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For gas sensorics needs, an attempt has been made to modify a
silicon surface by accelerated charged particles which form tracks.
The influence of irradiation with 6.8-MeV protons, 27.2-MeV a-
particles, and heavy ions (*9Ar, 31Xe, and 2°°Bi) on the opti-
cal and adsorption properties of n-Si and SiO2/Si structures with
nanopores has been studied. Scanning electron microscopy and
atomic-force microscopy were used to analyze the surface mor-
phology. The optical constants n and k of specimens before and
after irradiation were determined making use of multiangle of in-
cidence (MAI) ellipsometry. The modification of optical constants
of n-Si specimens subjected to the pT or a-particle irradiation was
found to be caused by the destruction of a near-surface layer of the
material and to be accompanied by an enhancement of the surface
roughness. The irradiated structures revealed a higher sensitivity
to the adsorption of ammonia and acetone molecules. The opti-
cal constants of SiO2/Si structures were shown to depend on the
material porosity. The fill factor of a SiOg layer irradiated with
131Xe and 299Bi ions was calculated. The most developed pore
surface was found after the irradiation of silicon with 29°Bi ions.
Accordingly, the largest changes of optical constants were observed
in specimens irradiated with bismuth ions.

1. Introduction

Semiconducting micro- and nanoporous materials find
application in gas-sensitive optical sensors due to their
large surface-to-volume ratio. In particular, the prob-
lem of creation of a sensor on the basis of silicon tech-
nologies stimulated an intensive study of porous silicon
(por-Si). Owing to a developed pore system in por-
Si/Si structures, their optical [1, 2|, electrical [3], and
luminescent [4] properties change, when molecules are
absorbed by the surface which can be used at the sen-
sor design. However, por-Si layers produced by electro-
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chemical etching are characterized by a low reproducibil-
ity of their properties, and the geometrical parameters
of nano- and micropores in such a porous material are
widely spread. The variations of pore shapes and sizes
result in changing the optical, electrical, and mechani-
cal characteristics of the material. Therefore, when de-
signing a sensor on the basis of por-Si, a problem to
obtain devices with prescribed parameters arises. In ad-
dition, pores created by electrochemical etching often
turn out to be filled with products of chemical reac-
tions.

In this connection, a challenging problem is a creation
of silicon-based sensor taking advantage of new methods
of controllable nanopore formation. There are a number
of techniques aimed at the fabrication of nano-structured
Si: dc electrochemical etching, pulse anodizing, photo-
chemical etching, and others. The method of ionic bom-
bardment has a considerable advantage over the other
techniques, because it allows not only nanopores of fixed
dimensions and a definite geometry to be obtained on a
silicon surface, but their distribution and concentration
to be monitored as well [5, 6]. When irradiation is car-
ried out with the use of accelerated high-energy particles
(protons, a-particles, or heavy ions) [7], local structural
variations take place near ion trajectories, and tracks are
formed. This results in a modification of the Si and/or
SiOy surface. The following etching in an buffer HF
solution allows a near-surface porous layer to be cre-
ated, with nanopore dimensions ranging from fractions
to hundreds of microns. Hence, one can create a com-
posite material, the physical properties of which would
be governed by silicon, air, and a medium that fills the
pores.
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Fig. 1. AFM images of the silicon surface (a) before irradiation, (b) irradiated with protons to an exposure dose of 1016 cm

(c) irradiated with a-particles to a dose of 1017 cm ™2

This work aims at studying the optical and sensi-
tive properties of silicon wafers irradiated with protons
and helium ions, as well as SiO2/Si structures with a
nanoporous SiOs layer which was formed owing to the
irradiation of silicon with high-energy ions.

2. Fabrication of Specimens and Methods of
Their Research

The objects of our researches in this work were specimens
of two types: monocrystalline Si(100) wafers of the KEF-
1 type with an oxide layer about 15 nm in thickness and
SiO4/Si structures with a system of nano-sized pores in
a thick layer of silicon dioxide (d = 500 nm). The speci-
mens of the first type were irradiated with protons accel-
erated to 6.8 MeV or 27.2-MeV a-particles. Irradiation
was carried out on an U-120 cyclotron at the Institute
for Nuclear Research of the NASU. The path lengths of
those particles in a Si crystal are approximately identical
and amount to about 360 pm.

In order to create a system of nano-sized pores in sili-
con dioxide (SiO2/Si structures), a SiOg layer 500 nm in
thickness was grown by the thermal oxidation of the sil-
icon substrate. For the formation of latent ionic tracks,
Si05/Si structures were irradiated with the following
fast ions: 4°Ar with an energy of 290 MeV to an ex-
posure dose of 2 x 1019 cm™2, 131Xe with an energy of
372 MeV to a dose of 5 x 109 em~2, and 2°9Bi with
an energy of 710 MeV to a dose of 5 x 10'° cm~2. The
irradiated specimens were chemically treated in a 2-%
solution of hydrofluoric acid (30 g of NH4F + 10 ml of
HF + 45 ml of Hy0), which gave rise to the etching of
nano-sized pores in the regions of latent ion tracks. The
chemical treatment time was 6 min.

Optical and sensitive properties of specimens modi-
fied by irradiation were studied using the ellipsometry
method on an LEF-3M zero ellipsometer (A = 632.8 nm).
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Multiangular monochromatic measurements of the po-
larization angles ¥ and A were carried out in a vicin-
ity of the principal angle of incidence of the structure
and following the two-zone technique [8]. The measure-
ment accuracy for polarization angles was 0.09° for A
and 0.03° for .

At ellipsometric measurements, a specimen was lo-
cated in a specially designed chamber, in which the com-
position of a gas environment could be changed. For
studying the sensitive properties, ethyl alcohol, acetone,
and ammonia were used as adsorption liquids.

The optical constants — the complex refractive index
N = n—ik, i.e. the refractive index n and the extinction
coefficient k — were determined, before and after the irra-
diation with high-energy particles, by solving the inverse
ellipsometric equation. In this case, we used the method
of minimization of the special form of the quadratic cri-
terion function [9].

The surface morphology was analyzed with the help
of an S-806 scanning electron microscope (SEM) (“Hi-
tachi”) and an atomic-force microscope (AFM) of the
Dimensional™ 300 type. AFM measurements were
carried out in air at room temperature with the use
of a silicon nitride needle probe which was attached
to an elastic cantilever with a coefficient of rigidity of
0.01 — —0.6 N/m and operating in the tapping mode.
The curvature radius of the cantilever tip was approxi-
mately equal to 10 nm. Such researches allow the surface
microrelief to be studied and the degree of porosity in
the near-surface layer of a SiOs/Si structure to be esti-
mated.

3. Results of Researches and Their Discussion

3.1. Irradiation with protons and a-particles

In Fig. 1, three-dimensional AFM images of silicon spec-
imens irradiated with protons to an exposure dose of
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10'6 cm~2 and with a-particles to a dose of 107 cm™2

are exhibited. The root-mean square surface roughness
of silicon specimens before irradiation was about 0.5 nm.
After irradiation with protons, this quantity grew to
5 nm, and after irradiation with a-particles to 20 nm.
One can see that the silicon surface irradiated with pro-
tons became rougher in comparison with the surface of
the initial material, but the surface roughness after irra-
diation with a-particles increased even more. This tes-
tifies to a considerable destruction of the near-surface Si
layer.

Hard radiation invokes two processes in an irradiated
solid, namely, displacements of atoms from lattice points
and the atomic ionization. Primary defects are formed
as a result of atomic displacements, and their number is
proportional to the integral particle flux. Then the de-
fects are transformed into more complicated radiation-
induced formations. At high particle energies, cascades
can develop in the crystal. The processes of formation,
accumulation, and reorganization of radiation-induced
defects depend on the kind of radiation, particle energy,
temperature, and crystal state [10,11]. In addition, the
atomic ionization near the surface can also bring about
the emergence of half-reversible variations of crystal pa-
rameters stimulated by the accumulation and the migra-
tion of charges in the insulator.

The influence of high-energy protons on solids differs
essentially from that of other forms of radiation. Though
point defects are the dominating type of defects gener-
ated by electrons and gamma-quanta, and complicated
defects of the disordered-region (DR) type are typical of
neutrons, a variety of defect types are formed at the pro-
ton slowing-down in elastic and inelastic collisions with
substance atoms owing to a wide range of the recoil en-
ergy. A characteristic feature of the high-energy proton
irradiation is the fact that, besides small and relatively
large damaged regions (complex formations like disor-
dered regions) in a solid, large smeared regions with a
low deunsity of defects in them are formed as well [12].

The case of irradiation with a-particles (helium ions)
is somewhat different. The particles of both kinds pos-
sess comparatively equal path lengths in silicon at such
radiation energies. Nevertheless, the energy release per
unit volume is much higher for high-energy helium ions,
because their mass and energy are larger.

There is a difference between the results of irradiation
with protons and helium ions, which originates from the
fact that the studied layer is enriched with vacancy com-
plexes in the former case and is predominantly saturated
with interstitial atoms in the latter one. To some extent,
this is confirmed by researches of the specimen surface
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using the AFM method. The substantial absorption of
energy in this case leads to a strong perturbation of the
surface (Fig. 1) similar to the action exerted by a laser
beam [13].

The optical parameters of silicon irradiated with pro-
tons to a dose of 10' cm™2 and a-particles to doses
of 10', 10'6, and 107 cm~2 were determined by the
method of multiangle ellipsometry. The following known
optical constants for single-crystalline Si were used at
calculations: NV = 3.882 —0.019¢ at the light wavelength
A = 632.8 nm [14]. The values of n and k obtained by
us for silicon before irradiation and taking errors into
account agreed with the results reported in work [14].
For the structure irradiated with protons to a dose of
1016 cm~2, we obtained N = 3.842 — 0.0195. A reduc-
tion of the refractive index can evidence for the loosening
of the near-surface silicon layer and its destruction. We
suppose that this phenomenon is associated with the ag-
gregation of predominantly vacancy defects.

After the irradiation with «-particles to exposure
doses of 10'* and 10'® cm~2, the optical parameters
of the specimens under investigation did not change in
comparison with classical data [14], but for a specimen
irradiated to a dose of 10’7 cm™2. This fact agrees with
the data of work [15], in which the minimal doses neces-
sary for the formation of pores to occur in silicon after
the irradiation with a-particles was found to be 5 x 101°
and 10'® cm~2 for the implantation energy ranging from
20 to 300 keV, respectively.

The optical constants of Si irradiated to a dose of
10" cm~2 are N = 4.102—0.0204, being close to those of
amorphous (n = 4.560) and polycrystalline (n = 3.987)
silicon [16, 17]. A substantial growth of the refractive
index in this case is evidently originated from a high
concentration of defects in the near-surface layer of sil-
icon which are probably of the interstitial type. Since
the effect manifests itself only at high exposure doses of
a-particles, this testifies to the considerable disordering
of a matrix structure.

The optical parameters of the rough defective Si sur-
face formed by irradiation turned out sensitive to the
molecular adsorption. In Fig. 2, the angular depen-
dences U(p), with ¢ varying in a vicinity of the Brewster
angle, are presented for silicon specimens which have
been subjected to the action of ethanol, acetone, and
ammonia vapors for 3 h after having attained the satu-
ration. After holding the specimens in air, they restored
their angular dependences W(p) to initial values (des-
orption).

The optical constants of n-Si before and after the ir-
radiation with protons to an exposure dose of 1016 cm—2
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Fig. 2. Dependences ¥(y) for n-Si before (a) and after the irradiation with protons to a dose of 1016 cm~2 (b) measured in air and after
the adsorption of saturated liquid vapors at room temperature. Symbols correspond to experimental data, curves are fitted theoretical

dependences calculated by minimizing the criterion function

Table 1.

Sensitivity parameters with respect to the angle ¥ for n-Si before and after the irradiation with protons

to a dose of 10'® cm—2 concerning the adsorption of vapors of various substances

n-Si n-Si, 1016 cm—2
AV, deg. Sy, deg./(g - cm™3) AV, deg. Sy, deg./(g-cm™3)
ethyl alcohol 21.40 20.0x10* 9.86 9.21x10*
ammonia 6.45 2.30x10% 12.60 4.50x10%
acetone 9.45 1.72x10% 16.70 3.00x10*

were calculated in the framework of the model “an ox-
ide SiO9 film on silicon”. The optical constants, which
were obtained for Si (N = 3.842 — 0.020:), agree with
the data of work [14] obtained for the light wavelength
A = 632.8 nm.

The sensitivity of ellipsometric parameters of the
structures concerned to the adsorption of vapors of var-
ious substances can be estimated numerically by calcu-
lating the parameter

AT \Ilmin _ \I/min
Sy = _ _—sat 0 , (1)
psat psat

where pga is the saturated vapor density, and U2t and
Umin are the depths of minima in the angular depen-
dences ¥(y) measured, when the vapors are saturated
or not, respectively. The calculated values of the sensi-
tivity parameter with respect to the angle W for n- Si
specimens before and after the irradiation with protons

to a dose of 10'® cm~2 are quoted in Table 1.
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The researches of specimens carried out in various gas
environments revealed different irradiation effects on the
sensitivity Sy of ellipsometric parameters, provided that
the molecules of ethyl alcohol, ammonia, or acetone are
available in the air. For instance, after irradiating the
structures with protons, the growth of their sensitivity
to ammonia and acetone molecules, and its reduction to
ethanol ones were observed. This can be resulted from
several reasons: an enhancement of the surface rough-
ness; the emergence of dangling bonds, when the pro-
ton bombardment “looses” the surface; and the features
of the physico-chemical interaction between protons and
molecules of saturated vapors.

3.2. Irradiation with fast ions

It is known that structures obtained on the basis of
porous SiOy/Si structures, in which the developed sur-
face is created by nano-sized pores, the diameter of which
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Fig. 3. SiO2/Si specimens irradiated with fast Ar (a,a’), Xe (b,b'), and Bi (c,c’) ions, and treated in a 2% of HF acid. The upper row
corresponds to the surfaces, the lower to the transverse cross-sections

is larger than the characteristic size of molecules, can
also be effective optical sensor controls.

In Fig. 3, the photographs of the surface and the trans-
verse cross-section of SiOg/Si specimens irradiated with
40Ar, 131Xe, and 2°9Bi fast ions and treated in a 2-% so-
lution of HF acid are depicted. As one can see, the irra-
diation of SiO2 /Si structures with “°Ar ions brings about
an insignificant etching of tracks in the SiOq layer. The
authors of work [18] showed that, when ° Ar ions with an
energy of 290 MeV are used for irradiation of SiOs, the
matrix temperature in the regions along ion trajectories
is insufficient for the formation of a melted phase and,
accordingly, for the formation of latent tracks. Even af-
ter the specimens had been treated in a HF-based buffer
etchant for 10 min, no etching of ion tracks was observed.
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It is associated with the fact that the formation of ion
tracks in SiOq /Si structures is strongly influenced by the
ionic mass. The irradiation of specimens with fast 2°9Bi
heavy ions turned out the most effective for the forma-
tion of nanopores.

The analysis of electron diffraction patterns of spec-
imens with a porous structure testifies that the struc-
tures have non-uniform degree of volume filling with
pores (Fig. 3). The calculation of the effective filling
of a porous substance in the surface phase showed that
the filling factor f of a SiOs layer amounts to 0.6 + 0.2
in ¥ Xe-irradiated structures and to 0.52 £0.2 in 209Bi-
irradiated ones. Additionally, we have calculated the
statistical distribution of f over the surface of specimens
(Fig. 4). The obtained results reveal a non-uniformity
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Fig. 4. Statistical distributions of the filling factor for SiO5/Si structures irradiated with 131Xe (a) and 299Bi (b)
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Fig. 5. Angular dependences ¥(p) (a) and A(p) (b) for SiO2/Si structures irradiated with fast 4°Ar, 131Xe, and 299Bi ions and treated
in a 2-% solution of HF acid. Symbols correspond to experimental data, and curves are theoretical dependences calculated by minimizing

the criterion function

of distributions, which testifies to the presence of several
types of porosity differing from one another in the pore
density. For instance, two maxima were observed for
a specimen irradiated with *'Xe (Fig. 4,a), and three
maxima for a specimen irradiated with 29°Bi (Fig. 4,b).
This means that the most developed pore surface was
formed after the irradiation with 2°9Bi.

As was done in the previous experiments, we used the
ellipsometry method to calculate the optical parameters
(n, k) and the thicknesses d of SiOq layers in the SiO5/Si
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structures. It is known that the accuracy of the results
of ellipsometric researches (Fig. 5) is affected, first of all,
by the adequacy of the selected model with respect to an
object under investigation. When choosing a model, we
used the results of auxiliary SEM researches of structure
surfaces (Fig. 3).

For the calculation of optical parameters of the struc-
tures irradiated with “°Ar ions, we used a single-
layer model, namely, a porous SiOs layer on the
semiinfinite Si substrate.  For the structures irra-
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diated with !¥'Xe and 299Bi ions and, afterward,
treated in an etchant, the non-uniform etching of
nanopores in SiOs layer was observed.  The up-
per SiOs layer (columns (1) in Table 2) was char-
acterized by a higher porosity than the lower sub-
layer (columns (2)). Therefore, a two-layer model —
porous SiO3/Si02/Si — was selected in such cases (Ta-
ble 2).

In the framework of the selected model for every
SiO2/Si structure and using the corresponding experi-
mental dependences ¥(p) and A(yp) for polarization an-
gles, the optical parameters and the oxide layer thickness
were calculated (Table 2). The optical parameters of the
near-surface oxide layer were found to be less than the
relevant parameters of raw SiOs, which is connected with
the porosity of this composite material.

The ellipsometry technique was also used to study the
influence of the adsorption from gas-like environments on
the optical parameters of porous structures. In Fig. 6,
the angular dependences of the ellipsometric angle ¥(¢)
for irradiated SiOs/Si structures are exhibited. They
were measured in air, at room temperature, and after
the molecules of ethyl alcohol, acetone, or ammonia had
been adsorbed. The results of calculations of the sensi-
tivity parameter Sy are quoted in Table 3. The results
testify that the largest variation of optical parameters
at the adsorption is observed in structures with SiO,
oxide irradiated with 20°Bi ions. This can be explained
by the formation of a more developed surface in com-
parison with the case of specimens irradiated with 49Ar
and '3'Xe ions. The values obtained for the sensitivity
agree with the porosity data obtained by the electronic
microscopy method (Figs. 3 and 4).

4. Conclusions

Irradiation of silicon with high-energy particles was
found to result in its nano-structuring, a modification
of its optical constants, and an enhancement of its sur-
face roughness. It was shown that, after the proton ir-
radiation to a dose of 10'% cm™2, a reduction of the sil-
icon refractive index is observed, which is explained by

T able 2. Optical parameters of specimens determined
by the method of multiangle ellipsometry

NSi04-por | KSiOs-por | dsiOa-pors | MSi0, | kSiO, | dsiogs
(1) nm (1) (1) (2) (2) |nm (2)
initial 1.436 0.000 500.00 - - -
Ar 1.202 0.034 340.00 - - -
Xe 1.166 0.028 250.00 1.391 0.018 140.00
Bi 1.119 0.014 120.00 1.477 0.041 360.00
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Table 3. Sensitivity parameters with respect to the angle ¥ for SiO2/Si structures irradiated with 4°Ar, 131Xe,
and 299Bi ions to a dose of 101® cm—2 concerning the adsorption of vapors of various substances

Ar Xe Bi SiO2/Si initial
AW, deg.‘S\p, deg./(g-cm~3)|AT, deg.‘S\I,7 deg./(g-cm™3)|AT, deg.‘Sq,, deg./(g-cm™3)|AD, deg.‘Sq,, deg./(g-cm™3)
ethyl alcohol 18.03 16.85x10% 3.8 3.55x10% 60.7 56.7x10% 2.8 2.62x10%
ammonia 4.83 1.73x10% 5.6 2.0x10% 27.2 9.71x10* 0.4 0.14x10*
acetone 0.33 0.06x10* 8.9 1.61x10% 33.6 6.09x10* 3.5 0.63x10*
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OIITMYHI TA CEHCOPHI BJIACTHBOCTI
HAHOCTPYKTYPOBAHOI'O KPEMHIIO,
OIIPOMIHEHOI'O BUCOKOEHEPI'ETYHUMI
YACTUHKAMU (ITPOTOHU, a-HACTHUHKU, BAZKKIIOHI)

M.JI. Jmumpyx, O.C. Kondpamenxo, M.B. Ilinkoscvka,
, JI.O. Baacyxosa, I1.B. Kyuwuncvrkutl

Peszmowme

st morped ra3oBol ceHCOpHWKHU 3pobJieHO cupoby MomudikyBa-
TU TOBEPXHIO KPEMHIIO NPUCKOPEHUMU 3aPsIPKEHUMM YACTUHKA-
MH, sIKi yTBODPIOIOTH Tpeku. JlociiizkeHo BILIMB onpoMineHHs 6,8
MeB nporonamu, 27,2 MeB a-uyacTuakamu Ta BasKKUMHU 10HAMU
(40Ar, 131Xe, 299Bi) na onruuni Ta amcopbuiitai BaacTusocTi n-Si
Ta SiO2 /Si crpykTyp 3 Hanonopamu. Mopdosoriio moBepxHi goci-

816

JPKEHO MEeTOJlaMU CKaHYIOYOl eJIeKTPOHHOI MiKpOCKOMmil Ta MiKpo-
ckomil aromanx cuin. Onrnaai KoHcTanTH (N, k) 3paskis mo Ta mi-
CJIsI OIIPOMiHEHHSI BUSHAYEHO METOJ/IOM 0araToKyTOBOI MOHOXPOMa~
TUYHOI ejinicomerpii. BecranoBiieHo, 1m0 3MiHa ONTUYIHUX KOHCTAHT
3paskiB n-Si npu ompominenHi pT Ta q-YACTHHKAME CYTPOBOIXKY-
€TbCs 30L/IBIIIEHHAM IIOPCTKOCTI MOBEPXHI Ta 3yMOBJIEHA JIECTPY-
KIII€I0 IIPUIIOBEPXHEBOrO Imapy Marepiamy. OmpomineHi cTpyKTy-
P¥ BUSABUJINA OLJIBILY YyTJIUBICTH IIOJI0 &JCOPOIlil MOJIEKYJ aMiaky
Ta arerony. I[Tokazano, mo onruuni koncrantu SiO2/Si cTpykTyp
3aj1eKaTh BiJ[ BeJim4uHU opucTocTi marepiany. Pospaxosano da-
KTOp 3allOBHEHHsI MaTepiasiy B mapi SiOs B onpominennx 131Xe
ta 299Bi crpykTypax. Beranosmeno, mo Hai6iIbIT POSBHHEHA MO~
BEPXHsI IO yTBODPHJIACH Hic/si onpoMinennsi iomamvu 209Bi. Big-
MOBiAHO HAUGIIBIN 3MiHM ONTUYHUX KOHCTAHT CIIOCTEPIraroThCs y
3pa3Kax, OIIPOMIHEHUX BiCMyTOM.
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