Functional Materials 20, No.1 (2013) © 20183 — STC "Institute for Single Crystals”
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Electrophysical and optical properties of heterogeneous composite systems based on
nanosilicon (nc-Si) and silica aerogel (SiO,) powders have been investigated using imped-
ance spectroscopy and FTIR spectroscopy methods. In FTIR transmittance spectra the
presence of vibration modes of hydroxyl groups covering the internal surface of SiO,
matrix as well as associated Si—-OH groups has been revealed that should determine the
sensing behavior of considered composites mainly under water treating. Based on imped-
ance measurements possible mechanisms of charge carrier transport have been proposed. It
was shown that the main process in carrier transport of pressed SiO,/nc-Si composite
structures is the percolation tunneling of charge carriers through the silicon nanoclusters
system. The dynamic interaction of composite structures with water molecules and pure
ethyl alcohol has been investigated. It was revealed that desorption kinetics of SiO,/nc-Si
nanocomposites are characterized by higher desorption rate compared to SiO, samples. The
relative change of resistance value under water treating AR/R = 0.99 was almost similar
for all investigated samples that confirmed the crucial role of oxide matrix in adsorption-
desorption processes of considered composite structures. It was concluded that such sens-
ing behavior could be utilized for construction the chemical sensors of humidity and
alcohol based on porous SiO, and SiO,/nc-Si nanocomposites.

9neKTpodUsNUeCKNe W ONTHUUYECKNE CBOMCTBA MPECCOBAHLIX T'E€TEPOTEHHBIX KOMITO3UTHBIX
cucTeM HA OCHOBE IIOPOINKOB HAHOKPeMHMsA NC-Si u asporena kpemuesema SiO, mcciremoBaHs!
MeTomaMu uMIiegancHoll crueKkrpockonuu u FTIR cuexrpockonuu mpomyckaunusa. B cuekTpax
IPONyCKaHud OOHAPYIKEHO Haauuue KojebaTeJbHBIX MOJ IIOBEPXHOCTHBIX TUAPOKCHUJIbBHBIX
rpynn u cBasaHHEbX Si—OH rpymm, KoTopble ONpPeneNsoT CeHCOPHBIM OTKAMK KOMIIOBUTHBIX
cucTeM HA OCHOBE aspore/id KPeMHeseMa IIPEeMMYILECTBEHHO B Bomocozep:kaiieir cpeme. Ha
OCHOB€ M3MEPEHUIl IIOJHOr0 MMIICJAHCA IIPEeIJOKEHbl BOSMOMKHBIE MEXaHM3Mbl II€PEHOCA 3a-
pAla B IPECCOBAHHBIX HAHOKOMIIOSUTAX, IIOKABAHO, YTO OCHOBHBIM MEXAHU3MOM IIEPEHOCA B
obpasnax SiO,/nc-Si aBnserca MePKONANNOHHOE TYHE/IINPOBAHNE Uepes CUCTeMy KpeMHHe-
BBIX HAHOKPUCTANNUTOB. VMceenoBanre TUHAMUKY B3AUMOJEHCTBUA KOMIIOSUTHLIX CTPYKTYD
¢ MOJIEKYJAMH BOALI W STUJIOBOTO CIUPTA MOKA3aJ0, UTO KUHETUKaA [eCOPOIUM BOALI U
cupra B obpasmax SiO,/nc-Si xapakTepusyerca GobIIell CKOPOCTBIO TeCOPOIMM IO CPaBHe-
Huio ¢ obpasmamu SiO,. [manasoH OTHOCHTENBHOrO MBMEHEHHS COIPOTHBICHHSA BO BpeMs
obpaborku Bomoii cocraBadaa AR/R = 0.99 mnsa o6oux TuImOB 00pasiioB, UTO IIOATBEPIKIAET
OTIPEIENAIONIYI0 PONL OKCUAHON MATPUILI B aJCOPOI[MOHHO-TeCOPOIIMOHHLIX MPOIECCax ¢
y4acTHeM KOMIO3UTHLIX cucTeM. Takue CeHCOPHBLIE XAPAKTEPUCTUKU OTKPBIBAIOT BO3MOMK-
HocTh mcmonbaopanusa mopucteix SiO, u SiO,/nc—Si HAHOKOMIIOSHTOB B KAUECTBE TPAHCIBIO-
CEepPOB IIPHU CO3TAHMY XMMUYECKHUX CEHCOPOB BJAIM U CIIMPTA.

Functional materials, 20, 1, 2013



AYu.Karlash et al. /| Impedance spectroscopy of ...

1. Introduction

Nanocomposite materials based on silicon
nanocrystals embedded into the dielectric
silicon oxide matrix have been intensively
investigated for applications in different
technical areas. It is considered that similar
materials, possessing a large specific sur-
face area, high porosity and fine grain
structure, can be used as a comprehensive
matrix for incorporation of nanoparticles
and molecular adsorption in order to create
the luminescent nanocomposites, photode-
tectors, catalysts, waveguides, lasers and
gas sensors [1-5]. Taking into account the
huge specific surface area and high porosity
of SiO, matrix it could easily absorb water
as well as other polar molecules. The sur-
face hydration effect causes the sensing be-
havior of silica aerogels and their compos-
ites when the adsorbates attach to the aero-
gel via hydroxyl groups.

It was shown [6] that nanosilicon in con-
sidered composites effectively reacts with
an ambient environment. It’s well known,
that the hydrophilic oxygen terminated
nanosilicon is more sensitive to water vapor
than the original hydrogen-terminated po-
rous silicon surface [7, 8]. The effect of hu-
midity on the conductivity of porous ceram-
ics [9], porous silicon thin films [10] and
other ceramic sensors mainly originated
from the chemical and physical adsorption
of water molecules existing in the sensor
atmosphere [11]. However, the degradation
process of mnanosilicon based composites
under aging at a humid atmosphere is under
consideration today.

In a present work we have used the im-
pedance spectroscopy method for investiga-
tion of pressed composite systems based on
silica aerogel powder and nanosilicon pow-
der embedded into SiO, dielectric matrix.
Possible mechanisms of charge -carrier
transport have been discussed too. The dy-
namic interaction of considered composite
structures with deionized water and ethyl
alcohol has been studied for sensor applica-
tions.

2. Experimental

The silica aerogel preparation method
was based on the gradual water removing
from the silicon acid gel. The silica gel,
prepared from the sodium silicate water so-
lution, was converted into an aerogel pow-
der by a supercritical drying process [14,
15].
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PS or nc-Si powder was produced by elec-
trochemical etching of p-Si plates in
HF:Co,H5OH:H,0 electrolyte at constant cur-
rent mode of 50 mA-m 2 during 2.5 h. Po-
rous powder was then rinsed in ethanol,
dried in air and thoroughly grated. The
final material was characterized to be the
partially oxidized silicon nanocrystallites
with the mean diameter of 3 nm.

The samples for impedance investigations
were prepared by pressing into pellets at a
pressure of 133 bar the silica aerogel pow-
der and mixture of silica aerogel with the
nc-Si powders in a composition 98:2. The
mean diameter of pellets was about 12 mm
and typical thickness 0.2I110.8 mm. Pressed
samples were then oxidized using UV irra-
diation during 2 h. For FTIR analyses sam-
ples were produced by pressing into pellets
with the same parameters the mixture of
KBr salt and composite powders.

The IR transmittance spectra were re-
corded by Perkin-Elmer Spectrum BXII
FTIR spectrometer in the range 400-
4000 cm™! with spectral resolution 4 em™1.
Resulting FTIR spectra were corrected by
KBr spectrum.

The impedance spectra were measured at
T = 25°C using Z-2000 impedance meter at
an ac current mode. Samples were held be-
tween two Pt-coated electrodes with the
slight spring pressure, electrical contacts
had an area of 10x5 mmZ2. The investigation
was performed at ac frequencies f in the
range (10 Hz — 2 MHz). During measure-
ments the ac voltage amplitude was
100 mV, the error didn’t exceed 5 % . For
analyses of impedance spectra the model of
successively connected parallel circuits has
been considered and processing of experi-
mental data have been done using ZView 2
program. The dynamic interaction of com-
posite structures with water molecules and
pure ethyl aleohol (CoHsOH, 96 %) has been
investigated by measuring the impedance
hodographs under process of natural sam-
ples drying after treating.

3. Results and discussion

3.1. FTIR transmittance
spectroscopy

Fig. 1 represents FTIR transmittance
spectra of SiO, (a) and SiO,/nc-Si (b) nano-
composites. The SiO, spectrum shows ab-
sorption modes of stretching (LO and TO),
bending and rocking vibrations of Si—O-Si
bonds at 1187, 1095, 780 and 460 cm™1,
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Fig. 1. FTIR transmittance spectra of SiO, sample

were corrected by KBr spectrum.

respectively. The first two peaks are shifted
from typical stoichiometric SiO, [16, 17]
that may be caused by the non-stoichiomet-
ric structure of dielectric matrix. The
strong absorption peak in 83000—-8700 cm™!
region with a maximum at 3440 cm™! is
associated with vibrations modes of surface
OH groups and adsorbed water. A weaker
O-H bending vibration band is revealed at
1655 em™1.

During aging at a humid atmosphere the
water absorption leads to breaking Si—O-Si
bonds with creation of Si-OH groups [18,
19], in a FTIR spectrum of aerogel matrix
shoulders at 3600 ecm™1 and 940 em™! have
been observed caused by associated Si—OH
vibration modes.

In the FTIR spectrum of SiO,/nc-Si
nanocomposite (Fig. 1b) the presence of
rocking (467 ecm™1), bending (796 em 1) and
stretching LO (1160 cm™1) and TO
(1076 em 1) bands of silicon oxide have
been revealed. Keeping at ambient condi-
tions even for a short time leads to partial
oxidation of silicon nanocrystals, that’s why
we almost don’t observe the presence of Si—
H groups in the FTIR spectrum of SiO,/nc-
Si sample. The absorption peak at 600 ecm™1
corresponds to volume Si—Si bonds in silicon
nanocrustallites. For SiO,/nc—Si sample the
contribution of adsorbed water and surface
OH groups have also been revealed in the
spectral region of 3000-3700 em™l with
maximum at 3466 cm~! (O-H stretching vi-
brations modes and adsorbed water) and at
1687 ecm~1 (O—H bending vibrations modes).
Two shoulders at 3600 and 950 em~! associ-
ated with Si—-OH vibration modes.

The narrow peak at 1465 cm™l in both
spectra appears due to presence of sodium sili-

70

4000 3500 3000 2500 2000 1500 1000 v,cm-!

(a) and SiO,/nc-Si nanocomposite (b). Spectra

e —— v
n
2,50x10° ] // \:."
/:...... /.’/2

4
0008
0,0

4,0x10° 8,0x10° Z gg, Q

Fig. 2. Impedance hodographs of SiO, sample:
1 — freshly prepared and 2 — aged during
30 days after water treating. Inset shows
equivalent scheme of SiO, structure.

cate in water solution used for aerogel pre-
paring [15].

As a result, the FTIR transmittance
spectra revealed that in the considered aero-
gel processing from water solution the in-
ternal surface of SiO, and SiO,/nc-Si nano-
composites is almost covered with hydroxyl
groups, that play the dominant role in the
oxidation mechanism causing essential ac-
celeration of the oxidation processes at a
humid atmosphere.

3.2. Impedance spectroscopy

The typical impedance spectra in a
Nyquist coordinates are presented on Fig. 2
for SiO, sample. Only the one semicircle at
a high-frequency region is observed, so it’s
difficult to distinguish the contribution
from volume and boundary components in a
total conductivity. At a low-frequency re-
gion the impedance hodograph appears to be
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a line with a slope of 45° that is usually
associated with the particle diffusion at inter-
face boundary [12, 13].

The obtained dependences could be well
described using equivalent scheme (inset on
Fig. 2) that consists of the contact resis-
tance R, connected with a parallel circuit.
The last one consists of the total conduc-
tance C; and resistance R; of volume and
boundary fractions as well as Warburg ele-
ment W that describes diffusion processes
[12]. For samples under investigation the
contact resistance was shown to be negli-
gible compared to the total sample resis-
tance. The impedance of Warburg element
is determined from the equation: Zy, = (1—
DW-0l/2, where W is the Warburg con-
stant, that depends on particle concentra-
tion and diffusion coefficient. The total im-
pedance of equivalent scheme is
Z(0)=Z'—jZ"= Ry+[joC +1/(R+Zy)1 L

At a relatively low frequencies (w — 0)
we can neglect the contribution of fre-
quency parts that have the exponent more
than 1/2. Then we obtain: Z"=2W2.C,—~R,—
R, +Z’. This equation describes the line with
a slope of 45° that intersects Zp, axis at a
point (R0+Rd—2W2~Cd;O). At high frequency
region (®w — 0) the Warburg impedance be-
came unimportant and we can neglect all
parts that contain ®™1/2, the total impedance
is (Z'-Ry—R;/2)*+(Z")?>=(R;/2)?. The last
equation describes the circle centered at
(O;Ry+R;/2) having a radius of R;/2. We
obtained the numerical data on resistance
R=Ry+R; of composite structure from the
circle intersection with Zp, axis.

The ceramic materials based on SiO, are
considered to be heterogeneous two-phase
system that consists of initial (volume) and
intergrain phases. In the simplest case the
sample contains isolated monocrystalline
grains, connected by the interface bounda-
ries with properties that differ from volume
fraction. For description of SiO, compos-
ite’s properties the following model has
been suggested: intergrain boundaries form
persistent network surrounding isolated
crystallites. The measured impedance ho-
dographs (Fig. 2) indicate the presence of
different conductivity mechanisms, namely
the electron transport in a grain volume
and through the intercrystallite boundaries
as well as the diffusive proton transport in
a surface layer of hydrated silicon oxide.

The SiO, surface has been observed to
demonstrate the high proton-donor ability.
The adsorbed water molecules form com-
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Fig. 8. Impedance hodographs of SiO,/nc-Si
nanocomposite: I — freshly prepared and
aged after water treating under ambient con-
ditions during: 2 — 7 days, 3 — 30 days.

plexes connected with Si—-OH groups by hy-
drogen bonds [19, 20]. These complexes can
dissociate forming free H3;0" molecules and
bounded Si—-O~ groups according to the
scheme: Si-OH...OH, — Si-O~ +H*:H,0. In
this case proton having high mobility can be
trapped by a neighbor H,O molecule:

The considered mechanism allows the im-
plementation of proton transport through
the intergrain layer of SiO, matrix. In addi-
tion to above process there is a collective
proton conductivity caused by associated Si—
OH groups [19, 21].

During sample aging at ambient atmos-
phere the effect of surface hydratation by
adsorbed water strongly intensified causing
the decrease of resistance of the intercrys-
tallite layer and composite structure on a
whole (curve 2 on Fig. 2).

Fig. 3 shows the impedance hodograph of
Si0,/nc—Si nanocomposite freshly prepared
(curve 1) and dried after water treating
(curves 2 and 38). As one can see, freshly
prepared SiO,/nc-Si samples are charac-
terized by much more low resistance values
(R = 105Q) compared to Si0, structure
(R = 107Q). It may be caused by processes
of percolation tunneling of charge carriers
through the system of low-resistance silicon
nanoclusters [21, 22].

In SiO,/nc-Si composite structures the
impedance of elementary conducting cluster
"Si grain — SiO, spacer — Si grain” is
characterized by parallel R,C, circuit of
silicon particle connected with a parallel
R;Cy circuit of the SiO, dielectric spacer.
The total impedance of the composite can be
obtained by summing the impedances of
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Fig. 4. The time dependences of resistance of SiO, (a) and SiO,/nc-Si (b) structures under desorp-
tion of H,O (1) and ethyl alcohol (C,HzOH) (2, 3). 1, 2 — freshly prepared samples; 3 — repeated

measurements.

structural units of the conducting clusters.
Owing to the random spacing of silicon
nanoparticles over the volume of dielectric
matrix their resistance and capacitance ap-
pear to be accidental. As a result the com-
posite contains a set of microscopic relaxa-
tors — RyC, circuits — that are charac-
terized by different time constants. In the
equivalent scheme it’s accounted through
replacement the capacitance C; by constant
phase element (CPE) [12]. At high frequen-
cies, when the electrical resistance of spac-
ers is shunted by their capacitance, the real
part of impedance is determined by the elec-
trical resistance of silicon nanoparticles. At
low frequencies the effective electrical con-
ductivity of considered nanocomposites is
determined by SiO, spacers and accordingly
the proton transport mechanism by analogy
with pressed SiO, composites.

Unlike the SiO, structures, in composite
SiO,/nc—-Si materials the prolonged aging
at ambient atmosphere results in increasing
of resistance. In experimental hodographs
(Fig. 3, curves 2, 3) three characteristic areas
were observed: the semicircle of higher ra-
dius, that can be extrapolated to zero point;
the part of semicircle with lower radius
(poor distinguished) and the line at low fre-
quencies with a slope of 45°. The high-fre-
quency semicircle usually attributed to the
volume conductivity and, therefore, its di-
ameter lets obtain the material resistance
without the contact resistance value. The
low-frequency semicircle corresponds to car-
rier transport through the grain bounda-
ries. The strong deformation of the low-fre-
quency semicircle is caused by the absence
of a certain characteristic relaxation time
due to inhomogeneity of the intergrain
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boundary properties. Under aging process
the low-frequency range became more stipu-
lated that is caused by increasing the im-
pact of oxide layer and possible formation
of SiO,/nc-Si interface.

The dynamic interaction of composite
structures with water molecules and pure
ethyl aleohol (C,H5OH, 96 %) has been in-
vestigated by measuring the impedance ho-
dographs under process of natural drying
after treating. The experimental depend-
ences of sample resistance as a function of
desorption time have been obtained based on
impedance spectra. Fig. 4a presents the cal-
culated R(#) dependences under H,O and
C,H50H desorption for SiO, sample. The maxi-
mum Ssensor response Sm=R(air)/R(Water)| is
equal to 3-10° in the case of water treating
and 3-102 for alcohol treating. These values
are essentially higher than similar parame-
ters of traditional porous materials used for
sensor applications [28—-26].

Adsorbed water molecules can form the
continuous polymolecular layer on a surface
of hydrated oxide causing the proton carrier
transport. Under complete filling of micro-
pores by condensate the proton carrier
transport trough the network of hydrogen-
bonded molecules appears without participa-
tion of porous solid matrix. Therefore, at
the first moment after water absorption the
resistance of composite structure drastically
decreases. At the same time, the surface OH
groups are very unstable and easily de-
stroyed under water desorption process,
that’s accompanied by gradual increasing of
the sample resistance (Fig. 4a, curve I). The
process under C,HgOH desorption is faster
compared to H,O treating and the dynamic

Functional materials, 20, 1, 2013
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range is decreased (curve 2, Fig. 4b). Obvi-
ously, it is stipulated by the less effective
hydratation process of SiO, surface. As a
result of sample treating the part of ad-
sorbed molecules turn from -capillary-con-
densed state into the more stable bounded
state and this leads to increase of sample
resistance and lowering of dynamic range at
repeated measurements compared to freshly
prepared structure (Fig. 4a, curve 3).

The calculated R(f) dependencies for
SiO,/nc-Si composites are shown on Fig. 4b.
It’s clearly seen that under water desorp-
tion the sample resistance increases from
200 Q immediately after water adsorption
to 1.3 MQ for dried materials, maximum
sensor response is Sm=6-103. During ethyl
alcohol desorption the dynamic range is
much lower (by 103 times) for initial sample
(curve 2, Fig. 4b) and rather increases at
repeated measurements (curve 3, Fig. 4b).
The desorption kinetics of SiO,/nc—Si nano-
composites under water and alcohol treating
are characterized by higher desorption rate
compared to SiO, samples. Simultaneously
additional hydratation process under water
treating has been obtained to improve the
sensibility of considered nanocomposite. It
should be pointed out that the AR/R value
was almost similar for all investigated sam-
ples that confirm the crucial role of oxide
matrix in adsorption-desorption processes of
considered composite structures. We think
that such sensing behavior could be utilized
for construction of chemical sensors based
on porous SiO, and SiO,/nc-Si nanocompo-
sites.

4. Conclusions

Electrophysical and optical properties of
heterogeneous composite systems based on
nanosilicon nc-Si and silica aerogel matrix
SiO, have been investigated using imped-
ance spectroscopy and FTIR spectroscopy
methods. In FTIR transmittance spectra the
presence of vibration modes of hydroxyl
groups covering the internal surface of SiO,
matrix as well as associated Si-OH groups
has been revealed. It was considered that
hydroxyl groups play the dominant role
causing essential acceleration of the oxida-
tion processes at a humid atmosphere.

From impedance measurements it was ob-
tained that the conductivity of SiO, and
SiO,/nc-Si composites is characterized by
proton and electron components. It was
shown that the main process in pressed
SiO,/nc-Si composite structures is the per-
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colation tunneling of charge carriers
through the silicon nanoclusters system.
The SiO, surface has been observed to dem-
onstrate the high proton-donor ability that
allows implementation of proton transport
through the intergrain layer of SiO, matrix.
After water treating the effect of surface
hydratation by water vapor was shown to
strongly intensify causing the decrease of
resistance of the intercrystallite layer and
composite structure on a whole. Unlike the
SiO, structures in composite SiO,/nc-Si ma-
terials the prolonged aging at ambient at-
mosphere results in increasing of resistance
that is caused by increasing the impact of
oxide layer and possible formation of
Si0, /nc=Si interface

The dynamic interaction of composite
structures with water molecules and pure
ethyl aleohol (C,H5OH, 96 %) has been in-
vestigated. It was obtained that considered
composite structures are characterized by
higher maximum sensor responses and
desorption rates compared to traditional po-
rous materials for sensor applications. Si-
multaneously additional oxidation process
under water treating has been obtained to
improve the sensibility of SiO,/nc-Si nano-
composite compared to SiO, structures.
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IMnenaHcHA CHEKTPOCKOIIiE KOMIIO3MTIB Ha OCHOBI
MMOPYBATOTO0 KPEMHIiI0 Ta aeporeyir0 KpeMHe3eMy s
BUKOPHUCTAHHA y CEHCOPHUILi

A.IO.Kapnraw, I''B.RKy3neyos, I0.C.Minoeanos,
B.A.Cxpuwescvruil

EnekTpodisuuni Ta onTUUHI BJIACTUBOCTI TeTEPOTEHHWX KOMITOBUTHUX CHCTEM HA OCHOBI
HaHOKpeMHil0 NCc-Si Ta aeporemio KpemHesemy SiO, mocmimmeno meromamuy immenancuoi
cuekrpockorii Ta FTIR cmexTpockomnii nmpomyckanusa. ClIeKTpu HPOIYyCKAHHSA BUSBIIN Ha-
SABHICTH KOJNMBAJBHUX MOJ IIOBEPXHEBUX IiApPOKCHUIbHUX rpyn Ta 3B asanux Si—OH rpym, axi
O0YMOBJIIOIOTh CEHCOPHY IIOBELIHKY MOCJLIKYBAHUX KOMIIOBUTHUX CHCTEM II€PEeBAKHO y BO-
moBmicuomy cepemoBuili. Ha ocHoBi BuMiploBaHb IIOBHOI'O iMIIeZaHCY 3aIllPOIOHOBAHO MOMK-
JIUBi MexXaHisMM IlepeHOCy 3apfAAy y IIPECOBAHMX HAHOKOMIIOBUTAX, IOKA3aHO, III0 OCHOBHUM
MexaHizMOM IepeHocy 3apany y spaskax SiO,/nc-Si e mepronarniiine TyHemOBaHHA depes
cucTeMy KpPeMHieBMX HaHOKpucTaditiB. [ocraimkeHHA AMHAMIKM B3aeMoAil KOMIIOBUTHUX
CTPYKTYP 3 MOJIEKYJaMH BOAM Ta €TUJOBOTO CIIUPTY BUABUJIM, IO KiHeTuKa mecopbiiii Bogu
Ta CIMPTY y HaHoKommnosutax Si0,/nc—Si xapakrepusyeThea Ginbiron meuAKicTIO gecopOmii
nopisuano 3i spaskamm SiO,. [lianason BigHOCHOI sMiHm omopy min uac 06poGKH BOJOIO
cranoBue AR/R=0.99 mgna ob6ox Tumis 3paskis, 1o migTBepIiKye BUSHAYAIBHY POJb OKCHIHOI
MaTpUIli B agcopOIilfiHo-mecopbIifiHMX mpolecax 3a yYyacTiO KOMITOBUTHUX cucteM. Taki
CEHCOPHI XapaKTepHCTHKHN BiJKPUBAIOTH MOMKINBiCTH BUKOpHcTanHA mopysartux SiO, rTa
Si0,/nc-Si manokomIIOsHMTOB y fKOcTi TpaHcH’locepiB mpu creopeHHI ximiunmx cemcopis,
BOJIOTH Ta CHUPTY.
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