials [5]. Electrospinned
nonwoven substrates are a unique basis for the production of nanostructures, since the diameter
of their fibers initially lies in the range of hundreds of nm’s.

Materials and Methods

Nonwoven nanofiber substrates were obtained by electrospinning from a solution of
polyacrylonitrile (PAN) in dimethylformamide (0.661 g of dry matter and 5.046 ml of solvent).
When the solution was ready, it was poured into a syringe fixed in a syringe pump. The distance
from the end of the needle to the collector was set to 25 cm. The process lasted 15 minutes, while
the voltage on the high-voltage power supply FUG HCP 140-65000 was equal to 53 kV, and the
rate of extrusion of the solution from the syringe was set to 1 ml/h.

Thin films of Si and tin (Sn) were sequentially deposited to the obtained nonwoven substrates
by magnetron sputtering using the Angstrom Nexdep setup. Four samples were obtained, differing
in Sn thickness: I — 21 nm, II — 49 nm, III — 57 nm, IV — 76 nm. The Si thickness for all
samples was equal to 190 nm.

On the obtained samples, 2x2 mm? squares were annealed with a pulsed laser (MiniMarker 2)
with a wavelength of 1064 nm. Laser processing mode: laser radiation power 0.2 W; pulse duration
4 ns; frequency 60 kHz; laser beam scanning speed 1600 mm/s for samples I and II and 2700
mmy/s for samples I1I and IV. The difference in the velocities of the laser beam for the samples is
due to the different thicknesses of the Sn.

Crystallization was verified using Raman spectroscopy. The spectra were taken at the inVia
(Renishaw) Raman microscope using a laser with a wavelength of 532 nm. The signal accumulation
time was 10 s at each point at a radiation power of 1.25 uW; the laser spot size was 1.3 um. The
spectra were recorded at 16 points at distance of 15 pum.

Scanning electron microscopy (SEM) studies were carried out to observe changes occurring
with nonwoven fibers and layers of Si and Sn after laser treatment.

Results and Discussion

Three of the four samples showed the evidence of crystallization, but even the peak of
amorphous Si (a-Si) is missing from the spectra obtained from the sample with the thinnest
Sn layer (Fig. 1, I). The absence of a-Si peak in the spectra of sample I indicates that not only
metal, but also semiconductor ablation occurred during laser surface treatment. According to the
remaining graphs (Fig. 1, II-IV), it can be seen that there is a clearly distinguishable peak in the
spectra, close to the peak of ¢-Si (520 cm™).

Figure 2 shows the SEM images for each of the samples, as well as a snapshot of the original
PAN fibers and deposited, but not yet laser-treated fibers.

© Kapramosa A.M., CepnobunuieB A.A., BonkosoitHosa JI.[0., 2024. Uznarens: Cankr-IlerepOyprckuii moJMTeXHUUECKUI
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Fig. 1. Averaged Raman spectra of the samples

Fig. 2. SEM images of samples: (¢) — initial PAN fibers; (b) — PAN fibers with deposited layers of Si
and Sn that have not been subjected to laser treatment; (c¢) — I; (d) — 1I; (e) — I1I; (/) — IV

Initial PAN fibers and fibers with deposited layers of Si and Sn before laser treatment do not
have much difference. For sample 1 besides the ablation of Sn and Si, the destruction of the
substrate fibers also occurred. The fibers received enough heat for the glass transition (377 K [6]),
and they lost their flexibility, becoming brittle. The images of samples II, 1II, IV also show
damaged fibers, but their number is much smaller. The images clearly show also that after
laser treatment, Sn is collected into particles, the size of which enlarges with increase of the
thickness of the metal layer. In addition to the particles, the diameter of the filaments also
grows (Table).

Initial PAN fibers have the smallest average diameter. It is then increased after deposition
of Si and Sn layers. A further increase in the fibers diameter can be explained by their thermal
expansion. It can be assumed that substrate heating rate slows down with increase of the thickness
of the Sn, so the fibers do not have time to heat up to the glass transition temperature, but they
manage to expand.

Additionally, the composition of samples 11, 111, IV was analyzed by the EDX before and after
laser treatment. During laser treatment, an average of 13.5 at.% of Sn is removed, the remaining
metal melts and collects into particles that are clearly visible in Figure 2.
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Table
Data obtained during the investigation of samples by scanning electron microscopy
) Chemical composition
Average di- Average % of
Sample ameter of the particle Before laser treatment After laser treatment evapo-
fibers,nm | diameter, nm | =, io0 | Siat% | Smat% | Siat% | aedSn
Initial
PAN 350.74 +£0.49 — — - - — -
PANafter | 309 344 .75 - - - - - -
deposition
I 420.28 £0.75 - - - - - -
II 465.03 £0.55 | 220.97+0.45 | 15.71 £0.01 | 84.29+0.01 | 13.29+0.03 | 86.71 £0.03 | 15.40
1T 450.51+0.78 | 263.55+0.48 | 21.02+0.05 | 78.98 £0.05 | 18.45+0.01 | 81.55+0.01 | 12.23
v 483.43+0.84 | 415.29+0.74 | 26.43 £0.01 | 73.57£0.01 | 22.94+0.01 | 77.06 = 0.01 13.20
Conclusion

pc-Si structures on nonwoven nanofiber substrates using Sn as the upper absorbing layer were
formed by laser-stimulated metal-induced crystallization. The effect of Sn layer thickness to the
pc-Si formation was studied. For this purpose, Raman spectroscopy and SEM were used. It
was found that the thinnest layer of Sn leads to full ablation of deposited layers and destruction
of substrate fibers. Other samples exhibit a different behavior: Sn not only ablates during laser
treatment, but also collects into particles. An average of 13.5 at.% of the Sn evaporates from the
surface of the samples. Also it was found out that PAN fibers undergo thermal expansion during
laser processing and the greater the thickness of the Sn, the more the fibers expand.
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