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In this work, the electrical and photovoltaic properties of sandwich structures based on porous silicon
modified by cobalt nanoparticles were investigated. The increase of electrical conductivity, photovoltage
and photocurrent of experimental structures was detected for the case of introduction of cobalt into the
porous silicon matrix. The spectral characteristics of photoresponse of the barrier structures in the 450-
1100 nm wavelength range were studied. The temperature dependences of photovoltage and energy char-
acteristics of the structures based on porous silicon modified by cobalt nanoparticles were measured. The
results extend the perspectives of porous silicon in photoelectronics and sensor electronics.
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1. INTRODUCTION

Formation of nanomaterials with unique physical,
electrochemical, catalytic properties is one of the priority
directions of the development of science and technology
which opens wide possibilities for the creation of new ef-
fective catalysts, sensor systems and photoelectric con-
verters. Porous silicon (PS) belongs to such nanostruc-
tured materials. Small sizes of PS nanocrystals, large
area of their surface, increased band gap in comparison
with bulk silicon condition wide application perspectives
of this material in micro-, nano- and optoelectronics, sen-
sorics and energetics [1-5].

Moreover, PS can be used as a matrix for the intro-
duction of different nanoparticles that allows to create
on its basis nanocomposites with controlled functional
properties. In particular, it was established that deposi-
tion on the PS surface or introduction into pores of metal
(gold, palladium, nickel, copper, etc.) nanoparticles pro-
motes the enhancement of manifestation effectiveness
of the optical, luminescence, catalytic properties of the
material [6-9]. Collective excitations of the conduction
electrons in metal nanoparticles (surface plasmon res-
onance) under the action of electromagnetic radiation
condition the amplification of the optical effects of com-
posite environment.

Low-dimensional systems based on PS with incorpo-
rated nanoparticles of ferromagnetic metal which pos-
sess interesting magneto-optical characteristics attract
scientific and practical interest [10, 11]. Moreover, infor-
mation about electrophysical properties of “magnetic”
nanocomposites based on silicon is actual.

Therefore, the aim of the work was to modify the sur-
face of PS nanocrystals by electrochemically deposited
cobalt nanoparticles and study the electric and photo-
voltaic properties of modified PS-based structures. We
should note that method of electrochemical deposition
of metals has undeniable advantages, since it is com-
paratively simple, cheap and compatible with ordinary
PS technology.

2. EXPERIMENTAL TECHNIQUE

PS layers were formed by the method of electroche-
mical anodizing of the monocrystalline silicon plates of
the thickness of 400 mm of electron conduction with the
resistivity of 4.5 Ohm∙cm of the crystallographic (100)
orientation in an ethanol solution of hydrofluoric acid
with the volume component ratio of HF : C2H5OH = 1 : 1.
In order to obtain a uniform porous layer, a gold film,
which also served as a contact for further measure-
ments, was pre-deposited on the back surface of silicon
substrate by the thermal-vacuum method and annealed
at the temperature of 450 °C during 20 minutes. Anode
current density and etching time were equal, respective-
ly, to 30 mA/cm2 and 5 min. To provide the presence in
the near-surface n-Si layer of positive charge carriers,
which are necessary for the anode reactions and forma-
tion of PS [12], working surface of the plate was irradi-
ated by white light during the whole process of electro-
chemical etching. The obtained structures were divided
into samples of the area of ≈ 1 cm2.

Introduction of cobalt fragments into the PS matrix
was carried out by the electrochemical method from
20 % solution of cobalt acetate (Co(CH3COO)2) at the
direct current flow of 20 mA during 10 min. Control of
the introduction of metal nanoparticles into a porous
layer was performed using the scanning electron micro-
scope Selmi REMMA-102

Electrical contact to a porous layer of the diameter
of 6 mm was formed by the method of thermal-vacuum
deposition of a semitransparent silver film. Angle bet-
ween the direction of the flux of evaporated Ag atoms
and the normal to the PS surface was equal to 60 о that
provided the formation of electric contact on the surface
of porous layer avoiding Ag penetration into pore depth.

Measurements of the current-voltage characteristics
(CVC) were performed according to the standard tech-
niques with the step of 50 mV at the current passing
through the structures along the direction perpendicu-
lar to the surface. Photovoltaic phenomena were inves-
tigated under the condition of irradiation of the struc-
tures from the side of a porous layer by the radiation of
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light-emitting diode FYLP-1W-UWB-A with the power
of  1  W,  luminous  flux  of  76  lm.  Measurements  of  the
spectral dependences of the photovoltage and photocur-
rent were performed on the standard optical equipment
using diffraction monochromator and incandescent lamp
(2800 K). Photoresponse spectra were normalized on the
black-body curve with the temperature of 2800 K (the
Plank curve) and corrected taking into account the spec-
tral sensitivity of the device.

Study of the energy characteristics of the structures
Au – n-Si – PS – Ag was carried out using light emit-
ting diode, whose radiation intensity is directly propor-
tional to the current. In the case of the investigation of
the temperature dependences of the photovoltage, ex-
perimental samples were placed into cryostat, in which
vacuum was maintained on the level of residual pres-
sure of about 10–3 mm Hg, and were pre-cooled in dark.
Measurements were performed under the conditions of
linear heating of the samples from the temperature of
80 K to 325 K with the rate of 0.1 K/s.

3. RESULTS AND DISCUSSION

Analysis  of  the  PS surface  and cross-section of  the
experimental samples by scanning electron microscopy
(SEM) methods in the regimes of elastically reflected
electrons and X-ray microanalysis allowed to establish
that significant amount of electrically deposited cobalt
was located in the near-surface PS layer. In the regime of
elastically reflected electrons, SEM-image sections with
larger brightness are identified as formed metal clusters
(see Fig. 1). In depth of a porous layer cobalt was placed
on the walls between pores in the form of nanoparticles,
whose sizes reached some tens of nanometers.

Regime of the X-ray spectral microanalysis allows to
determine the phase composition of composite structure.
Peaks in the energy ranges of 0.8 keV, 6.95 keV and
7.65 keV, which correspond to the cobalt atoms, were
observed besides the peak with the energy of 1.7 keV
which is typical for silicon.

CVC of the sandwich structures Au – n-Si – PS – Ag
measured  in  the  dark  at  room  temperature  possessed
rectifying behavior that is, probably, conditioned by the
Schottky barrier (Fig. 2). Forward branch of the CVC
corresponded to the positive potential on the silicon sub-
strate with respect to Ag contact on the porous layer.
We have to note that rectification factor was larger in
the case of the structures modified by cobalt nanoparti-
cles. This can be conditioned by both larger metal/sili-
con contact area and modification of the electron para-
meters of PS nanocrystals due to the interaction of sili-
con with a metal. Moreover, we have also observed the
increase in the electrical conductivity of the investigated
structures with incorporated cobalt nanoparticles that can
be connected with the formation of additional channels for
the current passing through a porous layer.

Under the influence of the light-emitting diode irra-
diation with the luminous flux of 76 lm on the PS sur-
face, CVC of the experimental samples were changed
similarly to the photodiode structures. Appearance of
the negative photovoltage on the semitransparent Ag
contact was observed in the photogalvanic mode.

The values of the photovoltage and photocurrent were
larger for Au – n-Si – PS – Ag structures modified by

a

b

Fig. 1 – SEM-images (a) and X-ray microanalysis diagram (b)
of the PS cross-section with incorporated cobalt nanoparticles

Fig. 2 – CVC of the initial Au – n-Si – PS – Ag structure (1, 1’)
and modified by cobalt nanoparticles (2, 2’): 1, 2 – in the dark;
1’, 2’ – under the action of the light-emitting diode (FYLP-1W-
UWB-A) irradiation of the PS surface

Fig. 3 – Spectral dependence of the photovoltage of the structure
Au – n-Si – PS – Ag (1) and modified by cobalt nanoparticles (2)
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cobalt nanoparticles that can be connected with larger
metal/semiconductor contact area.

Spectral dependences of the photovoltage of the bar-
rier Au – n-Si – PS – Ag structures are shown in Fig. 3.
Photovoltage spectra in the idling mode were similar to
the photoresponse spectrum of PS/silicon heterojunctions
[13, 14] and characterized by a wide maximum in the
range of 950 nm. Moreover, decrease in the spectral
photosensitivity of the PS-based structures modified by
cobalt was observed in the short-wave region. This can
be connected with shunting of quantum-sized PS nano-
crystals by incorporated cobalt particles. During the tran-
sition to the short-circuit mode, behavior of the spectral
dependence of the photocurrent corresponded to the pho-
tovoltage spectra.

Temperature dependences of the photovoltage of the
investigated structures in the range of 80-300 K have a
nonmonotonic behavior with the maximum at the tem-
perature of about 200 K (Fig. 4). An additional maxi-
mum of the photovoltage at the temperature of about
100 K was observed for Au – n-Si – PS – Ag structure
modified by cobalt nanoparticles.

Fig. 4 – Temperature dependences of the photovoltage of the
Au – n-Si – PS – Ag structure (1) and modified by cobalt nano-
particles (2) under the action of the light-emitting diode
(FYLP-1W-UWB-A) irradiation of the PS surface

The observed nonmonotonic behavior of the obtained
temperature dependences can be defined by a number
of reasons, in particular, by the change in the position
of the Fermi level with temperature, by the presence of
trapping levels of non-equilibrium charge carriers both
on the surface of silicon nanocrystals and at the porous
layer/substrate interface, etc. [8, 15]. In particular, dif-
ferent in nature and activation energy trapping levels
were revealed during the investigations of thermostim-
ulated conductivity and PS depolarization [16, 17]. The
value of photosignal depended on the carrier confine-
ment time at trapping levels which increased with the
decrease in temperature.

In order to obtain additional information about the

photoelectron processes in Au – n-Si – PS – Ag structu-
res, their energy characteristics are studied. Character
of the dependences of the photovoltage on the irradiation
intensity was similar to the photodiode signal, however,
deviation from linearity of the energy dependences of
the fhotocurrent (Fig. 5) was observed.

Such sublinear dependence of the photocurrent on
the irradiation intensity also can be connected with
trapping of carriers by traps. The obtained results im-
ply a more complex, than diode, structure of the inves-
tigated systems.

Fig. 5 – Dependence of the photovoltage (1, 2) and photocur-
rent (3, 4) of the Au – n-Si – PS – Ag structure (1, 3) and modi-
fied by cobalt nanoparticles (2, 4) on the irradiation intensity

4. CONCLUSIONS

In the work, it is experimentally established that
application of the electrochemical method ensures an
effective incorporation of cobalt into PS layers, and, as
a result, formation on the walls between pores of metal
nanoparticles, whose sizes reached several tens of nano-
meters, was observed. Analysis of the CVC of photosen-
sitive Au – n-Si – PS – Ag barrier structures has shown
that incorporation into a porous layer of cobalt nanopar-
ticles conditions the increase in the electrical conduction
of sandwich structures and enhancement of the photo-
signal value that can be connected with a larger metal/
semiconductor contact area and the formation of additio-
nal channels of current passing through a porous layer.

Based on the temperature dependences of the photo-
voltage and energy characteristics of the experimental
Au – n-Si – PS – Ag structures, it was revealed the ex-
istence of trapping levels of non-equilibrium charge carri-
ers which considerably influence the electron processes
in PS nanostructures. High sensitivity of the structures
Au – n-Si – PS – Ag in the visible and the near infrared
spectral regions broadens the perspective of PS applica-
tion in photodetectors. The obtained results also can be
used in sensorics and power engineering for the effective
formation of nanocatalysts in porous materials.
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