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Abstract. Measurements of the photomagnetic effect spectra of PS/c-Si were carried out. Ob-
tained results were explained by influence of the spatial charge region of the heterojunction
between wide-band porous silicon and c¢-Si substrate of the n-type. The form of the PME
spectrum in the long-wave region indicates to the drift of the nonequilibrium charge carriers
in the ¢-Si to the PS/c-Si boundary, that is presence of the increased spatial charge layer in ¢-Si.
Relatively high value of the PME in the strong absorption region of the porous silicon
indicates to the presence of the PME component caused by porous silicon material.
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1. Introduction

The structures with porous silicon layers have a great
potential for their application in optoelectronics. How-
ever, the investigation of such photoelectric properties as
photoconductivity and photomagnetic effect has not re-
ceived sufficient attention as compared with the optical
and luminescent ones. Particularly, the research of men-
tioned photoelectric properties is important for studying
the peculiarities of the nonequilibrium charge carrier
transport, which is necessary for design of the photosen-
sitive and electroluminescent devices with the porous sili-
con layer.

It is common knowledge that the heterojunction be-
tween crystalline substrate and porous silicon (PS) is of
considerable importance in photoelectric properties of
the structures with porous silicon layer [1,2]. The com-
monly adopted energy diagram of the heterojunction
takes into account the pointed up band bending in the PS
layer and p-type crystalline silicon substrate [3,4], which
corresponds to the presence of the depleted region near
the boundary both in the porous silicon and in the sub-
strate. On the assumption that the similar energy struc-
ture might be inherent to the sample surface which is the
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substrate, the investigation of the photomagnetic effect is
quite actual. Many researches were devoted to compre-
hensive study of this effect in homogeneous materials and
in different non-homogeneous structures. Moreover, these
structures are considered to be materials with gradient
either of the potential or band gap width in the direction
of the light spreading. As it was found in [5-7], the spec-
tral dependencies sensitive to the value and sign of the
band bending have features associated with such kinds of
structures. When considering its interpretation to be
unique and experienced, the testing of the energy struc-
ture on the boundary between PS and substrate became
possible by means of measuring the photomagnetic volt-
age. What is more, taking into account the only known
work devoted to this problem [8], it should be expected
revealing the photomagnetic voltage caused by PS.
Therefore, the aim of our paper is to investigate the
photomagnetic effect in the structures with porous sili-
con layers in the intrinsic absorption region of both ma-
terials. Moreover, the stationary conditions have been
provided as distinguished from [8], where the impulse
method and the power laser emission have been applied.
And although the condition of linear excitation is not
completely provided, at least, its probability is increased,
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which simplifies the interpretation of results. But the weak
intensity of the excited illumination, as compare to the
laser method, and the low values of the charge carriers
mobility ( 102-10-3 cm?V[S) which are indicated some-
where [9], make it difficult to observe the photomagnetic
effect in such conditions. The argument in support of this
statement is absence of any publications concerning this
question. At the same time, the high information capac-
ity of the photomagnetic voltage method about the ki-
netic parameters of the material porous silicon, (as in our
case) and the features of the charge carriers transport,
the information about which is limited in spite of large
amount of references.

2. Experiment

The PS layer were formed by anodization of (100) n-type
crystalline silicon with a resistivity of 500 Qldm and thick-
ness d = 4002 cm in C,HsOH:HF dissolution (1:1) with
current density 25 mA/cm? during 3 min. The porous sili-
con thickness was about 18 um. After anodization, the
point contacts with the diameter 1 mm were formed on
the porous silicon surface.

Measurements of spectral dependencies of the
photomagnetic effect (PME) and photovoltage were car-
ried out at the temperature 300 K under illumination of
the porous silicon layer. The contacts were not illumi-
nated in these experiments. The monochromator MDR-
12 with 70 W halogen lamp served as a source of light,
which provides the value of the exciting illumination in-
tensity about 10'* quanta/cm?s. The value of the mag-
netic field was about 3.200° A/m, and the PME value
linearily depends on the magnetic field value. Moreover,
the linear dependence of the PME and photovoltage sig-
nals on the exciting illumination intensity took place in
the all spectral region, which enabled us to normalize
the obtained spectra to the constant number of the excit-
ing illumination quanta which crossed over the front sur-
face of the structure. It is worth to note that the lateral
Wallmark photovoltage [10] takes place under modulated
illumination of the sample surface. It should be taken
into account when measuring the photomagnetic voltage.
Therefore, the value of the latter was determined as the
difference between the photovoltage signals with switched
on and switched of magnetic fields. Taking into consid-
eration that the magnetic field under certain condition
might influence on the photovoltage value, and the ori-
gin of this effect could not be associated with the diffu-
sion of the nonequilibrium charge carriers, so it might
distort the true PME value, the determination of the later
was carried out from the measurement of two opposite
directions of the magnetic field.

3. Results and discussion

In the Fig. 1 spectral dependencies of the photomagnetic
voltage in the structure with the porous silicon layer (cur-
ve 1) and the crystalline silicon sample before the anodi-
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zation (curve 2) are shown. Let us to point out that the
sign of both signals corresponds to the normal compo-
nent of the PME. This means that the PME signal in both
cases is formed by the nonequilibrium charge carrier flows
in the PS layer and in the ¢-Si substrate in the direction of
the light spreading (as for the curve 2, at least in the most
part of it).

Let focus the attention on the detail analysis of the
curve 1. The presence of the considerable value of the
photomagnetic voltage in the spectral region with the low
gradient of the nonequilibrium charge carriers caused by
weak absorption (ad ~ 0.04 at zv=1.1eB[11]), when the
diffusion current is negligible, indicates to existence of
the drift of the nonequilibrium charge carriers in the spa-
tial charge region of the ¢-Si substrate in the direction to
the PS/ c-Si boundary. It is well known that such drift
observed when the band bending in the n-type material
pointed down, that is in the case characteristic of the layer
enriched by majority charge carriers. The spectral de-
pendence of PME must be shifted to the short-wave region
relatively to the optical absorption spectra on condition
the lack of the band bending, because when the absorp-
tion coefficient is small, the diffusion component and,
consequently, the PME signal are practically absent.

Such shift is observed when the photomagnetic effect
is investigated in the ¢-Si substrate before the creation of
the porous silicon layer (curve 2, Fig. 1). The PME spec-
trum of the crystalline silicon, namely the considerable
fall in the short-wave region, indicates to the presence of
the band bending caused by the spatial charge region
depleted by the majority charge carriers. In such a case,
the drift of the nonequilibrium charge carriers takes place
in the direction to the illuminated surface. As a result, the
negative component of the PME signal arises, and its
value becomes more greater, when the larger light part is
absorbed in the spatial charge layer, which leads to the
PME spectrum fall in the short-wave region.

The form of the PME spectrum of the structure with
the porous silicon layer can be explained by models which
foresee the existence of the heterojunction between ¢-Si
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Fig. 1. The spectral dependencies of the PME for the structure
with the porous silicon layer (curve 1) and crystalline silicon
substrate (curve 2). a) A scheme of the sample investigated.
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substrate and wide-gap PS layer. As follows from the
analysis of the spectral dependencies the band gap width
Egs is about 1.6 eB. In the spectral region hv > Egs the
absorption in porous silicon should be taken into account.
So, when the energy of quanta is AV = 1.2 + 1.6 eB, the
main contribution in to the PME signal is made by the c-
Si substrate, and the nonequilibrium charge carriers ab-
sorbed in the porous silicon do not contribute to the PME
signal. The absorption in porous silicon increases with
increasing the quantum energy. As a result, the contribu-
tion of the ¢-Si substrate in the general PME signal de-
creases. It is well known that the PME spectrum falling
in the region of the strong absorption is practically ab-
sent if the field component of the PME signal is caused
by the drift of nonequilibrium charge carriers from the
illuminated surface. For such case is realized when the
radiation is absorbed in the single crystalline silicon
substrate of the PS/ ¢-Si structure, then the contribution
of ¢-Si in the general PME signal can be estimated using
the spectral dependence of absorption of a «free» porous
silicon layer as known from [12]. The result of similar
calculations is shown in the Fig. 2 (curve 1).

Relatively large value of the photomagnetic voltage
in the short-wave region (where porous silicon has the
strong absorption) corresponds to the PME component
formed in the porous silicon layer and having the same
sign as in the ¢-Si substrate. The difference between the
value of photomagnetic voltage of the PS/ ¢-Si structure
(curve 2) and the calculated contribution of the ¢-Si
substrate (curve 1) is caused by the PME component
formed in PS layer (Fig. 3).

The normal sign of the photomagnetic voltage formed
in PS layer is caused by the flux of the nonequilibrium
charge carriers towards the boundary PS/ ¢-Si. In the
general case, the flux of the nonequilibrium charge carri-
ers consists of the diffusion and field components. The
diffusion component appears under conditions of the ex-
istence of a nonequilibrium charge carrier gradient. It is
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Fig. 2. The PME spectrum of the PS/c-Si structure (curve 2),
calculated values of the contribution of the crystalline silicon
substrate into the general PME signal (curve 1), and the spectral
dependence of the absorption coefficient of the porous silicon
layer (curve 3) [12].
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Fig. 3. The spectral dependence of the PME component that is
formed in the PS layer.

known that such gradient takes place only in the region
of a strong absorption. Relative contribution of the diffu-
sion component grows with increasing the absorption
coefficient, that is with decreasing of the wave length of
the exciting illumination. When the absorption is small,
and generation is consequently more uniform (in the re-
gion 1.4-1.6 eB), the general contribution in the non-
equilibrium charge carriers current is given by the field
component. The field component is caused by an
ambipolar drift of the nonequilibrium charge carriers in
the spatial charge region of the PS layer near the PS/ ¢-Si
boundary to the ¢-Si substrate. It is well known that the
pointed direction of the drift is possible only in the case
of depletion of band bending. As a result, the following
energy diagram of the heterojunction between the po-
rous silicon layer and ¢-Si substrate can be proposed
(Fig. 4a). Here, more wide - band porous silicon ( Eg S~
1.6 eB) behaves as p-type semiconductor with pointed
down band bending near the PS/ ¢-Si boundary. The as-
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Fig. 4. The spectral dependence of the photovoltage for the
structure with the porous silicon layer. a) A schematic band
diagram.
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sumption about the difference between the conductivity
type of the PS and ¢-Si substrate is in a good agreement
with the results obtained by other methods [13,14].

The spectral dependence of the lateral photovoltage
of the structure with the porous silicon layer (Fig. 4) tes-
tifies the proposed energy diagram. The obtained spec-
tral dependence can be explained as follows. The photo-
voltage in the long-wave region caused by separation of
the electron-hole pairs in the spatial charge field of the ¢-
Si substrate. With increasing the quantum energy, the
absorption in the PS layer takes place. The change of the
photovoltage sign caused by opposite direction of the
spatial charge field in the PS layer near the PS/ ¢-Si
boundary relatively to ¢-Si substrate is therewith ob-
served.

The relative by slow growth of the photovoltage spec-
trum in the region #v = 1.6 + 2 eB, when the absorption in
the porous silicon material increases while the number of
quanta absorbed in the spatial charge region decreases,
indicates to formation of the photovoltage component in
the porous silicon bulk. Evidently, such photovoltage may
be caused by not-uniformity of the sample or/ and the
presence of the inner electric field. It should be pointed
out that the field component of the PME formed in the
porous silicon may be caused by the drift of the
nonequilibrium charge carriers in the inner electric field,
presence of which was found by author [16] when study-
ing the electronic properties of the PS under illumination
and adsorption of the ammonium.

Conclusions

The photomagnetic voltage has been found in the PS/c-Si
structure by modulating of the excited illumination with
a low intensity. This voltage generated in the crystalline
substrate were observed in the transparency region of the
porous silicon. The PME spectrum formed in this region
evidences to presence of the increased band bending in
the c-Sisubstrate near PS/ ¢-Si boundary. Relatively high
value of the PME signal in the short-wave region indi-
cates to formation of the PME component caused by PS
material. It was found that the depleted spatial charge
region presence in the PS material near PS/c-Si bound-
ary, which causes the drift of the nonequilibrium charge
carriers in the PS to wards the ¢-Si substrate.

The main result of the work is in separation of the
PME component generated in the porous silicon bulk us-
ing the spectral dependence of the absorption for typical
porous silicon layers obtained by standard method. Moreo-
ver, its form testifies both drift and diffusion origin of this
effect. To obtain quantitative results that may be calcu-
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lated from this dependence, it is necessary to know the
absorption parameters of specific samples or carry out
measurements of the PME on the «free» PS layer.
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