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1. Introduction

Porous silicon (PS) attracts attention of researchers
because of its wide range of possible applications [1, 2].
Due to its antireflective properties, a large area of
absorbing surface, the increased width of the band gap of
silicon nanocrystals there are interesting perspectives of
application of PS in photoelectronics [3-7]. It has been
also found that adsorption of chemically active or polar
molecules causes a significant change in the
concentration of free charge carriers in the PS and its
electrophysical parameters [8-12]. It is assumed [8] that
adsorption by silicon surface of I, molecules, which in
this case reveal the acceptor properties, may lead to
inversion of the electronic type of conductivity in silicon
nanocrystals to the hole one. However, by now it does
not pay sufficient attention to application of adsorption
methods for controlling the conductivity type. So, the
purpose of this study was to develop the method of
“adsorption doping” of PS — n-Si barrier structures and
to study their photovoltaic properties.

2. Experimental

The experimental samples of PS were manufactured by
photoelectrochemical  etching [13,14] in  the
galvanostatic mode on the single-crystal silicon substrate
of the 400-um thickness and crystallographic orientation
(100). The substrates have n-type of conductivity with a
specific resistance of 4.5 Ohm:cm. To obtain a
homogeneous layer, using the thermovacuum method we
previously deposited a film of silver with a thickness of
about 1 pm on the back surface of the substrate. This
film also served as a contact for further measurements.
As an electrolyte the ethanol solution of hydrofluoric
acid with the volume ratio of components
HF:C,HsOH = 1:1 was used. The anodic current density
was 30 mA/cm® and etching time — 3 min. Under these
technological conditions, mesoporous silicon layers are
formed. According to SEM and AFM studies of the
porous layer, the thickness and size of silicon nanowires
were about 8 pm and 40 nm, respectively. After
electrochemical treatment, PS surface was rinsed with
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distilled water and dried in air stream at room
temperature for 30 min. These structures were divided
on samples with an area of about 1 cm”. Adsorption of I,
molecules was performed from 1, 5 and 10% ethanol
solution of iodine for different samples of PS, after that
the samples were dried for 30 min at room temperature.
Optical transparent clamping electrode (glass plate with
conductive layer of SnO,) was served as a contact to the
porous layer.

The measurement of current-voltage characteristics
(CVC) of the structures based on PS was performed
during the passage of current through the structure in the
direction perpendicular to the surface. Photoelectrical
phenomena were studied under illumination of the
structures from a porous layer side perpendicularly to its
surface by using a He-Ne laser (A= 0.63 um) with a
radiation power of 2 mW. Measurements of the spectral
dependence of the photoresponse (in the regimes of
photovoltage and photocurrent) were carried out using a
standard optical equipment with a diffraction
monochromator and filament lamp (2800 K). The
spectra of photovoltage were normalized on the curve of
blackbody radiation with a temperature of 2800 K and
were corrected taking into account the spectral
sensitivity of the setup. It was also measured spectral
dependence of the photoresponse of an industrial silicon
photodiode. To study the kinetics of photoresponse, light
was modulated with a frequency of 350 Hz through
electromechanical interruption of the beam and then was
directed on the PS surface. All measurements were
carried out at room temperature.

3. Results and discussion

The reference sample of PS — n-Si (not modified I,) had
symmetrical and nonlinear current-voltage
characteristics, indicating the existence of several
potential barriers in this structure (Fig. 1). Adsorption of
iodine molecules led to significant changes in electrical
properties of structures of PS — n-Si. The observed
rectifying nature of the CVC (the direct branch of CVC
corresponds to the positive potential on the porous
layer). It indicates dominance of one of the potential
barriers. There observed increase in the concentration of
iodine molecules in solution from which adsorption took
place, it means that the number of adsorbed molecules
resulted in increased rectification coefficient of CVC of
the adsorptionally modified structures PS — #-Si.

Under the influence of light illumination of PS
surface by He-Ne laser with an intensity of 60 mW/cm?,
the CVC of PS — #n-Si sample with adsorbed iodine
molecules changed similarly to those observed in a
photodiode structure (Fig. 2). Moreover, increasing the
number of adsorbed molecules resulted in an increased
magnitude of photovoltage and photocurrent in the
short-circuit regime.

Qualitatively, this change in CVC under the
influence of adsorption of I, can be explained as follows.
Adsorption of molecules with acceptor properties on

silicon surface leads to formation of the surface acceptor
levels and appropriate bending of energy bands what, in
its turn, can cause the inversion of conductivity type in
the near-surface region of weakly doped n-Si [15]. In PS
nanocrystals characterized by large specific surface
inversion of the electronic type of conductivity to the
hole one under the influence of adsorption of iodine
molecules can be expected in the whole bulk of
nanocrystals [8], similar to the observed inversion of the
hole type conductivity of PS to the electronic one under
the influence of adsorption of ammonia molecules [16].
As a result, formation of electrical barriers at the PS — n-
Si boundary (similarly to p-n-junctions in silicon diodes)
was observed. So, the structure of adsorptionally
modified PS — »-Si can be considered as parallelly
arranged p-n-junctions (see Fig. 1, inset). However, we
can not exclude the existence of electrical barriers of
other nature (for example, non-linearity of contact)
photoconduction of porous layer and, consequently,
more complex mechanisms of current passage in these
structures. Under the influence of illumination in the
open circuit regime the photogenerated electron-hole
pairs are separated by a potential barrier. During this
process, the holes are accumulated in PS nanocrystals
creating a positive potential on the porous layer with
respect to the silicon substrate.

To obtain additional information about the nature
of influence of the I, adsorption on photoelectrical
properties of porous silicon on silicon substrates, we
have investigated spectral dependences of the
photoresponse in these structures. The photovoltage
spectra of adsorptionally modified samples at open
circuit regime were similar to the photoresponse
spectrum of industrial silicon photodiode and were
characterized by the wide maximum in the 750 to
950 nm range (Fig.3). In addition, it was observed
expansion of the spectral photosensitivity of structures
based on PS in the region of larger energies.
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Fig. 1. Dartk CVC of PS — n-Si structures: /— without
adsorption of I; 2— I, adsorption was occurred from 1%
solution in ethanol; 3 — 5%; 4 — 10%. Inset: schematic of the
experimental samples when adsorbing L.
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Fig. 2. CVC of PS — »-Si structures under illumination with
He-Ne laser (A= 0.63 um) having the intensity 60 mW/cm?>:
1 — without adsorption of I,; 2— I, adsorption was occurred
from 1% solution in ethanol; 3 — 5%; 4 — 10%. Inset: Kinetics
of photoresponse of PS — n-Si structure adsorptionally
modified with iodine molecules on U-shaped pulse of light.
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Fig. 3. Spectral dependence of photovoltage for industrial
silicon photodiode (/) and structures of PS — n-Si (2, 3, 4): 2 —
I, adsorption was occurred from 1% solution in ethanol, 3 —
5%; 4 — 10%.
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Fig. 4. Spectral dependence of photocurrent in the short circuit
regime for industrial silicon photodiode (/) and structures of
PS — n-Si (2, 3,4): 2— 1, was adsorption occurred from1%
solution in ethanol; 3 — 5%; 4 — 10%.

In the case of short-circuit regime, the character of
spectral dependence of photocurrent corresponded to the
photovoltage spectra (Fig.4). The similarity of the
spectral dependence of photoresponse of the PS — n-Si
structure with that of silicon photodiode allows us to
suggest that the photovoltage relates to the absorption of
light in the silicon substrate and to the separation of
photocarriers at the boundary of silicon — PS. Along with
the positive sign of the photovoltage on porous layer, it
can serve as an additional argument in favour of the
proposed qualitative model of p-n-junction formation
due to inversion of the conductivity type of PS
nanocrystals under the influence of iodine molecules.

The presence of a significant photoresponse of
adsorptionally modified structures PS — n-Si allowed to
explore the kinetics of the photovoltaic effect (see Fig. 2,
inset). It was observed close values of the photovoltage
increase and decay. Analysis of the photoresponse on light
pulses of duration close to 1.4 ms gave an indication about
complex  generation-recombination and  relaxation
processes in these PS layers: there was a slight increase in
photovoltage at the initial moment of a light pulse
followed by relaxation for approximately 0.5 ms.

It should be mentioned that desorption of iodine by
PS is accompanied by decreasing the photovoltaic effect.
So, endurance of the samples in normal atmospheric
conditions for more than two days resulted in the
disappearance of significant photosensitivity of the
structures based on PS. Thus, the main condition for the
photovoltage generation 1is adsorption of iodine
molecules on PS nanostructures.

4. Conclusions

It has been shown that adsorption of I, acceptor molecules
modifies the electrical properties of freshly prepared PS
nanostructures giving rise to formation of electrical
barriers in the PS — #-Si structure. The obtained data
suggest the possibility to control the conductivity type in
PS nanocrystals by adsorption of chemically active
molecules. The structures based on adsorptionally
modified PS demonstrated the photovoltaic effect in the
visible spectral range, which extends the prospects of their
use as photodetectors. The obtained experimental results
can be also used for the development of electronic devices
not only based on porous silicon, but also on systems of
semiconductor nanocrystals.
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1. Introduction 

Porous silicon (PS) attracts attention of researchers because of its wide range of possible applications [1, 2]. Due to its antireflective properties, a large area of absorbing surface, the increased width of the band gap of silicon nanocrystals there are interesting perspectives of application of PS in photoelectronics [3-7]. It has been also found that adsorption of chemically active or polar molecules causes a significant change in the concentration of free charge carriers in the PS and its electrophysical parameters [8-12]. It is assumed [8] that adsorption by silicon surface of I2 molecules, which in this case reveal the acceptor properties, may lead to inversion of the electronic type of conductivity in silicon nanocrystals to the hole one. However, by now it does not pay sufficient attention to application of adsorption methods for controlling the conductivity type. So, the purpose of this study was to develop the method of “adsorption doping” of PS – n-Si barrier structures and to study their photovoltaic properties.


2. Experimental


The experimental samples of PS were manufactured by photoelectrochemical etching [13, 14] in the galvanostatic mode on the single-crystal silicon substrate of the 400-μm thickness and crystallographic orientation (100). The substrates have n-type of conductivity with a specific resistance of 4.5 Ohm∙cm. To obtain a homogeneous layer, using the thermovacuum method we previously deposited a film of silver with a thickness of about 1 μm on the back surface of the substrate. This film also served as a contact for further measurements. As an electrolyte the ethanol solution of hydrofluoric acid with the volume ratio of components HF:C2H5OH = 1:1 was used. The anodic current density was 30 mA/cm2 and etching time – 3 min. Under these technological conditions, mesoporous silicon layers are formed. According to SEM and AFM studies of the porous layer, the thickness and size of silicon nanowires were about 8 μm and 40 nm, respectively. After electrochemical treatment, PS surface was rinsed with distilled water and dried in air stream at room temperature for 30 min. These structures were divided on samples with an area of about 1 cm2. Adsorption of I2 molecules was performed from 1, 5 and 10% ethanol solution of iodine for different samples of PS, after that the samples were dried for 30 min at room temperature. Optical transparent clamping electrode (glass plate with conductive layer of SnO2) was served as a contact to the porous layer.


The measurement of current-voltage characteristics (CVC) of the structures based on PS was performed during the passage of current through the structure in the direction perpendicular to the surface. Photoelectrical phenomena were studied under illumination of the structures from a porous layer side perpendicularly to its surface by using a He-Ne laser (λ = 0.63 μm) with a radiation power of 2 mW. Measurements of the spectral dependence of the photoresponse (in the regimes of photovoltage and photocurrent) were carried out using a standard optical equipment with a diffraction monochromator and filament lamp (2800 K). The spectra of photovoltage were normalized on the curve of blackbody radiation with a temperature of 2800 K and were corrected taking into account the spectral sensitivity of the setup. It was also measured spectral dependence of the photoresponse of an industrial silicon photodiode. To study the kinetics of photoresponse, light was modulated with a frequency of 350 Hz through electromechanical interruption of the beam and then was directed on the PS surface. All measurements were carried out at room temperature.


3. Results and discussion

The reference sample of PS – n-Si (not modified I2) had symmetrical and nonlinear current-voltage characteristics, indicating the existence of several potential barriers in this structure (Fig. 1). Adsorption of iodine molecules led to significant changes in electrical properties of structures of PS – n-Si. The observed rectifying nature of the CVC (the direct branch of CVC corresponds to the positive potential on the porous layer). It indicates dominance of one of the potential barriers. There observed increase in the concentration of iodine molecules in solution from which adsorption took place, it means that the number of adsorbed molecules resulted in increased rectification coefficient of CVC of the adsorptionally modified structures PS – n-Si.


Under the influence of light illumination of PS surface by He-Ne laser with an intensity of 60 mW/cm2, the CVC of PS – n-Si sample with adsorbed iodine molecules changed similarly to those observed in a photodiode structure (Fig. 2). Moreover, increasing the number of adsorbed molecules resulted in an increased magnitude of photovoltage and photocurrent in the short-circuit regime.


Qualitatively, this change in CVC under the influence of adsorption of I2 can be explained as follows. Adsorption of molecules with acceptor properties on silicon surface leads to formation of the surface acceptor levels and appropriate bending of energy bands what, in its turn, can cause the inversion of conductivity type in the near-surface region of weakly doped n-Si [15]. In PS nanocrystals characterized by large specific surface inversion of the electronic type of conductivity to the hole one under the influence of adsorption of iodine molecules can be expected in the whole bulk of nanocrystals [8], similar to the observed inversion of the hole type conductivity of PS to the electronic one under the influence of adsorption of ammonia molecules [16]. As a result, formation of electrical barriers at the PS – n-Si boundary (similarly to p-n-junctions in silicon diodes) was observed. So, the structure of adsorptionally modified PS – n-Si can be considered as parallelly arranged p-n-junctions (see Fig. 1, inset). However, we can not exclude the existence of electrical barriers of other nature (for example, non-linearity of contact) photoconduction of porous layer and, consequently, more complex mechanisms of current passage in these structures. Under the influence of illumination in the open circuit regime the photogenerated electron-hole pairs are separated by a potential barrier. During this process, the holes are accumulated in PS nanocrystals creating a positive potential on the porous layer with respect to the silicon substrate.


To obtain additional information about the nature of influence of the I2 adsorption on photoelectrical properties of porous silicon on silicon substrates, we have investigated spectral dependences of the photoresponse in these structures. The photovoltage spectra of adsorptionally modified samples at open circuit regime were similar to the photoresponse spectrum of industrial silicon photodiode and were characterized by the wide maximum in the 750 to 950 nm range (Fig. 3). In addition, it was observed expansion of the spectral photosensitivity of structures based on PS in the region of larger energies.
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Fig. 1. Dark CVC of PS – n-Si structures: 1 – without adsorption of I2; 2 – I2 adsorption was occurred from 1% solution in ethanol; 3 – 5%; 4 – 10%. Inset: schematic of the experimental samples when adsorbing I2.
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Fig. 2. CVC of PS – n-Si structures under illumination with He-Ne laser (λ = 0.63 μm) having the intensity 60 mW/cm2: 1 – without adsorption of I2; 2 – I2 adsorption was occurred from 1% solution in ethanol; 3 – 5%; 4 – 10%. Inset: Kinetics of photoresponse of PS – n-Si structure adsorptionally modified with iodine molecules on U-shaped pulse of light.
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Fig. 3. Spectral dependence of photovoltage for industrial silicon photodiode (1) and structures of PS – n-Si (2, 3, 4): 2 – I2 adsorption was occurred from 1% solution in ethanol, 3 – 5%; 4 – 10%.
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Fig. 4. Spectral dependence of photocurrent in the short circuit regime for industrial silicon photodiode (1) and structures of PS – n-Si (2, 3, 4): 2 – I2 was adsorption occurred from1% solution in ethanol; 3 – 5%; 4 – 10%.


In the case of short-circuit regime, the character of spectral dependence of photocurrent corresponded to the photovoltage spectra (Fig. 4). The similarity of the spectral dependence of photoresponse of the PS – n-Si structure with that of silicon photodiode allows us to suggest that the photovoltage relates to the absorption of light in the silicon substrate and to the separation of photocarriers at the boundary of silicon – PS. Along with the positive sign of the photovoltage on porous layer, it can serve as an additional argument in favour of the proposed qualitative model of p-n-junction formation due to inversion of the conductivity type of PS nanocrystals under the influence of iodine molecules.


The presence of a significant photoresponse of adsorptionally modified structures PS – n-Si allowed to explore the kinetics of the photovoltaic effect (see Fig. 2, inset). It was observed close values of the photovoltage increase and decay. Analysis of the photoresponse on light pulses of duration close to 1.4 ms gave an indication about complex generation-recombination and relaxation processes in these PS layers: there was a slight increase in photovoltage at the initial moment of a light pulse followed by relaxation for approximately 0.5 ms.

It should be mentioned that desorption of iodine by PS is accompanied by decreasing the photovoltaic effect. So, endurance of the samples in normal atmospheric conditions for more than two days resulted in the disappearance of significant photosensitivity of the structures based on PS. Thus, the main condition for the photovoltage generation is adsorption of iodine molecules on PS nanostructures.


4. Conclusions


It has been shown that adsorption of I2 acceptor molecules modifies the electrical properties of freshly prepared PS nanostructures giving rise to formation of electrical barriers in the PS – n-Si structure. The obtained data suggest the possibility to control the conductivity type in PS nanocrystals by adsorption of chemically active molecules. The structures based on adsorptionally modified PS demonstrated the photovoltaic effect in the visible spectral range, which extends the prospects of their use as photodetectors. The obtained experimental results can be also used for the development of electronic devices not only based on porous silicon, but also on systems of semiconductor nanocrystals.
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