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1. INTRODUCTION

Nanocrystalline silicon is a promising material for
developing composite structures for optoelectronic
converters, gas and chemical sensors, solar panels, and
hydrogen accumulators [1–4]. There are several tech�
niques for fabricating ultrafine�grained systems with
silicon nanocrystallites: ion doping, pulsed laser dep�
osition, Si cluster deposition in HF discharge plasma,
and others. Particular interest is also paid to the devel�
opment of methods for producing fine�grained
ceramic composite structures based on nanoscale sili�
con powders [5, 6]. The parameters of such structures
are easily controlled by varying the initial composition
and the properties of the grain bulk (the crystallite
structure and sizes, dopant concentrations) and grain
boundaries (porosity, the state of crystallites’ surfaces)
[7–9].

One of the possibilities of modifying the composi�
tion and structure of silicon composites may be the use
of porous silicon (por�Si) powders. The phenomena of
energy spectrum quantization, band�gap widening,
and permittivity decrease, which are characteristic of
nanostructured semiconductors, are observed in
por�Si monocrystallites. A variety of fractal morphol�
ogies of powder material lead to significant differences
of electrical, optical, and mechanical characteristics
and, hence, to new application possibilities.

Porous silicon por�Si powders can be produced
using a relatively simple technology of stain etching of
fine�grained powder silicon [9, 10]. Methods of stain
etching of microcrystalline (mc�Si) silicon powder
allow the formation of por�Si powders with various

sizes and morphologies (micro�, nano�, and com�
bined micronanocrystallites). The developed chemi�
cally active surface causes high sensitivity of por�Si
crystallites to various external effects, in particular, to
adsorption ones [1, 2]. The problem arises of develop�
ing methods providing stability and monitoring of
powder por�Si parameters at both its production stage
and the stage of composite structure formation.

One informative method for revealing the system�
atic features of the effect of an ambient medium on
physicochemical properties of fine�grained composite
systems is impedance spectroscopy [11, 12]. Analysis
of impedance loci makes it possible to separate the
contributions of grain bulk and crystallite interfaces to
the conductivity, to study charge transport phenom�
ena, and to clarify the role of adsorption and chemical
interaction in various gas and liquid media. As a rule,
the frequency dependences of sample capacitive and
resistive characteristics are measured under steady�
state conditions at fixed parameters of a controlled
medium [11]. At the same time, the problem of deter�
mining the composite physicochemical state in the
dynamic mode in the presence of continuously varying
interaction with external reactants remains urgent.
The study of temporal transformations of impedance
spectra allows a more detailed estimation of the effect
of changes in adsorption�induced processes on the
sensitivity and dynamics of the response of composite
sensor structures.

The objective of this study was to determine the
correlations between the frequency and time depen�
dences of the impedance and to determine the varia�
tion rate of the parameters of composite structures
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with porous silicon directly under conditions of vary�
ing adsorption–desorption influence. To study the
interaction of composite samples with liquid media,
ethanol and water were chosen, the polar molecule
adsorption of which results in significant changes in
chemical bonds and charge states on the silicon sur�
face [13]. Furthermore, humidity is a necessary com�
ponent of most gas mixtures monitored using chemi�
cal sensors.

2. SAMPLES AND EXPERIMENTAL 
TECHNIQUE

As an initial material, a fine�grained fraction of
commercial p�type silicon powder (mc�Si) with a
resistivity of 0.001–0.003 Ω cm was used. The maxi�
mum crystallite size did not exceed several microme�
ters. The porous silicon powder was prepared by stain
etching of the initial powder in a mixture of hydroflu�
oric and nitric acids (HF : HNO3 : H2O = 4 : 1 : 20)
under continuous stirring at T = 35–55°C. After etch�
ing, the powder (hereinafter, por�Si) was collected in
the form of foam and dried in air at room temperature.
Such a combined micronanopowder consisted of sili�
con grains 30–50 nm in size, coated with 2� to 5�nm
nanocrystallites (see the inset in Fig. 1). The latter is
confirmed by intense red–orange photoluminescence
of the porous powder (Fig. 2). The prepared por�Si

powders were carefully mixed with the initial mc�Si
powder with weight ratios of 0–100%. The obtained
mixtures were pressed in a special mold at pressures as
high as 5 × 107 Pa with added Teflon as a binder (to
20 wt %). As a result, sufficiently strong plates shaped
as disks 1 mm thick and 10 mm in diameter were
obtained. After compaction, composite structures
were used for further impedance and optical measure�
ments.

Frequency and time dependences of impedance
components were studied using an E7�20 immittance
meter in a Teflon cell with pressure contacts (Pt) 10 mm
in diameter. The measuring sinusoidal signal ampli�
tude was 40–100 mV, the frequency range was 25–
106 Hz, and the temperature was 25°C. The measured
impedance magnitude |Z | and phase shift angle θ were

recalculated to the active ZRe =  and reac�

tive ZIm =  components of the imped�

ance Z(ω) = ZRe – jZIm. To study the effect of a liquid
medium on impedance spectra, the samples were
immersed in a cell with distilled water (H2O) or pure
ethanol (C2H5OH, 96%). Temporal variations were
recorded in the mode of natural drying of the sample
after removal of the liquid from the cell volume.

The effect of the conditions of the formation of sil�
icon powders and fine�grained composite structures
based on them on transport and recombination pro�
cesses in the bulk and at grain boundaries was moni�
tored by impedance spectroscopy, IR spectroscopy,
and photoluminescence methods. Transmission spec�
tra were measured using a Perkin Elmer Spectrum
BXII Fourier spectrometer in the range of 4000–
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Fig. 1. IR transmission spectra of (1) initial microcrystal�
line silicon powders, (2) porous silicon, and (3) porous sil�
icon after treatment in a 5% HF solution. The inset shows
the schematic change in the crystallite shape before and
after chemical etching: (1) crystalline core and (2) crystal�
lite shell.
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Fig. 2. Effect of compaction (P = 3 × 107 Pa) on photolu�
minescence spectra of porous silicon; (1) freshly prepared
compacted structure, (2) compacted structure after expo�
sure to C2H5OH and drying in air, and (3) porous silicon
(por�Si) powder.
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400 cm–1. The study was performed for both plates and
powders in a mixture with KBr. Photoluminescence
spectra were studied upon excitation by a pulsed ultra�
violet nitrogen laser with wavelength λ = 337 nm (τ =
10 ns).

3. EXPERIMENTAL RESULTS 
AND DISCUSSION

3.1. Initial Powders and Composite Structures

To determine the mechanisms of interaction
between the adsorbent and composite structure, the
initial composition of silicon powders should be
known. Figure 1 shows the results of the study of IR
transmission spectra of initial microcrystalline silicon
mc�Si powders (curve 1) and porous silicon por�Si
obtained by stain etching (curve 2). The inset shows
the crystallite shape variation during etching.

The transmission spectra of the initial mc�Si pow�
der contain weak vibrational bands (Fig. 1, curve 1),
which is apparently caused by the significant effect of
the nonporous crystalline core on the crystallite trans�
parency. The por�Si powder prepared by stain etching
consists of silicon nanocrystallites with a high concen�
tration of Si–H bonds (Fig. 1, curve 2). In IR spectra,
absorption bands of Si–O (1100 cm–1), SiHx (x = 1, 2, 3)
(2080–2140 cm–1), and O3SiH (2250 cm–1) are iden�
tified, which are also characteristic of electrochemi�
cally grown porous silicon films [14]. Weak broad
absorption bands (3000–3700 cm–1) are typically
attributed to the presence of water particles and O–H
groups adsorbed on the silicon surface [15, 16]. Water
vapor is the basic oxidizing component of ambient air
for the Si surface, which, after long standing in air, can
cause the formation of absorption bands of O–H
groups in Si–OH bonds.

In the case of chemical methods of por�Si powder
preparation, various mechanisms of dangling bond
passivation are possible (by hydrogen and oxygen ions,
hydroxyl groups). The probability of substitution of
chemically and thermally unstable SiHx surface
groups with more stable silicon–oxygen compounds
immediately during formation is controlled by the
chemical etchant composition [14, 17]. At low HF
solution concentrations, a intense band at a frequency
of 1100 cm–1 appears in the IR spectrum, which is
caused by absorption by Si–O vibrations (Fig. 1, curve 2).
Similar Si–O–Si bridge bonds are observed in silicon
dioxide during high�temperature oxidation in dry oxy�
gen [18]. Further porous silicon powder treatment in
5% HF for 20 s results in the expected disappearance
of the Si–O band (Fig. 1, curve 3). The IR spectros�
copy data are confirmed by the results of a thermody�
namic analysis of electrochemical equilibrium condi�
tions for the interaction of Si with fluoric acid in
diluted electrolytes [14]. At low HF concentrations
and low pH, the reaction of silicon–oxygen com�
pound formation is thermodynamically more favor�

able than hydrogen passivation and provides stability
of physical and chemical properties of the silicon
nanoparticle surface.

During composite structure compaction, silicon
nanocrystallites formed on the surface of por�Si pow�
der micrograins retain their main physical characteris�
tics. In the photoluminescence spectra of the initial
powder and composite in the orange spectral region, a
characteristic broad luminescence band is observed,
which can be explained by the size effect in structures
with different�size oscillators (Fig. 2). The intensity of
the luminescence maximum after pressing signifi�
cantly increases, which seems to be due to efficient
formation of bonds between silicon atoms and hydro�
gen and oxygen atoms adsorbed on the silicon nano�
particle surface. According to [6], an increase in the
mechanical pressure during compression of silicon
powders results in breaking of Si–Si structural bonds
and the appearance of a significant concentration of
silicon atom valence bonds, which, during further sat�
uration, form the Si–H and Oy–Si–Hx structures
observed in IR spectra (Fig. 1). A decrease in the con�
centration of dangling bonds with the compaction
pressure leads to additional radiative recombination
channels and an increase in the intensity of photolu�
minescence spectrum bands.

After exposure to an ethanol medium, the initial
spectrum is almost completely restored in 2–3 h of
drying in air (Fig. 2, curve 2). The compacted struc�
ture stability can be controlled by the formation of sil�
icon–oxygen compounds, which are more stable than
silicon–hydrogen compounds, on the silicon crystal�
lite surface (Fig. 1). Furthermore, the formation of
oxide compounds on the silicon crystallite surface
during stain etching prevents particle agglomeration
during compaction.

3.2. Frequency Dependences of the Silicon Structure 
Impedance

Figure 3 shows the frequency dependences of the
impedance spectra of composite silicon samples in the
complex plane ZRe–ZIm coordinates measured in air.
The locus represents either a unit semicircle insignifi�
cantly shifted along the ZRe axis (for mc�Si + 20% por�Si)
or dual semicircles (for mc�Si). Symbols are the mea�
surement data; solid curves are the results of the
approximation using the equivalent circuit (see the
inset in Fig. 3).

The impedance Z(ω) of the equivalent circuit
includes the low�frequency RBCB and high�frequency
RVCV circuits corresponding to carrier transport
through grain boundaries and in the grain bulk and the
ohmic resistance R0 of current supply contacts [11],

(1)Z ω( ) R0
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1 jωRBCB+
�����������������������
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1 ωRVCV+
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For mc�Si samples in a frequency range of 1–
106 Hz, it becomes possible to record two slightly over�
lapped semicircles in the locus (Fig. 3, curve 2). This
suggests that both crystallite bulk and boundaries con�
tribute to the total structure conductance. At the max�
imum point at the frequency ωs, the relations

are satisfied for the high� and low�frequency spectral
regions, respectively. At ω = 0 and ω = ∞, the imagi�
nary impedance component ZIm = 0, which allows
direct determination of the resistances R0, RV, and RB

by semicircle positions in the real axis. The parameters
of impedance spectrum approximation for mc�Si and
mc�Si + 20% por�Si samples are given in Table 1.

As a rule, in fine�grained ceramic materials, the
resistivity (per unit length) of crystallite boundaries is
much higher than that of the crystallite bulk. However,
measured total RB is smaller than RV, since grain
boundaries can be thinner by several orders of magni�
tude than the grains themselves. Temperature varia�
tions in the resistances RV and RB have an activation
mechanism; however, they are much less pronounced
for the resistance RV of a heavily doped volume. It is
clear that the high doping level of silicon is also a cause
of large capacitance CV. The capacitance CB inversely
proportional to the boundary layer thickness typically
does not exceed CB = 10–9 F, whereas it is difficult to
characterize the resistance RB of the intercrystallite
layer by a typical value.

In mc�Si + 20% por�Si samples, por�Si clusters
existing in the composite make the time constants τs of
parallel RC circuits of the crystallite bulk and bound�
aries closer, which results in an increased overlap of
the corresponding semicircles. The locus contains
only a nonideal unit semicircle (Fig. 3, curve 2), the
actual shape of which is controlled by the degree of
overlap of semicircles. In this case, the resistive and
capacitive properties of the system are adequately
described using a constant phase element (CPE) in the
equivalent circuit [12]. After replacing the capacitance
with this element, the impedance expression for the
composite structure takes the form [11]

ϖs
1
τs

��� 1
CVBV

���������� and ϖs
1
τs

��� 1
CBBB

����������= == =

(2)

where Q is the constant�phase element and s is the
exponent characterizing nonuniformity of electrical
properties of the structure (–1 ≤ s ≤ 1). At s = 1 and 0,
the CPE corresponds to the capacitance and resis�
tance, respectively. The parameters Q, s and resis�
tances R0, Rs determined for the mc�Si + 20% por�Si
structures are given in Table 1.

The small por�Si nanocrystallite sizes cause not
only widening of their band gap, but also high electri�
cal resistance irrespective of the carrier concentration
in the initial silicon powder [9]. Furthermore, the
charge transfer between crystallites is blocked to a
large extent by the electrostatic barrier caused by the
interface oxide layer.

3.3. Effect of Adsorption on Time Dependences 
of the Impedance

Let us consider the main features of changes in the
impedance spectra of composite structures upon time�
varying exposure to an external medium. In the
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Fig. 3. Dependence of the impedance loci of composite
structures on the composition of initial powders for (1) mc�Si
and (2) mc�Si + 20% por�Si. The inset shows the compos�
ite structure and the equivalent circuit for modeling.

Table 1

Structure composition Approximation parameters (RC)

mc�Si RB, Ω CB, F RV, Ω CV, F R0, Ω

3.3 × 105 2.5 × 10–10 6.9 × 105 23.0 × 10–10 3.9 × 103

Approximation parameters (CPE)

mc�Si + 20% por�Si R, Ω Q R0, Ω s

2.4 × 106 5.3 × 10–10 3.5 × 103 0.87
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impedance measurements at constant frequency ωn,
only resulting values of the series or parallel connected
resistance R and capacitance C of the sample are usu�
ally obtained, which reflects the entirety of processes
in the generalized form. In the case of a parallel RC
circuit, the real ZRe and imaginary ZIm parts of the
impedance Z(ω) at fixed frequency ωn can be written as

(3)

where τ = RC is the time constant of the equivalent cir�
cuit. It follows from expression (3) that, under the
assumption that R ≈ const, the dependences of ZRe and
ZIm on ω and τ are similar. The impedance spectrum in
the complex plane ZRe–ZIm coordinates is described

ZRe
R

1 ωn
2
τ

2+
����������������, ZIm–

ωnτR

1 ωn
2
τ

2+
����������������,= =

by equation for a circle with coordinates of the center
ZRe = R/2 and ZIm = 0. The dependence maximum is
observed at τn = 1/ϖn = CnRn, which allows simple
extrapolation of the time dependence of the imped�
ance (Rn and Cn are the resistance and capacitance at
the frequency ω = ωn). The use of the desorption mode
instead of the adsorption mode does not affect the
locus shape in the entire τ range (0 < τ < ∞).

At the constant measuring signal frequency ω = ωn,
the time dependences of the impedance are controlled
by the structure resistance and capacitance variations
R(t) and C(t). Under the assumption of linear time
dependences R(t) and C(t) in the entire range of the
adsorbent concentration, we obtain

(4)

where

are, respectively, the R(t) and C(t) variation rates. The
indices A and 0 correspond to the adsorption satura�
tion state (“wet” sample) and the state without
adsorption (“dry” sample), respectively.

A feature of the studied composite structures is a
rather high sensitivity to adsorption–desorption expo�
sure to ethanol and water. Figure 4 shows the effect of
the dynamic mode of ethanol desorption on the mod�
ification of time dependences of the impedance of the
mc�Si (Fig. 4a) and mc�Si + 20% por�Si (Fig. 4b)
structures for three frequencies of the measuring sig�
nal, ωn = 0.1, 1, and 10 kHz. Symbols represent exper�
imental data; solid curves correspond to the results
calculated according to (3) and (4).

Local electric fields of adsorbed polar molecules
cause changes in the surface charge state and electrical
parameters of the fine�grained semiconductor struc�
ture. Upon drying (t  t(0), “dry” sample), the
curves in the complex plane ZRe–ZIm coordinates are
shaped as nonideal semicircles in the region of low
adsorbate concentrations (Fig. 4). The dependences
shaped as semicircles are similar to those obtained
from frequency measurements (Fig. 3) and reflect the
kinetic nature of charge transport processes. In an eth�
anol medium (t  t(A), “wet” sample), the transition
to the linear dependence is observed in the region of
high adsorbate concentrations, which is characteristic
of diffusion processes of transport of an electrically
active material [12]. Such a dependence may be
caused by the relay�race mechanism of ion transport
over the surface due to adsorbate wave function over�
lap [17] at high concentrations of adsorbed ethanol or
water molecules. Furthermore, the formation of cap�
illary hydrostatic pressure during precipitation of liq�
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Fig. 4. Modification of impedance loci of (a) mc�Si and
(b) mc�Si + 20% por�Si composite structures in a C2H5OH
(96%) medium at measuring signal frequencies of (1) 0.1,
(2) 1.0, and (3) 10 kHz.
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uid in pores can lead to ionic conductivity. The ratio of
kinetic and diffusion processes of charge transport is
significantly affected by morphological differences
between mc�Si and mc�Si + 20% por�Si structures
(Fig. 4).

Table 2 lists the calculated variation rates αR and αC
in composite structures for various measuring signal
frequencies.

The room�temperature adsorption sensitivity
means that the adsorbate–adsorbent binding energy
does not exceed several kT. In this sense, structures
with increased por�Si concentrations are more stable,
since they exhibit lower αR and αC in the entire fre�
quency range. The dependence of the impedance on
the measurement frequency ωn is mainly controlled by
the contribution of the capacitance component asso�
ciated with charge state variations.

The kinetics of the surface�charge variation is con�
trolled by the superimposition of two processes: the
formation of the surface adsorption charge and
recharging of intrinsic surface states of the semicon�
ductor structure under new equilibrium conditions
[13]. In the region of higher frequencies ωn > 1 kHz,
charging of relatively fast adsorption states is a domi�
nant factor. The characteristic recharge time depends
on the adsorbed dipole concentration and the adsorp�
tion–desorption process duration. As a rule, the
charge transport rate decreases with the adsorbate
concentration, since charging of adsorption states
requires overcoming the energy barrier, which
becomes higher during adsorption. In the low�fre�
quency region ωn < 1 kHz, the role of recharging of
slower surface states the concentration of which is
almost independent of the adsorption process
becomes significant. At the same time, changes in the
ratio of concentrations of intrinsic and adsorption
states and their recharging times can cause the forma�
tion of a maximum in the kinetic curve of surface
charge variations.

Figure 5 shows the time dependences of the imped�
ance of composite samples of different composition at
the frequency ωn = 1 kHz after exposure to an aqueous
medium. The dynamics of water desorption in the dry�
ing mode is characterized by lower rates of parameters’
variation in comparison with an ethanol medium:
αR = 0.0067 min–1, αC = 0.15 min–1 for mc�Si struc�

tures and αR = 0.0067 min–1, αC = 0.54 min–1 for
mc�Si + 20% por�Si structures.

In an aqueous medium, the limiting effect of slow
diffusion processes manifests itself at lower adsorbate
concentrations and lower frequencies. Even at the fre�
quency ωn = 1 kHz, the locus exhibits the existence of
both kinetic (semicircle) and diffusion (straight line)
processes (Fig. 5). An increase in the porous silicon
content increases the composite structure stability; the
parameters of mc�Si + por�Si composites are almost
completely restored after several adsorption–desorp�
tion cycles. The kinetic processes of charge transport
(semicircle in the locus) are dominant. This is in
agreement with the IR spectroscopy data (Fig. 2) on
the effect of partial oxygen passivation on a decrease in
concentrations of unsaturated valence bonds and
charged chemisorbed dipoles on the surfaces of porous
silicon nanocrystallites.

A possible cause of the complex mechanism of the
current flow through phase interfaces is the low�fre�
quency contribution of ion–proton components (H+,
H3O

+, OH–, O–) caused by the presence of hydrated
water in the surface layer of silicon crystallites to the
conductance. In the low�frequency spectral region,

Table 2

Structure
composition

Parameters

αR, min–1
αC, min–1

102, Hz 103, Hz 104, Hz 102, Hz 103, Hz 104, Hz

mc�Si 0.0096 0.0096 0.0098 1.0 1.70 0.50

mc�Si + 20% por�Si 0.0093 0.0093 0.0096 0.80 0.20 0.087
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Fig. 5. Modification of impedance loci of (1) mc�Si and
(2) mc�Si + 20% por�Si nanocomposite structures in an
H2O medium at a frequency of 1.0 kHz.
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the transport of ion defects in chains of adsorbed water
molecules can provide considerable proton conduc�
tion in crystalline hydrate compounds the lattice of
which is saturated with crystal water [19]. At high fre�
quencies, low�mobility charge components have no
time to pass through the phase interface and the inter�
crystalline layer capacitance becomes frequency inde�
pendent and is controlled by morphological features of
the structure. In the low�frequency region f < 103 Hz,
the frequency�dependent complex component addi�
tional to the barrier capacitance should be considered
in the graphic�analytical determination of the equiva�
lent circuit parameters.

4. CONCLUSIONS

Thus, we may conclude that graphic�analytical
processing of the time dependences of the impedance
under conditions of dynamic adsorption makes it pos�
sible to obtain information on the crystallite bulk and
interface properties in addition to stationary imped�
ance studies in a frequency range.

The differences in the composition and structural
characteristics of initial mc�Si and por�Si powders, as
well as in compaction conditions, control the stability
of properties of obtained composites. Partial oxygen
passivation of the surface immediately upon porous
silicon powder formation provides stable characteris�
tics of composite structures. Adsorption of polar mol�
ecules (H2O and C2H5OH) controls the kinetics of
variations in the surface charge states and, hence,
electrical parameters of structures. The results of the
study of the time dependences of the impedance
allowed determination of the parameter�variation
rates for composite structures under conditions of
dynamic adsorption–desorption exposure.
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