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STUDY OF S| SURFACE MODIFICATION
WITH IRRADIATION, PLASMA AND ULTRASOUND
FOR GAS SENSING APPLICATION
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In order to search the new physical principles for high sensitive and selective gas sensors on the base of porous silicon
creating we examined gas sensitivity of the silicon surface modified with charge particle irradiation, chemical plasma and
ultrasound. Single crystal Si and SiO,/Si structures were irradiated with ions (6.8 MeV H, 27.2 MeV He, 290 MeV Ar, 372 MeV
Xe, 710 MeV Bi), treated with chemical plasma with 80-100eV F-content and with ultrasound (P=0.5 W, 8 MHz). The sample’s
absorption properties were obtained from the analysis of the optical parameters changes (refraction index and absorption
coefficient, and a thickness of near-surface region, too). The latest were studied by the method of multiangular monochromatic
ellipsometry in test camera in ethyl alcohol, ammonia and acetone environment. Scanning electron microscope (SEM) and
atomic force microscope (AFM) were used to analyze the surface morphology.

Protons and alpha particles were found to lead to the Si near-surface layer destruction of and an enhancement of the
surface roughness. The proton irradiated samples revealed a higher sensitivity to the absorption of ammonia and acetone
molecules. Plasma treated Si displays surface madification (loosening of near-surface layer), though, gas absorption is not
clearly revealed. Optical properties of Si/SiO, structures depend on the dimensions and the depths of nanopores, created by the
etching of latent tracks in dioxide after irradiation. The greatest optical constant changes occurred in irradiated with **°Bi
structures, where tracks penetrated the whole dioxide. Accordingly bismuth-irradiated structures have the best gas sensitivity.
Ultrasound influences on the optical parameters of porous Si/SiO; structure (loosening of the near-surface layer). However,
these changes are unstable; and optical characteristics relax to the initial value in time. The best result was obtained for SnO,
/SiO,/Si structure, where nanopores etched in the Xe latent tracks areas, were filled with SnO,.

Introduction Experiment
Gas sensors are used for environment and Chemically polished single crystal n-Si(100)
process monitoring and for homeland security as well wafers with natural dioxide layer (d = 15nm) and
as for biomedical research, drug development and SiO,/Si structures with thermal SiO» layers (dsio2 ~
medical diagnosis. Highly sensitive, small-sized and 500 nm) and with additionally deposited SnO; films
low cost sensors are required in all these fields. It were used.
appeared porous Si (PS) to be a unique and versatile i) Single crystal Si samples were irradiated in
material for such sensors. cyclotron U-120 (KINR-Kyiv) with 6.8 MeV protons
PS has attracted significant attention for its (H) and 27.2 MeV a-particles (He).
optical properties. This nano-structured material is Chemical plasma with F-content (ion energy is
characterized with high surface to volume ratio. PS is equal to 80-100eV) was also used.
biocompatible, bioactive and biodegradable by ii) In order to reveal nano-sized pores in the
nature and offers surface topography controllable region of latent ion tracks the Si/SiO, structures
with nm resolution in three dimensions and allows irradiated with Ar (290 MeV), Xe (372 MeV) and Bi
chemical surface modification [1]. All that as well as (710 MeV) ions at the Joint Institute for Nuclear
inexpensive technique of fabrication and suitability Research (Dubna, Russia) were etched in the buffer
for integration with silicon electronics makes PS hydrofluoric (HF) acid.
especially attractive for sensor application. Bi-irradiated porous SiOz(dsioz =600 nm)/Si were
In order to create porous Si surface a number of treated by ultrasound ( P= 0.5 W, 8 MHz, t= 2 h).
techniques was proposed [2, 3], and ion-beam iii) For a part of samples the nanopores etched in
irradiation seems to be highly promising. In the last Si0,/Si structures were filled with tin dioxide (SnO,).
case, irradiation of SiO,/Si structure with high energy SnO; is known to be highly sensitive compound used
ions leads to the formation of the latent tracks along in gas sensors [5]. SnOz layer formation included two
ion trajectories in SiO; layer [4]. These tracks are the steps. At first Sn layer was deposited by means of
elongated cylinders with diameters of 5-20 nm with spray pyrolysis [6] and afterwards Sn layer was
the modified density and chemical bond. These annealed in air at 600 °C for 2 hours in order to
cylinders are surrounded with undamaged matrix. A obtain SnO,. The same procedure was carried out
chemical etching in the suitable solution leads to the for the samples of single crystal Si and SiO,/Si in
formation of nanometer pores in the latent track order to fabricate SnO./Si and SnO,/SiO,/Si
areas. Thus, the pores of fixed dimensions and structures for comparison with SnO»/porous SiO,/Si.
definite geometry with controllable distribution may Optical characteristics of samples were studied
be created in SiO: layer on silicon wafer by means of by the method of multiangular monochromatic
ion-beam ~ bombardment followed by chemical ellipsometry. Refraction index n and absorption
etching [3]. coefficient k, and also thickness d of near-surface
In this paper we present the results of the study region were calculated before and after irradiation
of the absorption possibilities of silicon surface from experimental dependencies of polarization
modified by means of high energy ion irradiation as angles w and A on the angle of incidence ¢ (in the
well as chemical plasma and ultrasound treatment. vicinity of the Brewster angle) by solving the inverse
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ellipsometric equation. LEF-3M zero-ellipsometer
(A=632.8 nm) was used with the measurement
accuracy 0.03° for y and 0.09° for A.

In addition, scanning electron microscope
(Hitachi S-806) and atomic force microscope
(Dimentional™ 300) were used to analyze the
surface morphology and to choose the calculating
model properly [4].

In order to study the gas absorption properties an
experiment was carried out in test camera with the
possibility of gas environment varying (ethyl alcohol,
ammonia and acetone).

Results and discussion

i) The polarization angle’s dependences (/J((p) and
A(‘f were measured after some doses from 10" to

" cm? and were compared with initial ones. The
optlcal constants of Si near-surface region were
calculated in the frames of “a thin oxide SiO; film on
Si” model. Complex refraction index N=3.842-0.020i
of initial sample agrees with tabular data. It has been
found that the modification of optical parameters of
the samples irradiated with high fluence is caused by
the destruction of near-surface layer of the material
and accompanied by an enhancement of the surface
roughness. According to the AFM data a surface
roughness increases (in 10 times greater for protons
and in 20 times greater for a-particles in comparison
with 0.5 nm value for initial sample). In spite of the
same high-energy particles projected range (360
pkm) for both irradiation types Si surface is modified
in different ways. Protons lead to the surface
loosening (calculating n drops from 3.842 to 2.900);
helium ions provoke surface compression (n=4,102).
This last value is close to amorphous or
polycrystalline Si [4]. A nature of effect is not clear.
We suppose the surface loosening is due to
preferable vacancy clusters, created by fast protons.
For alpha-particle irradiation the destruction of the
near-surface layer is more compllcated It occurs
only at high dose (1017/cm ), when a sufficiently
large amount of radiation defects is present. It might
be the defect self-ordering effect.

Despite the fact that we failed to discover pores
in irradiated Si, the modified surface has revealed
gas sensitivity. From experimental curves one can
obtain the sensitivity S, of the ellipsometric
parameters to the absorption of different vapors by
measuring the depth difference between minimal
polarization angle ™ in w(p) dependence for
saturated vapors and without them by equation

Sy =AW/ psat = (LIJmmsat - memo)/ Psat » (1)
where psat is the saturated vapor density.

In the case of proton treatment (10 ) a
higher sensitivity to the absorption of ammonia and
acetone molecules was observed in comparison with
the sample without irradiation (Table).

Optical parameters of Si single crystal treated by
F-rich plasma were calculated in the frames of the
same model as for irradiation. It was found the
decrease of refraction index and the increase of
destructed layer thickness. Filing the measured
camera with different gas vapors doesn’t change

layer thickness. Though, the subsequent growth of
surface absorption coefficient observed in ammonia
and acetone environment testifies a surface
modification, too.

i) Optical properties of irradiated SiO/Si
structures depend on the ion energy and mass and,
consequently, on dimensions and the depths of
nanopores created by ion latent tracks etching in
dioxide. It has been shown in our previous auxiliary
SEM study [3] that swift Ar ions irradiation does not
result in etched ftracks in SiO,. The chemical
treatment of Xe- and Bi-irradiated SiO»/Si structures
results in the formation of non-uniform porous layers
(the higher porosity in the upper near-surface layer).
Thus two types of a model were chosen for optical
parameters’ calculation: (SiO./Si) for Ar and
(porous SiO2/SiO,/Si) - for Bi. The greatest optical
constant changes occurred in structures irradiated
with Bi. In our experiment Bi ions were characterized
with the largest mass and highest energy. As the
most developed surface is formed in this case, Bi-
formed porous structures have also the best gas
sensitivity. In order to calculate gas sensitivity by
means of equation (1) the polarization angles ™"
obtained from experimental w(¢) curves were used
(see Table).

Sensitivity with the respect to the polarlzatlon angle y
S, 10°deg/gxem™
objects Si SiOy/Si
Vapors Initial Proton Initial Bismuth
irradiated irradiated
Ethyl 20.0 9.21 2.62 60.7
ammonia 2.3 4.5 0.44 27.2
acetone 1.7 3.0 0.63 33.6

In order to study the ultrasound influence on the
absorption properties of the modified surface SiO./Si
structures with Bi-formed pores were treated by
ultrasound (during 2 hours) and their optical
properties were measured by ellipsometer. For a
comparison standard structures were also treated by
ultrasound. After sounding additional surface
modification occurs in porous structures as the
calculated thickness of destructed near-surface layer
increases from 250 to 280 nm. Ultrasound induced
changes are unstable. It was shown that
experimental angular dependencies relax to the
initial value in time.

iii) Pore formation in oxidized Si irradiated with
swift ions is of a great interest. It is possible to create
homogeneous or multi-layer nanowire and cluster
structures on Si wafers by means of chemical and
electrochemical pore filling with different materials
[6]. We studied the optical and absorption
characteristics of Xe-formed porous SiOJ/Si
structures filled with SnO..

SnO, was formed on Si surface and on initial
SiO> (dsio2 =600 nm). Figure 1 shows the AFM-image
of the surface of SnOy/porous SiO,/Si structure. One
can see from the image that pores are nearly the
same by dimensions.

For all types of structures optical parameters
were calculated from experimental angular
dependences according proper models.
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N results in changes of optical parameters and the
thickness of near-surface destruction region.
However, it was found that irradiation only is suitable
to the formation of surfaces sensitive to gases (ethyl
alcohol, ammonia and acetone vapors). In turn,
structures with thick oxide layers irradiated with
heavy high energy ions reveal higher gas sensitivity
with the respect to the polarization angle y (Sy
increases in 20-30 times in ammonia and acetone
vapors for SiO,/Si and nearly twice for Si).

The best gas absorption is observed for SiO,/Si
structures irradiated with Bi. In this case highly
developed nanoporous surface is formed after
etching of the latent ion tracks. The porous SiO./Si
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Figure 1. 2D AFM image of the SnO,/ porous SiO, / Si samples filled with SnO> reveal pores nearly the
structure same by dimensions and contribute to the further

sensitivity grows.

A model of “SnO, with thin SiO; film on Si” was

chosen in the case of SnO; deposited on Si. “Two References
layers model” (SnOz/porous SiO,/Si) was taken for 1. Angelescu A, Kklaps I, Mihaela M, et al // Rev. Adv.
porous SiO2/Si filled with SnOx. Mater.Sci. — 2003. — 5. — P. 440.

Ellipsometric data y(¢) i A(¢) show that there is 2. Maka}ra V.A., Meln/cl?enko M.M., Svezhentsova K.V. et al
an effective layer which consists of hard SiO, porous ngzem'conducmr Physics. Quan. Electron. - 2003. - 6. - P.
matrix, .fiIIed with SnO2. Analysis O,f the .absorption 3. Dr-nitruk M., Kondratenko O., Pinkovska M. et.al. // Ukr. J.
properties has shown that porous SiO2/Si structures Phys. - 2010. - 55. - P.808.
with the SnO; filled pores (whose length is less than 4. Spohr R. lon tracks and microtechnology: principles and
the SiO; thickness) display the increase of the layer application. — Germany, Wiasbaden:Viweg Verlag, 1990. —
thickness from 200 to 220 nm in comparison with 272 p.
previous results of Bi ion-formed structures (when 5. B. Canut, M. G. Blanchin, S. Ramos-Canut, et al // Nucl.

Instrum. and Meth. B. — 2006. — 245. — P. 327.
6. R. S. Niranjan, K. R. Patil, S. R. Sainkar, K.
Vijayamohanan, I. S. Mulla// Mater. Chem. Phys. — 2004. -
84.-P.37.

pores pierce the whole SiO; layer). where absorption
in acetone vapors is observed,.

Conclusion

It was found that surface modification occurred
for all kinds of treatments (high energy particles
irradiation, plasma and ultrasound). This modification
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C uenblo noucka HOBbIX (PUSMYECKUX MPUHLMMNOB CO3[AaHUSA ra3oBblX CEHCOPOB C BbICOKOW YyBCTBUTENbHOCTBIO U
CENneKTMBHOCTbIO Ha OCHOBE MOPUCTOrO0 KPEeMHUS UccrefoBaHa YyBCTBUTENbHOCTb K rasaM MOBEPXHOCTU KPeMHWS,
MOANGULIMPOBAHHOIO 06MnyyYeHneM, ynbTpasByKOM U XMMUYECKOW nna3moi. MoHoKpucTanmbl KpeMHUst u cTpykTypbl SiO,/Si
06ny4yeHbl noHamm (6.8 MeB H, 27.2 MeB He, 290 MeB Ar, 372 MeB Xe, 710 MeB Bi), o6paboTaHbl XMMnyeckon nnasMon ¢
no6asko 80-100eB F, a Takke ynbTpassykom (P=0.5 BT, 8 MI'y). AacopbumoHHble cBoicTBa 06pas3LoB aHanu3mpoBanuch no
M3MEHEHUI0  OMTUYEeCKUX napameTpoB (KOMMMEKCHOro rokasaTtens npenomneHvs) nocne obpabotkn. Ontuyeckue
XapaKTepuUCTUKM MOBEPXHOCTU U  OKCUAHOW NIEHKN MW3MEepsnvncb MO METOAMKE MHOrOYrfoBOW  MOHOXPOMaTU4eCKOoWn
ANNUNCOMETPUN B CNeLmManbHO CO34aHHON Kamepe B Mapax cnupTa, aMMuaka u auetoHa. [okasaHo, 4to 6.8 MaB npoToHbl 1
27.2 MaB o-4acTuubl NMPUBOAAT K AECTPYKLMW MOBEPXHOCTHOrO CIosi MOHOKpUCTanna, YTo COMpOBOXAAETCs YyBeNnyeHnem
LLIepoXoBaTOCTM NOBEPXHOCTU. B 0BnyyeHHOM npoToHamu Si Bo3pacTaeT YyBCTBUTENbHOCTb K Napam aueToHa 1 aMMuaka.

OnTuyeckne cBoOWCTBA CTPYKTYp HaHornopSiO,/Si 3aBucAT oT pasmepa M MyOouHbl MOp, 0Opa3oBaHHbIX MpK
NPOTPaBMMBaHUN CKPbITbIX TPekoB B 0bOMy4yeHHOM MaTtepuane. Havbonblive W3MEHeHWs OMNTUYECKUX CBOWCTB W,
COOTBETCTBEHHO, Haunyywasi 4yBCTBUTENbHOCTb K rasam, HabniopalTca B CTpyKTypax, obmnyuyeHHbix Bi, rae nopbl
NPOHM3LIBAIOT BCIO TONLWMHY cnost SiO,. YnbTpa3sByk Takke NpuBOANUT K n3aMeHeHuto cBoncTB SiO,/Si (3ameTHOe paspbixieHne
NMPUMNOBEPXHOCTHOTO MOPWUCTOrO Criosi, CO3[4AHHOTO TpaBfieHWeM OOy4YeHHOro Marepuana), OOHaKo 3TV  W3MEHEHUs
HecTabunbHbl BO BpemeHu. ObpaboTka XMMUYecKoW Mna3Movi MPUMBOAMT K HEKOTOPOW MOBEPXHOCTHOW Moaudukaumum, Ho
ancopbuMoHHbIe CBOMCTBA MaTtepuana He U3MeHsIloTCA. Haunydwmnii pesynbsTtat nonyyeH ans ctpyktyp SnO,/HaHomopSiO,/Si,
rae rnopbl, BbITPaBIEHHbIE HA MecTax TPekoB B 00MnyyeHHbIx Xe cTpyktypax SiO./Si, 3anonHeHsbl Anokcnaom onosa. B Takmx
CTPYKTypax nopbl OANHAKOBbI MO pa3Mepam.
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