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An ellipsometric diagnostics of porous silicon samples with different degree of porosity P was carried
out. The porous silicon samples with degree of porosity of 30 % and 60 % were fabricated on (100) silicon
wafers of p-type conductivity with a high concentration of boron dopant by etching in solution of HF and
ethanol. To characterize the optical properties of porous silicon samples the angular dependences of such
ellipsometric parameters as A (cosA) and ¥ (tg#) were measured within a wide range of light incidence an-
gles. Due to their angular dependences the principal angle ¢, of light incidence and a value of tg ¥ni» and
its angular position were determined. The optical properties of the samples of porous silicon with different
degree of porosity after keeping in isopropyl alcohol during one day were also studied. The morphology of
the porous silicon surface was investigated by atomic force microscopy. It was found that the ellipsometric
parameters are significantly different for these two samples of porous silicon with different degree of poros-
ity P, namely the differences in the value of the principal angle of light incidence and the angular position
of the tg ¥ minimum are about 10°. In the framework of the model of the effective medium the obtained re-
sult was explained by the presence in porous silicon sample with P =60 % of larger amount of a substance
with small refractive index, namely air and silicon oxide formed on the walls of its pores. It was estab-
lished that treatment of the samples of porous silicon in isopropyl alcohol during one day and subsequent
keeping of samples in air atmosphere leads to a decrease in the principal angle of light incidence and re-

MYPHAJI HAHO- TA EJIEKTPOHHOI ®I3UKH
Tom 12 No 3, 03024(4cc) (2020)

fractive index due to porous silicon oxidation.

Keywords: Porous silicon, Optical properties, Oxidation, Film, Ellipsometry.

DOTI: 10.21272/jnep.12(3).03024

1. INTRODUCTION

Silicon as a semiconductor material due to its prop-
erties, the perfect technology of mass production and its
low cost is still a basic material in modern microelec-
tronics and solar energy. The practical application of
silicon may be essentially expanded, creating on its
basis the nanostructured and porous media or so-called
black silicon [1].

The peculiarities of the morphology of such materi-
als determine their unique electronic properties and
make it possible their practical application in microe-
lectronics, optoelectronic and photonic devices, chemi-
cal and biosensors, solar cells, drug delivery, etc. [2, 3].

Porous silicon is formed as a layer of different
thickness on the surface of the single-crystal silicon in
which a huge number of tiny pores are formed as a re-
sult of electrochemical etching. The optical properties of
these materials differ significantly from those for the
single-crystal silicon [4, 5].

In this work, the diagnostics of porous silicon with
different degree of porosity by an ellipsometric method
was performed and its optical characteristics were
compared too. Influence of the treatment of the samples
of porous silicon in isopropyl alcohol during one day
and subsequent keeping of samples in air atmosphere
on ellipsometric parameters was also investigated.

2. SAMPLES AND RESEARCH METHODS

The porous silicon (PS) samples were fabricated by
the electrochemical etching of (100) p-type silicon wa-
fers with a high concentration of boron dopant (10%9-
1020 ¢cm —3) in a solution of 49 % HF and pure ethanol.
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The porosity values of the samples (30 and 60 %) were
set by the different anodization current densities
(10 mA/cm2 and 150 mA/cm2, respectively). The PS
samples were also treated by isopropyl alcohol during
one day. Further, these samples were kept in air at-
mosphere for certain periods of time.

Optical polarization measurements were carried out
using laser ellipsometer LEF-3M-1 at a wavelength of
632.8 nm under atmospheric conditions. For porous
silicon samples, ellipsometric parameters such as a
phase shift A between p- and s-components of the polari-
zation vector and an azimuth ¥ of the restored linear
polarization were measured for two mutually perpen-
dicular directions in own plane of each sample with aim
to characterize the optical anisotropy within surface
layer of PS samples at variation of the angle ¢ of light
incidence. The angular orientation of the sample in its
own plane was conventionally designated by azimuths
a=0° and 90°.

All angular dependences of the ellipsometric parame-
ters cosA(p) and tg ¥(¢) of the investigated samples were
analyzed and the principal angle ¢, of light incidence
(cosA =0), the angular positions of minimal value of
tg Ynin and minimal value of tg¥nin are obtained from
these dependences by method presented in work [6].

The morphology of the PS surface was studied by
AFM. The PS samples demonstrate an evidence of reg-
ularly shaped pattern on their surfaces (Fig. 1).

The islands oriented in the same direction have
shapes which are similar to those influenced by face-
centered cubic crystal lattice of the silicon substrate
characterized by the Miller indices (100). The morphol-
ogy of the structured surface is dependent on the sam-
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ples fabrication parameters.
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Fig. 1 — AFM images of the surface of PS samples with porosi-
ty P =30 % (a) and 60 % (b)

3. RESULTS AND DISCUSSION

The angular dependences of the ellipsometric pa-
rameters cosA and tg ¥ obtained for the two PS samples
are shown in Fig. 2.

It was found that angular dependences of both ellip-
sometric parameters are significantly different for the
samples of PS with various degree P of porosity. In par-
ticular, the difference in the value of the principal an-
gle of incidence and the angular position of the tg¥
minimum is about 10°.

For a substance with very small absorption index,
the change in ellipsometric parameters is mainly due to
changes in the refractive index [7]. The effective refrac-
tive indices of the PS samples were obtained in the
model of a filmless semi-infinite reflective medium.
Significant difference in the value of the refractive in-
dices was obtained for silicon samples with various po-
rosity, namely for the sample with P =30 % it is value
of n =2.40, whereas for the sample with P=60 % it is
equal to 1.40.
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Fig. 2 — Dependences of cosA(¢) (a) and tg H(¢) (b) for PS sam-
ples with P=30 % (1) and P =60 % (2)

In the framework of the model of the effective medi-
um the obtained result may be explained by the pres-
ence in Si sample with P=60 % of larger amount of a
substance with small refractive index, namely air and
silicon oxide formed on the walls of its pores.

In Fig. 3 and Fig. 4, it is presented the angular de-
pendences of the ellipsometric parameters cosA and tg¥
for the samples of PS with different degree P of porosity
before and after surface treatment by isopropyl alcohol
obtained near the principal angle of light incidence.

It is seen that as a result of an interaction of isopro-
pyl alcohol with a sample surface and subsequent keep-
ing of samples in air atmosphere the angular depend-
ences of the ellipsometric parameters somehow change.

In particular, the maximal decrease of the principal
angle of light incidence (about of 0.5-0.9°) for both sam-
ples of PS occurs after their keeping in air atmosphere
during 2 months. It is probable that the observed
changes in the behavior of the ellipsometric curves are
due to changes in atomic and electronic structure and
appropriate topological parameters of the subsurface
layer of PS owing to the penetration of the liquid (alco-
hol) into this subsurface layer. In accordance with the
relationship n = singytggpcos2 ¥ the refractive index of
PS after such treatment should be diminished.
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Fig. 3 — Dependences of cosA(p) (a) and tg H(¢) (b) for PS sam-
ple with P =30 % before surface treatment by isopropyl alco-
hol (date of measurements: 03.05.2019 — 1 (a= 0°), 1’ (= 90°))
and after it (measurements dates: 15.05.2019 — 2 (a= 0°),
2" (¢=90°); 22.05.2019 — 3 (a=0°); 07.06.2019 — 4 (a=0°);
02.07.2019 — 5 (a=0°))

Apparently after the alcohol penetration into the
pores of PS samples some part of pores instead of air
atmosphere is substituted by liquid (alcohol) with high-
er refractive index (of the order of 1.37) that should
lead to an increase in the effective refractive index, and
hence the principal angle of light incidence ¢, of the
surface layer of the PS. At the same time, cause of the
opposite behavior of the optical properties of PS after
treatment by isopropyl alcohol is observed due to its
further evaporation in air atmosphere and probable
oxidation of silicon. The growth of some amount of sili-
con oxide, which possesses much smaller refractive
index of 1.46 in comparison to that of silicon (n = 3.88),
could cause the significant decrease of the principal
angle of light incidence as well as the effective refrac-
tive index of the surface layers of PS after samples pro-
cessing in isopropyl alcohol during one day and then at
their further keeping in air atmosphere.

To a certain extent, our above-mentioned suggestion
with respect to oxidation effect is confirmed by data
published in work [3] where the PS surface was
modified by another organic substance, namely aqueous
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Fig. 4 — Dependences of cosA(¢) (a) and tg H(¢) (b) for PS sam-
ple with P =60 % before surface treatment by isopropyl alco-
hol (date of measurements: 18.04.2019 — 1 (a= 0°), 1’ (a= 90°))
and after it (measurements dates: 10.05.2019 — 2 (a=0°),
2 (o= 90°); 22.05.2019 — 3 (a=0°); 07.06.2019 — 4 (a = 0°);
02.07.2019 — 5 (a = 0°)

solutions of nucleic acids. This similar effect due to the
photoluminescence behavior as a result of such modifi-
cation on the PS was studied and also explained by the
oxidation process influence. The nucleic acid has stimu-
lated some increase of photoluminescence intensity in
the PS which was attributed to thinning of the silicon
skeleton in consequence of silicon oxidation.

4. CONCLUSIONS

It was established for PS that a twofold difference
in the degree of porosity leads to the significant differ-
ence in optical properties of the surface layer. The ef-
fective refractive indices n of the PS samples obtained
in the model of a filmless semi-infinite reflective medi-
um for the samples with P=30 % and P =60 % were
equal to 2.40 and 1.40 respectively.

The treatment of the samples of PS in isopropyl al-
cohol during one day and ther further keeping in air
atmosphere leads to some decrease of the principal an-
gle of light incidence and the effective refractive index
due to oxidation process within surface layer of PS.

03024-3



L.V. POPERENKO, S.G. ROZOUVAN ET AL.

REFERENCES

X. Liu, P.R. Coxon, M. Peters, B. Hoex, J.M. Cole, D.J. Fray,
Energ. Environ. Sci. 7, 3223 (2014).

L.D. Stefano, L. Rotiriti, I. Rea, 1. Moretti, I. Rendina, Phys.
Status Solidi C 4, 1941 (2007).

V.B Shevchenko, O.1. Datsenko, V.M. Kravchenko, V.A. Makara,
V.V Prorok, J. Nano- Electron. Phys. 11, 03005 (2019).

JJ. NANO- ELECTRON. PHYS. 12, 03024 (2020)

M. Fried, T. Lohner, O. Polgar, P. Petric, E. Vazsonyi, 1. Barsony,
J.P. Piel, and J.L. Stehle, Thin Solid Films 276, 223 (1996).
A. Shokrollahi, M. Zare, A. Mortezaali, R. Sani, J. Appl. Phys.
112, 053506 (2012).

D. Gongalves, E.A Irene, Quim. Nova 25, 794 (2002).

V. Makara, V. Odarych, O.Vakulenko, O. Dacenko, Thin Solid

Films 342, 230 (1999).

KyrtoBa enincomerpist moBepxHEBUX IIAPIB MOPYBATOTO KPEMHIIO
JI.B. ITomepenxo, C.I'. Posysan, 1.B. IOprenesuyu, I1.0. Jlimyx

Kuiscoruli nayionanvruli yHisepcumem imeni Tapaca Illesuernka,
8ysi. Bonooumupcora, 64/13, 01601 Kuis, Yrkpaina

IIpoBemeno emimcoMeTpUYHY IiaTHOCTUKY 3PA3KIB IIOPYBATOr0 KPEMHIIO 3 PI3HUM CTYIIEHEM II0PYBATOCTI
P. Bpasku mopysaToro KpemHio 3i crymereM mopysaTocti 30 % Ta 60 % 0ys10 oTpEMAaHO HA IIACTHHAX Kpe-
MHi© (100) 3 p-TUIOM IIPOBITHOCTI, JOTOBAHUX GOPOM BHCOKOI KOHIIEHTPAILLI], IIJITXOM TPABJIEHHSA Y PO3UNHL
HF ra eramony. s xapakTepusaliii OOTUYHUX BJIACTHBOCTEH 3PA3KiB IIOPYBATOr0 KPEMHII0 BUMIPIOBAJIMCH
KYTOBI 3aJI€KHOCT] TAKUX €JIIIICOMETPHYHUX ITapaMeTpiB K A (cosA) Ta W (tg¥) B mmporomy iHTepBasIl Ky-
TiB mamiHHA cBiTyIa. 3 IX KyTOBUX 3aJIeKHOCTEHM BU3HAYAIUCEH TOJIOBHUM KYT IIAIHHSI CBITJIA @) TA BEJIUYNHA
tgWmin 1 11 KyTOBE mOsIOsKEeHHS. Takox OyJI0 TOCTIIZKEHO OIITUYHI BJIACTUBOCTI 3PA3KIB ITOPYBATOr0 KPEMHIIO 3
PI3HHM CTyIEHeM MOPYBATOCTI MiCJA IX BUTPUMYBAHHS B 130IIPOITIJIOBOMY CIIMPTI IIPOTSTOM OXHiel T00H.
MopdoJtorito mmoBepxHi 3paskiB HOPYBATOTO KPEMHI OYJIO JOCIIIIKEHO METOIOM ATOMHO-CHJIOBOI MIKPOCKO-
mii. 3HaliIeHo, 10 eIIIICOMEeTPHUYHI ITapaMeTpH IJIA IIUX JBOX 3PA3KIB IIOPYBATOT0 KPEMHI 3 PI3HUM CTYIIe-
HEeM IIOPYBATOCT1 CYTTE€BO BiAPISHAIOTHCA, 4 caMe BIAMIHHICTH Y BeJIMYMHAX TOJIOBHOTO KyTa IAIIHHS CBITJIA
Ta KyTOBOI'O IIOJIOKEHHS MiHIMYMy tg ¥ cryianae mopsiaky 10°. B pamrax momesi edheKTHBHOIO cepeoBUIIA
OllepsKaHl pe3yIbTaTh MOSCHEHO HASABHICTIO Y 3pasKy IIOpyBaToro KpemMHio 3 P = 60% BeuKoi KiJIBKOCTI pe-
YOBHHU 3 MAJIUM IOKA3HUKOM 3aJI0MJIEHHSI, 4 caMe IIOBITPS Ta OKCUAY KPEMHIs, 10 YTBOPHUBCS HA CTIHKAX
mop. BeraroBseHo, 1110 00pobka 3pasKiB IOPYyBATOr0 KPEMHII0 130IPOIJIOBUM CIIMPTOM IIPOTATOM OIHiel 100m
3 MOJIAJIBIIIUM BUTPUMYBAHHSIM 3Pa3KIB y IOBITPI HPU3BOAUTE A0 3MEHIIIEHHS TOJIOBHOTO KyTa IAaiHHS CBI-
TJIA TA [TOKA3HUKA 3AJIOMJIEHHS BHACJIJIOK OKVCJIEHHS [IOPYBATOr0 KPEMHIIO.

Kmiouosi cnosa: Ilopysaruit kpemuiit, Orruuni sinactusocti, Oxkucnenns, [Laiska, Exincomerpis.
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