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ELECTRICAL PROPERTIES
OF SILICON-OXIDE HETEROSTRUCTURES
ON THE BASIS OF POROUS SILICONPACS 71.20.Nr, 72.20.Pa

The processes of charge-carrier transport and relaxation in silicon-oxide heterostructures based
on porous silicon have been studied, by using voltammetric measurements and thermoactivation
spectroscopy. The temperature dependences of the conductivity in experimental structures are
measured in an interval of 80–325 K, and the activation energy of the electrical conductivity
is determined. On the basis of the temperature dependences obtained for the depolarization
current, the energy distribution of localized electron states, which affect the charge transport
processes, is calculated. The influence of coating the porous silicon layer with a thin SiO𝑥 film
on the electrical properties of the layer is analyzed. The obtained results extend the application
scope of silicon-oxide nanosystems.
K e yw o r d s: porous silicon, silicon-oxide film, current-voltage characteristic, conductivity
activation energy, thermally stimulated depolarization.

1. Introduction

A number of fundamental physical principles impose
restrictions on a decrease of the dimensions of func-
tional elements created on the basis of silicon as a
basic material for the microelectronic technology. In
particular, these are quantum-size effects in nanos-
tructures, the statistical uncertainty of the parame-
ters of small elements, and the existence of a mini-
mum operating voltage for semiconductors, which is
associated with unavoidable thermal fluctuations in
them. In the case of elements created on the basis
of metal-insulator-semiconductor (MIS) structures,
the problems of microminiaturization also include the
charge carrier tunneling through a gate insulator, the
injection of hot carriers into oxide, and the electric
breakdown of an insulator. In essence, the solution of
those problems depends on the level of development
of a technology applied to the creation of high-quality
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insulator layers with high thermal stability, high di-
electric permittivity, and wide spectral interval of op-
tical transparency [1–3].

That is why the focus of attention in the researches
of MIS structures has been lately shifted toward issues
dealing with nano-sized objects and extremely thin
insulators, for which the ballistic charge transport
takes place [4–8]. This phenomenon can be either ex-
tremely undesirable (for example, in field-effect tran-
sistors) or necessary (as in the structures with MIS
injector) for the devices to work. In the majority of
technically important cases, it is necessary that the
charge carriers should not simply move through an in-
sulator or a set of barrier layers, but they should get
with a definite energy into silicon. In particular, this
is necessary for resonance-tunnel diodes and super-
lattices, as well as for devices on the basis of impact
ionization.

Taking all this into account, the study of the charge
transport processes through an insulator into semi-
conductor nanocrystals is a challenging problem. The
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most accessible cheap way to obtain a system of sil-
icon nanostructures is the technology of porous sil-
icon (por-Si) fabrication by etching small voids in
a silicon single crystal. As a result, the thickness of
walls between the pores can achieve a value of a few
nanometers [9–11]. Porous Si is regarded as a conve-
nient model object for studying a wide range of opti-
cal and electrophysical properties in nano-structured
materials, because it can be produced rather easily,
and its structural properties can be modified. The for-
mation of a silicon oxide film on the surface of a por-Si
layer provides a uniform highly effective passivation of
the surface of silicon nanocrystals, which is crucial for
their application to the optoluminescence, electronic,
and photoelectronic domains [12, 13].

In order to form an oxide film on the por-Si surface,
the thermal oxidation of silicon – a traditional tech-
nology in microelectronics – is usually applied [13–
15]. However, this method results in a size reduction
of silicon nanocrystals or in the complete oxidation
of a porous layer. This can be avoided, by using the
sol-gel technology of oxide film fabrication on por-Si
from colloid solutions of organic silicon compounds
[16]. Also promising are the methods of ionic-plasma
and thermal deposition of thin SiO𝑥 films, which are
used to produce silicon nanocrystals in oxide layers
[17, 18].

Therefore, the aim of this work was to create
SiO𝑥/por-Si/Si heterostructures and study their elec-
tric parameters. For this purpose, the charging prop-
erties of silicon oxide nanosystems are studied by
measuring and analyzing their current-voltage char-
acteristics (CVCs), as well as the temperature depen-
dences of the conductivity and current of thermally
stimulated depolarization (TSD).

2. Experimental Part

Experimental por-Si structures were obtained, by
using the method of photo-electrochemical etching
of phosphorus-doped silicon single-crystals with con-
ductivity of the 𝑛-type and a specific resistance of
45 Ωcm. The etching was carried out in an electroly-
te on the basis of hydrofluoric acid with the volume
ratio HF :C2H5OH = 1 : 1. The anodizing duration
amounted to 10 min, and the anode current density
was equal to 30 mA/cm2. Under those technological
conditions, layers of macro-porous silicon were for-
med. After the electrochemical treatment, the exper-
imental specimens were washed out in distilled water.

A thin SiO𝑥 film was deposited onto the por-Si sur-
face by thermally evaporating a silicon powder on a
vacuum installation VUP-5M in the air atmosphere
at a residual pressure of about 10−1 mm Hg. Experi-
mental por-Si specimens, which served as substrates
in the course of deposition, were arranged at a dis-
tance of about 5 cm from a tungsten evaporator. Ow-
ing to the interaction between evaporated silicon and
residual oxygen, a film of amorphous nonstoichiomet-
ric oxide SiO𝑥 (𝑥 < 2) was condensed on the sub-
strate. The application of macroporous silicon as a
substrate promoted the penetration of the oxide film
into pores. The thickness of the obtained SiO𝑥 film
was measured with the help of a microinterferometer
and amounted to about 100 nm.

Electric contacts were deposited on the dielectric
film surface and the rear side of the silicon substrate
with the help of the thermal vacuum deposition of
a metal film and a conducting varnish. The electric
properties of experimental structures were studied in
the geometry where the current through the structure
was directed perpendicularly to its surface.

The current-voltage characteristics (CVCs) were
measured by varying the bias voltage from −5 to
5 V and in the inverse direction. The measurements
of the temperature dependences of the conductivity
in silicon oxide nanosystems on the basis of por-Si
were carried out in the ac mode, at a frequency of
1 MHz, and with the help of a digital LCR meter
E7-12. The amplitude of the testing signal amounted
to 250 mV. For this purpose, experimental speci-
mens were arranged in a cryostat where a vacuum
of 10−3 mm Hg was maintained. The temperature in
the cryostat was measured with an accuracy of 1 K,
and it could be varied from 80 to 325 K. The rate of
specimen heating amounted to 0.1 K/s.

In the course of TSD researches, the experimental
structures were preliminarily polarized (the polariza-
tion voltage 𝑈 = 5 V) at room temperature and then
cooled down to the liquid-nitrogen temperature. The
temperature dependence of the depolarization current
was studied with the use of an electrometer V7-30, by
linearly heating up the specimens to 325 K in the ab-
sence of an external electric field.

3. Results and Their Discussion

The dark CVCs of experimental structures fabricated
on the basis of por-Si were measured at room temper-
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Fig. 1. CVCs of por-Si/Si (1 ) and SiO𝑥/por-Si/Si (2 ) struc-
tures

Fig. 2. Temperature dependences of the conductivity for por-
Si/Si (1 ) and SiO𝑥/por-Si/Si (2 ) structures. The same depen-
dences, but in the log𝐺−1 versus 𝑇−1 coordinates, are shown
in the inset

ature (see Fig. 1). The reference por-Si/Si specimen
was characterized by a nonlinear CVC, which testified
to the existence of several potential barriers in this
structure. A nonlinear CVC can be a result of con-
tact phenomena, electric barriers both in the porous
layer and at the por-Si/silicon substrate interface, and
the Poole–Frenkel effect [19, 20]. The deposition of a
SiO𝑥 film onto the por-Si surface gave rise to a modi-
fication of the CVC form, which acquired a rectifying
profile typical of MIS structures.

During the measurements, we revealed a hystere-
sis in the direct CVC branch, when varying the volt-

Fig. 3. Temperature dependences of the conductivity for por-
Si/Si (1 ) and SiO𝑥/por-Si/Si (2 ) structures. The same depen-
dences, but in the log𝐺−1 versus 𝑇−1 coordinates, are shown
in the inset

age from negative to positive values and backwards. It
should be noted that an increase in the current was
observed at direct voltages above 3 V, which could be
associated with the electric breakdown of the dielec-
tric SiO𝑥 film. The observable hysteresis could also be
a result of the nonequilibrium filling of surface states
in the film, which exchanged electrons with the semi-
conductor and, in such a way, stimulated complicated
relaxation processes in the experimental structures
[13, 21, 22].

In order to study the mechanisms of charge car-
rier transport in por-Si-based structures, the temper-
ature dependences of the conductivity 𝐺 in the in-
terval 80–325 K were examined. They are shown in
Fig. 2. The deposition of a SiO𝑥 film onto the sur-
face of a porous layer resulted in a reduction of the
SiO𝑥/por-Si/Si heterostructure conductivity in com-
parison with the initial por-Si specimen in the whole
indicated temperature interval. The temperature de-
pendences of the conductivity are well described by
the exponential dependence, which testifies to the ac-
tivation mechanism of charge transfer in the experi-
mental specimens. By analyzing the variation charac-
ter of the 𝐺(𝑇 )-dependence for SiO𝑥/por-Si/Si het-
erostructures, two temperature sections can be dis-
tinguished: with approximate limits of 80–140 K and
140–290 K.

On the basis of the temperature dependences of the
specific resistance for the experimental por-Si-based
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structures plotted in the log𝐺−1 versus 𝑇−1 coordi-
nates (see the inset in Fig. 2), the activation energy
of conductivity can be evaluated. Calculated from the
slope of the log𝐺−1(𝑇−1)-curve, the conductivity ac-
tivation energy for por-Si was found to equal about
0.05 eV. In the case of SiO𝑥/por-Si/Si structure, the
activation energy was equal to 0.11 eV in the temper-
ature interval 140–290 K.

The processes of charge relaxation in por-Si-based
structures were studied with the help of thermoac-
tivation spectroscopy. In the case of disordered sys-
tems, including silicon oxide nanosystems, the lev-
els of nonequilibrium charge carrier capture are ar-
ranged quasicontinuously according to the activation
energy value. In order to determine the activation
energies of electrically active defects in the experi-
mental structures, TSD currents were measured. The
temperature dependences of the depolarization cur-
rent had a similar character for the por-Si/Si and
SiO𝑥/por-Si/Si structures: they were characterized
by the thermally stimulated charge emission starting
from nitrogen temperatures and a wide band with the
increasing current, when approaching room tempera-
ture (Fig. 3). In addition, the TSD spectrum of the
initial por-Si/Si specimen demonstrated larger values
of depolarization current in comparison with the spec-
trum registered for the SiO𝑥/por-Si/Si structure.

The TSD spectra were analyzed in the framework
of the phenomenological theory for TSD currents
in disordered insulators [23]. In Fig. 4, the calcula-
tion results obtained for the energy distribution of
the state filling density are depicted. The calcula-
tions were carried out numerically on the basis of the
Tikhonov regularization algorithm. The energy spec-
trum was not characterized by discrete energy values,
but a definite distribution, which can be associated
with the disordered character of the por-Si structure.

By analyzing the TSD spectrum, the energy dis-
tribution of the state filling density was deter-
mined. Levels of charge carrier capture, different by
their nature and activation energy, were revealed in
the intervals 0.2–0.3, 0.4–0.5, and 0.55–0.7 eV. By
analogy with SiO2, we may assume that the band
at 0.2–0.3 eV corresponds to the activation energies
of hydrogen ions H+, and the capture levels at 0.4–
0.5 and 0.55–0.7 eV are created by electrically active
defects at the Si/SiO𝑥 interface [11, 24]. The deposi-
tion of a SiO𝑥 film onto the por-Si layer surface was
acconpanied by a shift of the 0.4–0.5-eV-band toward

Fig. 4. Energy distributions of the state filling density in
por-Si/Si (1 ) and SiO𝑥/por-Si/Si (2 ) structures

higher energies. This fact can be explained by a mod-
ification of the molecular composition of the surface
coating on por-Si nanocrystals.

4. Conclusions

On the basis of the integrated study of the elec-
tric properties of SiO𝑥/por-Si/Si heterostructures,
the processes of charge transport through the insu-
lator into silicon nanocrystals and the relaxation of
nonequilibrium charge carriers in those disordered
nanosystems have been analyzed. A hysteresis in the
direct CVC branch is revealed. It can be associated
with the electric breakdown of the dielectric SiO𝑥 film
and the nonequilibrium filling of surface states.

The temperature dependences of the conductivity
in por-Si-based structures are analyzed. The activa-
tion mechanism of charge transport in those nanosys-
tems is established. On the basis of experimental re-
sults, the conductivity activation energy is deter-
mined in the temperature interval 140–290 K. Its
value amounts to about 0.05 eV in the case of por-
Si/Si structure and about 0.11 eV in the case of
SiO𝑥/por-Si/Si heterostructure.

The energy distribution of the density of filling
of nonequilibrium-charge-carrier capture levels, 𝑔(𝐸),
which was calculated from the temperature depen-
dences of the TSD current, is found to have max-
ima in the energy intervals 0.2–0.3, 0.4–0.5, and 0.55–
0.7 eV. The deposition of an oxide film onto the por-Si
surface resulted in a change of the state filling den-
sity in various energy intervals. Hence, the obtained
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results extend the application scope of silicon oxide
nanosystems in optoelectronic devices, memory cells,
and resonance tunneling diodes.
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ЕЛЕКТРИЧНI ВЛАСТИВОСТI
ОКСИДОКРЕМНIЄВИХ ГЕТЕРОСТРУКТУР
НА ОСНОВI ПОРУВАТОГО КРЕМНIЮ

Р е з ю м е

Методами вольт-амперних характеристик i термоактива-
цiйної спектроскопiї вивчено процеси перенесення та рела-
ксацiї носiїв заряду в оксидокремнiєвих гетероструктурах
на основi поруватого кремнiю. Дослiджено температурнi

залежностi провiдностi експериментальних структур в iн-
тервалi 80–325 К та визначено енергiю активацiї електро-
провiдностi. На основi температурних залежностей струму
деполяризацiї розраховано енергетичний розподiл локалiзо-
ваних електронних станiв, якi впливають на процеси пере-
несення заряду у структурах на основi поруватого кремнiю.
Проаналiзовано вплив поверхневого покриття поруватого
шару тонкою плiвкою SiO𝑥 на його електричнi характери-
стики. Отриманi результати розширюють перспективу за-
стосування оксидокремнiєвих наносистем.
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