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Optical conductivity of silicon wafer modified by femtosecond laser irradiation as well as an effect of la-
ser treatment on the optical properties of surface layers of rapidly quenched multicomponent alloy ribbons
have been investigated by ellipsometry. The samples of the nanostructured silicon as isolated cells were
formed on the single crystal silicon wafers by method of laser ablation. Laser beam scanning modes pro-
vide in air atmosphere the synthesis of nanostructured silicon dioxide particles as well as silicon nanopar-
ticles. It was established that ellipsometric parameters and optical conductivity o of the cells of the
nanostructured silicon are significantlly changes for two cell orientations relatively p-direction of the sam-
ple. This means that the formed silicon nanostructures possess essential optical anisotropy as a result of a
deformation influence of laser ablation and an appearance of elastic stresses within the surface layer of the
nanostructured silicon. The optical anisotropy was not found for silicon areas which were not subjected to
laser action and located between the cells of the nanostructured silicon.

The obtained variations of the optical conductivity o of rapidly quenched multicomponent alloy ribbons
as functions of laser pulse energy E as well as a number of pulses N are nonmonotonic and reach a mini-
mum at certain £ and N values. Such behavior of their o during the first phase of laser treatment is relat-
ed to the so-called “laser-induced vitrification” effect owing to additional atomic disordering of the surface
layers of ribbons which are not completely amorphous in the initial state but contain some amount of a
crystalline phase. Then during the second phase of such treatment the current amorphous structure was
continued to be formed and relaxed within surface layer. At the third phase of laser heat action the anneal-
ing of the surface ribbon was observed due to reaching some sufficient laser radiation dose which leads to
the formation of the crystalline phase and, therefore, to an increase in o.

Keywords: Nanostructured silicon, Rapidly quenched alloys, Laser treatment, Ellipsometry, Optical ani-

sotropy.

DOL: 10.21272/jnep.11(3).03032

1. INTRODUCTION

Laser irradiation has various effects on the struc-
ture and optical properties of materials, depending on
factors such as the radiation density, duration of
treatment and atomic and electronic structure of irra-
diated materials. There are several stages of thermal
effects of laser radiation on solid nontransparent mate-
rials (metals, semiconductors, dielectrics), namely,
heating without changing the phase state, melting,
evaporation, laser ablation. The laser ablation is a
promising technique to produce various kinds of nano-
particles (clusters, droplets or solid fragments) [1, 2].
Nanostructured materials have a number of unique
properties that are not observed in bulk matter. In par-
ticular, during recent years the laser ablation is widely
used for the preparation of silicon nanocomposite mate-
rials for electronic devices [3].

In addition, short-time laser treatment of a material
causes so-called “laser-induced vitrification” of its sur-
face, which consists in disordering or amorphization of
the surface layers, since heat exchange with the bulk of
the sample provides high cooling rates. Long-term laser
treatment of the material may cause “laser-induced
devitrification” or “laser annealing” of its surface, re-
sulting in a relaxation of the surface layer structure to
its equilibrium state (for example, the formation of
crystalline phases in the initially amorphous material)
[4]. For study of such effects, amorphous metallic mul-
ticomponent alloy ribbons are well-known base [5].
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The changes in the atomic and electronic structure
of various materials after laser irradiation are revealed
in the behavior of their optical properties [6]. There-
fore, the purpose of this work is to study the optical and
the conductivity properties of the nanostructured sili-
con derived from the irradiation by fiber laser of the
monocrystalline silicon wafer as well as an effect of
laser modification of optical properties of the surface
layers of the rapidly quenched alloys for the samples
which are not completely amorphous in the initial state
but contain small amount of a crystalline phase due to
technological conditions of their preparation.

2. SAMPLES AND RESEARCH METHODS

Nanostructured silicon was formed on the surface of
single-crystal silicon (100) orientation wafer with the
natural oxide layer by laser ablation. Irradiation was
performed in an air atmosphere. The nanostructured
silicon was formed by Yb-doped fiber laser which gen-
erates pulses with energies up to 1 md at a frequency of
1 MHz with a wavelength of 1060 nm. The power of
laser irradiation on the surface of the monocrystalline
silicon ranged from 100 mW to 1 W [3]. Scan modes of
laser beam provide a synthesis of nanostructured parti-
cles of silicon dioxide or silicon nanoparticles. On the
surface of silicon wafer the nanostructured layers in
the form of separate cells were created. Wave structure
as rowing along the short side of a rectangular cell was
formed on the surface of cells.
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Ribbon samples of (Feo.9Cro.1)s5B15 alloys (12 nm in
width and 30-35 um in thickness) for this study were
prepared by rapidly-quenched method. Laser treatment
of the sample surfaces was performed in air using a
YAG free-running pulse laser (wavelength 1= 1.06 um,
pulse duration 4 ms, and frequency 1 pulse per second).
The diameter of the incident beam was equal to 14 mm.
The pulse energy E and the number of pulses N (“dose”)
varied from 1 to 25 kdJ/m? and from 20 to 400, respec-
tively. In order to provide uniform irradiation of the
surfaces, the samples, which were placed on a bulk
heat-removing substrate, were scanned by laser beam
which was normally incident on the surface. The ther-
mal effect AT during the laser treatment was measured
at the untreated face of the sample and did not exceed
50 K at the maximum irradiation dose.

Optical polarimetric measurements of silicon wafer
and (Feo.9Cro.1)s5B15 ribbons were carried out using a
laser ellipsometer LEF-3M-1 at a wavelength
A=632.8 nm. The angular dependences of the ellipso-
metric parameters such as the phase shift A between
the orthogonal components of the polarization vector
and the azimuth W of the restored linear polarization
were obtained for the investigated samples [7]. All an-
gular dependencies of ellipsometric parameters cosA(g)
and tg H(¢) of the samples were analyzed and the prin-
cipal angle ¢ of light incidence (cosA = 0) and tg % (the
value tg ¥ at ¢p) were obtained.

Optical polarimetric measurements were carried
out within the several cells on the silicon wafer and
areas located between the cells for two mutually per-
pendicular directions (azimuthal angles «=90° and
a=0° respectively) in own plane of the sample. For
estimation of electronic properties of the surface layers,
the optical conductivity o for different areas of silicon
sample surface is calculated according to the semi-
infinite medium approximation.

n = singptggpcos2 ¥,
k = singptgppsin2 ¥,
o=nkclA,

where n is the refractive index, % is the absorption in-
dex and c is the light speed, o is the optical conductivi-
ty, ¢ is the principal angle, ¥, is the azimuth ¥at ¢.

3. RESULTS AND DISCUSSION

The obtained ellipsometric parameters ¢, tg % and
the calculated optical conductivity o for different areas
of the silicon sample surface, namely areas which are
located between two neighboring cells (1) and placed in
one of the cells of the nanostructured silicon specimen
(2) are given in Table 1.

Table 1 — Ellipsometric parameters ¢p, tg¥ and o for two
different areas of the silicon wafer

Sa;r;g;e | direction op,° tg% o, 1015 g1
1 a=90° 75.42 | 0.0384 0.49
a=0° 75.44 | 0.0391 0.51
9 a=90° 54.37 | 0.1032 0.12
a=0° 63.57 | 0.4731 0.74
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One can see from the Table 1 that changes of the
ellipsometric parameters ¢, and tg¥, for two mutually
perpendicular directions in own plane of the sample do
not exceed the measurement errors, namely dg, =0.01°
and stg ¥ = 0.0010 for area located between the cells of
silicon wafer (1). For cell of the nanostructured silicon
specimen (2) there are significant differences in the val-
ues ¢ and tg¥, for two cell orientations (a=90° and
a = 0°) relatively p-direction of the sample. For the calcu-
lated optical conductivity similar changes are observed.
In comparison to almost unchanged data for area 1, the
values of optical conductivity within area 2 are changed
six times relatively to each another for two mutually
perpendicular directions in own plane of the sample rela-
tively its p-direction. Similar results were obtained for
other investigated nanostructured silicon cells.

Moreover, the angle dependencies of parameter cosA
for one of the cells of silicon sample measured at four
angle positions of the wafer in its own plane due to ro-
tations by step of 45 degrees are presented in Fig. 1. It
is seen that optical properties of the diagnosed cell are
also significantly different for azimuthal measurements
of nanostructured silicon sample due to formed therein
surface structure after the action of the powerful laser.
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Fig. 1 — Dependencies of cosA(¢) for one of the cells of the ir-
radiated monocrystalline silicon sample at orientations a= 90°
(1), 45° (2), 0° (3) and — 45° (4)

So, optical properties for each cell formed on the sili-
con surface after laser action are anisotropic. This fea-
ture indicates the presence of strain and the appearance
of the elastic stresses inside the silicon layer subsurface
within the sample areas subjected to laser processing.
Such stress distribution within the skin layer probed by
polarized light affects the atomic and electronic structure
of this layer as well as variations in its optical response
to the light excitation which are clearly recorded by el-
lipsometric diagnostics in two perpendicular azimuthal
directions as well as in four a angle orientations.

Amorphous metallic alloys in their optical and elec-
tronic properties are between semiconductors and clas-
sical metals [8, 9]. For comparison, in Fig. 2 the reflec-
tance spectra of ribbons of typical amorphous alloys
Fee7Cr1sB1s, FersTisB20o and Fe7oNiz2o(GeSiB)1o in the
infrared region of 50-450 cm ~! measured using Fourier
spectrometer are shown.
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Fig. 2 — Infrared reflectance spectra of the Fes:CrisBis (1),
FersTisB2o (2) and FenNizo(GesiB)1o (3) amorphous ribbons. The
scale on the right refers to curve 3. Curve 1 is displaced up by
11%
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Fig. 3 — Optical conductivity dependencies o(N) of amorphous
metallic ribbons (FeosCro.1)ssBis at a constant pulse energy
E =25 kd/m? (a) and 7 kd/m?2 (b)

It is seen that behavior of optical properties of these
alloys is not Drude-like ones within the infrared region.
But it is well-known that for metallic materials the spec-
tral behavior in this range must be similar to R — 1
(Hugen-Rubens relation [10]) as wave number v — 0.
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Therefore, it was interesting due to specific atomic
and electronic structure of such materials to investi-
gate the behavior of the optical properties of the amor-
phous ribbons after the action of laser radiation. In
Fig. 3 the optical conductivity o of (Feo.9Cro.1)s5B15 rib-
bons as a function of the number of laser pulses N at a
constant pulse energy E =25 kd/m? (a) and 7 kd/m? (b)
is presented. At low irradiation doses, o clearly de-
creases (by approximately 0.7 -101% s—1, that much more
than the error do=0.11015s-1) and reaches its mini-
mum at N =50 and 200. However, a further increase in
the laser irradiation dose results in an increase of o.

The curves o(E) at constant values N =200 and 50 are
similar (Fig. 4a,b). Consequently, the experimentally
observed behavior of the optical conductivity ois assumed
to be related to the structure relaxation and transfor-
mation within the surface layers of ribbons subjected to
laser treatment.

The obtained results may be interpreted as follows.
In as-rapidly quenched alloys prepared by the spinning
technique, the formation of crystal-like clusters or grains
of crystalline phase is more probable near the free formed
surfaces of ribbons in condition of air atmosphere than
one near the contact surface, since the latter provides
higher cooling rates due to direct contact during fabri-
cation with the cooled rapidly rotating copper disk.
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Fig. 4 — Optical conductivity dependencies o(FE) of amorphous
metallic ribbons (FeosCro.1)ssBis at constant number of pulses
N =200 (a) and 50 (b)
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It is known [11] that the optical conductivity spec-
trum of crystalline bee iron has a wide absorption band
in the photon energy range of 2-2.6 eV. The photon ener-
gy of probing light in this study was equal to 2 eV. This
means that the observed decrease of the optical conduc-
tivity o at the operating wavelength for low N and E
might be attributed to the decomposition of «o-Fe-like
crystalline grains in the surface layer of the ribbons up-
on the additional laser-induced quenching of the surface
layer due to short-term laser heating of the surface and
intensive heat removal through the bulk of the ribbon.

An increase of the laser irradiation dose makes the
conditions of heat removal from the surface insufficient to
provide a high cooling rate. Moreover, the absorption effi-
ciency of the laser pulse energy is improved due to both
an increase in the surface temperature and the formation
of an oxide film on it. Then the processes of structure
relaxation and crystallization at the surface have become
dominant in this case and the amount of new a-Fe-like
crystalline grains increases whereas the laser pulse ener-
gy and the number of laser pulses rise. Such modifica-
tions of atomic and electronic structure in the surface
layers of the ribbons should cause the increase of optical
conductivity that observed experimentally.

4. CONCLUSIONS

The ellipsometric method is strongly sensitive to de-
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Mogudikamis OITUYHNX BJIACTUBOCTEN MOBEPXHEBUX IIAPIB
Ta TOHKHUX ILTIBOK JIA3€ PHOI0 O0POOKOIO

JI.B. ITomrepenxo, B.B. Crykasnenro, I.B. Opremesuu

Kuiscoruli nayionanvruli yHigepcumem imeni Tapaca Illesuernka,
8ysl. Bonnoodumupcora, 64/13, 01601 Kuis, Vkpauna

EsmincomerpmyHuM METOIOM OCIIIIPKEHO ONTHUYHY IIPOBLIHICTH KPEMHIEBOI ILIACTUHE, MOIV(PIKOBAHOI
dheMTOoCeKyHIHMM JIa3ePHUM OIIPOMIHEHHAM, a TAKO BILIUB JIA3€PHOI 00POOKH HA OITHUYHI BJIACTHBOCTI II0-
BEPXHEBUX IIAPIB MIBUIKO3arapTOBAHUX 0ATaTOKOMIIOHEHTHHUX CTPIUYOK CILIABY. 3PasKM HAHOCTPYKTYPOBA-
HOTO KPEMHI y BUTJISAI OKPEMHUX KOMIPOK 0yJio cpOpMOBAHO HA MOHOKPHCTAJIIYHUX KPEMHIEBUX ILJIACTH-
HAX METOJOM JiadepHoi abssamii. PesknMu ckaHyBaHHS JIa3€pHOTO MPOMEHI0 3a6e3edyloTh CHHTe3 y IOBIT-
psaHi atMocdepl HAHOCTPYKTYPOBAHMX YACTHMHOK JIOKCHHY KPEMHII0 Ta KPeMHI€BMX HAHOYACTHHOK. Bera-
HOBJIEHO, III0 €JIIICOMETPUYHI IapaMeTpy Ta ONTUYHA MPOBLIHICTh ¢ KOMIPOK HAHOCTPYKTYPOBAHOTO KPEeM-
HI0 CYTTEBO BIOPI3HAITHCA IJIS JBOX OPIEHTALIM KOMIPKM BIIHOCHO p-HANPAMKY 3paska. Lle osmauae, 1mo
copMoBaHI KpeMHI€BlI HAHOCTPYKTYPH MAIOTh CYTTEBY ONTHYHY AHI3OTPOII0 BHACIIIOK AedOpMAIiiHOIO
BILIUBY JIa3€PHOI a0JIAI] TA BUHUKHEHHS MPY/KHUX HAMPYKEHb B IMOBEPXHEBOMY IIapi HAHOCTPYKTYPOBA-
Horo kpemHio. Jls qiIsiHOK KpeMHI0, Kl He OIPOMIHIOBAJIACH JIA3ePOM 1 PO3TAIIOBAHI MIK KOMIPKaMU
HAHOCTPYKTYPOBAHOIO KPEMHIIO, OITUYHOI aHI30TPOIII] He BUABJIEHO.

OTpumani 3aJeKHOCTI ONTUYHOI IIPOBIMHOCTI O NIBUIKO3AarapTOBAHUX 0AraTOKOMIIOHEHTHHUX CTPIYOK

03032-4


https://doi.org/10.1016/j.phpro.2011.03.104
https://doi.org/10.1080/10408431003788233
https://doi.org/10.1038/nphoton.2013.272
https://doi.org/10.1016/j.matlet.2014.02.002
https://doi.org/10.1023/A:1020574906584
https://doi.org/10.1016/j.tsf.2010.12.049
https://doi.org/10.1016/j.tsf.2010.12.049
https://www.researchgate.net/profile/Debora_Goncalves
https://doi.org/10.1590/S0100-40422002000500015
https://doi.org/10.1134/S106378340703016X
https://doi.org/10.7567/JJAPCP.4.011503
https://doi.org/10.1007/978-1-4419-8164-6
https://doi.org/10.1201/9781315219615

MODIFICATION OF OPTICAL PROPERTIES OF SURFACE ... JJ. NANO- ELECTRON. PHYS. 11, 03032 (2019)

CIIaBY Bin eHeprii j1adepHoro immysbcy E Ta Kigpkocti iMirysbciB N € HEMOHOTOHHHUMHE 1 TOCATAIOTH MiHI-
MyMmy mpu neBHUX 3HaueHHaX K ta N. Taka moBemiHka o mijJ 4ac MHEpPINOro eTamy JasepHoi 00poOKu
[I0B’sI3aHa 3 TAK 3BAHUM e()eKTOM «JIa3epHOI BiTpH@IKaIli» BHACIIIOK JOTATKOBOIO ATOMHOTO PO3yIOPIIKY-
BaHHS ITOBEPXHEBUX IIAPIB CTPIUOK, SIKI HE € TOBHICTI0O aMOPQHUMHK Y BUXIJHOMY CTaHI, 8 MICTSTH JIEAKY Ki-
JBKICTh KpucTamiuHoi dasdu. Ilix gac gpyroro eraiy Takoi 00poOky HasBHA aMOpdHA CTPYKTYpPa IPOIOBIKY-
Basia POPMYBATHCH 1 PeJIAKCYBATH B ITOBepXHeBoMy Irapi. Ha TpeThoMy erarri jiasepHOi TEIJIOBOI il crocTe-
piraBcsi BiAmaJl HMOBEPXHI CTPIYKK 34 PAXyHOK JIOCSATHEHHs JOCTATHBOL JIO3HM JIA3ePHOI0 BUIIPOMIHIOBAHHS,
110 TPU3BOJIUTD J0 YTBOPEHHS KPUCTAJIYHOI hasu 1, oTixe, 10 301IbIIeHHS O.

Kmiouosi ciosa: HamocrpykrypoBauwmit kpemuiit, [lIBugkosaraproBani ciasu, Jlazepua o6pobka, Eomim-
comerpia, OnTruaHa aHI30TPOIILA.
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