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Electrical and photoelectrical properties of Al/porous silicon/ monocrystalline silicon sandwich-
structures (Al/PS–(c-Si)) based on nanostructured porous silicon, obtained by electrochemical
anodization of monocrystalline silicon wafers are reported. The photosensitivity of Al/PS–(c-Si)
structures is determined by PS layer photoconduction. The photoelectrical method of definition
of effective band gap in the vicinity of PS–(c-Si) heterojunction is proposed. The opportunity of
definition of the effective diameter of quantum wires is shown. Diffusion length of the minority
charge carriers in porous silicon is determined by the method of reverse photocurrent.
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I. INTRODUCTION

The obtaining and researching of porous silicon (PS)
as a new morphological form of monocrystalline silicon is
of interest by virtue of unusual physical properties [1,2].
The basic differences of the given nanostructured materi-
al in relation to its monocrystalline prototype is shown in
the shift of the fundamental absorption edge in the short-
wave region and occurrence intensive electro- and photo-
luminescence in the visible spectral range [3–9]. Physical
features of porous silicon are connected with quantum
confinement effects, i. e., with a change of the band dia-
gram and increase of effective band gap.

The photoelectric method of semiconductor structure
property investigated is used for studying of the gen-
eration processes and recombination of charge carriers,
current transport mechanisms, and also for clarifying the
parameters of complex semiconductor structure band di-
agrams. In the presented paper the photoelectric method
to study structural and electronic properties of porous
silicon obtained by the method of electrochemical etch-
ing is applied.

II. PREPARATION OF SAMPLES

Porous silicon samples were prepared by electrochem-
ical etching of Si substrates with [111] and [100] orien-
tation and 10 Ω·cm resistivity in HF-ethanol solution
(HF(49%):C2H5OH – 1:1). Anodization was carried out
at the room temperature. Anodization current density
was varying from 5 to 40 mA/cm2. The time of etching
changed from several minutes to one hour. The received
samples were maintained in the open air during one week
for stabilization of the created porous layers. The thick-
ness of porous silicon layers was 0.2 — 60 µm. The PL
spectra of the obtained PS samples were measured [8]
using an UV nitrogen laser (λ=337 nm, pulse duration
τ=10 ns, frequency f = 50 Hz, average power 3 mW). Af-
ter that PS samples were installed into the vacuum cham-

ber. Aluminum films were evaporated onto the PS layers
for preparation of the Al/PS/c-Si sandwich-structures.

III. RESULTS AND DISCUSSION

Fig. 1 shows the energy band diagram of PS/c-Si he-
terojunction, which is received by the analysis of the
capacitance–voltage characteristics, photocurrent spec-
tra, current–voltage characteristics of photo- and dark
conductivity and their temperature dependences. As it
follows from the the analysis of capacitance–voltage char-
acteristics for thin PS layers junction between PS layers
and bulk Si is quasi-sharp. In the thick layers capacity
weakly depends on the applied tension. The reason of
capacity versus bias voltage dependence weak change in
thick PS layers (d > 10µm) can explain nonideal form
of heterojunction between PS and bulk Si is and the for-
mation of compensated transitive ν-layer during anodic
etching of silicon. Experimentally received data of struc-
tures capacities (C) versus the PS layer thickness under
the constant bias at a single frequency of 1 MHz is in rea-
sonable agreement with the calculated curve with taking
into account that the capacity structure includes two se-
ries of capacity-geometrical capacity of a PS layer (Cps)
and capacity of a potential barrier on PS/c-Si hetero-
junction (Cг).

In Fig. 2 the dependence of structures capacities on
the porous layer thickness measured at constant reverse
bias –2 V are presented. Calculated values of C, Cps and
Cг are shown there too. It was supposed that

Cps =
Sεpsε0

d
, Cг =

[

eεSiε0Nd

(Vb − V )

]1/2

here εPS and εSi are the permittivities of PS and bulk
Si respectively, ε0 is the permittivity of free space, Nd

the donor concentration, Vb the band bending. We used
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the following values S = 4 mm2, εps =1.6, εSi=12,
Nd = 2·1021 m−3, Vb = 0.35 volt, V = −2 volts.

Fig. 1. Energy band diagram of PS/c-Si heterojunction.

Fig. 2. AL/PS/c-Si structures capacities versus porous sil-
icon layer thikness: 1 — barier capacity of heterojunction; 2
— geometrical capacity of porous silicon layer; 3 — capacity
of heterojunction and porous silicon layer.

At construction of calculated dependences it was sup-
posed that the major potential drop is produced on the
heterojunction barrier because of its extremely high re-
sistivity. We note a good agreement between the experi-
mental result and the theoretical calculation. The agree-
ment allows to make a conclusion that the current at
the reverse bias will be limited to the resistance of this
barrier. In such structures with a thin PS layer the dark
current shows rectifying characteristics. The ratio of the
forward current to the reverse current at low voltages
achieves ∼104. With increase of PS thickness ( > 10 mi-
crons) the rectifying on heterojunction decreases.

In some Al/PS/c-Si sandwich structures on the direct
branch of current–voltage characteristics a sharp increase
of the current was observed. The decreasing of temper-
ature results in the reduction of the breakdown voltage.
Avalanche multiplication of photocurrent and recombi-
nation radiation take place at the achievement of the

breakdown voltage, proving the generation of minority
charge carriers.

The photocurrent spectra of the investigated samples,
depending on the value and polarity of the bias voltage,
have shown their complicated character. The sign inver-
sion of photo-EMF is found out.

The definition of PS structure parameters is carried
out by the photoelectric method. The analysis of pho-
tocurrent spectra has shown, that the PS band gap in the
vicinity of PS/с-Si heterojunction can be determined by
dependence of the short-circuit photocurrent of structure
Iph on photon energy hν, at a photon flux is incident on
the PS in parallel plane of heterojunction (cross geome-
try).

Fig. 3 shows the spectrum of the normalized PS photo-
conductivity at room temperature. Spectral distribution
of the photocurrent present itself like a wide strip in an
interval of photon energy from 1.3 to 3.2 eV. Nonequi-
librium charge carriers are generated in PS. PS layer
behaves as a wide-band semiconductor sensitive to the
visible light.

Fig. 3. Spectrum of photocurrent of porous silicon sample
at room temperature.

In the method we use the circumstance, that in some
of semiconductors at hν = Eg , the character of absorp-
tion coefficient k, as function of the photon energy, hν

changes. Thus the influence of surface recombination on
photocurrent is taken into account.

Let the heterojunction is be limited on two parties by
the sides covered by the homogeneous light flow. d is the
exposed front area of the sample, in a direction paral-
lel to the heterojunction plane, is much more than the
width of a layer of a volumetric charge W and of diffu-
sion lengths of the minority carriers (Ln, Lp), which in
turn, is much less than the heterojunction extent in the
direction of light distribution l.

The short-circuit photocurrent in this case is connect-
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ed to an incident light flux Ф by the expression:

Iph = qQΦ = qγβαΦ

where q is the electronic charge; Q is the quantum pho-
tosensitivity of PS/с-Si heterojunction; γ is the factor
showing which portion of the light flux will be absorbed
in PS/с-Si heterojunction; β is the quantum output of an
internal photoeffect; α is the factor of division of PS/ρ-Si
heterojunction (Ф being photon flow, quantum/сm2sec).
To find dependence of Q on hν, let us consider separately
dependences of factors γ, β , α on hν.

If supposed that PS is the direct semiconductor, then
lower conduction band minimum is situated in the Г-
minimum. For such a semiconductor the factor of absorp-
tion near the fundamental absorption edge grows sharply
at the beginning from units up to 104 сm−1, and then
smoothly with an increase of hν. The smooth increase be-
gins at hν = Eg . Thus the dependence of k on hν changes
at hν = Eg. Distinction in absorption of the light by PS
and crystalline silicon is that in PS the pores can play
a role of waveguides. The light, got in a pore, after re-
peated reflections from the pore walls will penetrate far
deep into PS. At the expense of it, PS absorbs light more
strongly than bulk silicon. Therefore, it is promissing for
creation of photodetectors on the PS base.

The factor γ, with the accounting of repeated inter-
nal reflection has the following dependence from k, l and
factor of reflection R:

γ =
(1 − R)

(

1−e−kl
)

1−Re−kl

From this formula follows that at k < l factor γ ∼ k and
smoothly grows at the further increase of k, aspiring to
the limiting value γ = 1−R. Therefore, the diagram of γ
versus hν will also look like an increasing curve striving
for limiting value 1 − R, which is achieved at hν < Eg ,
as at hν = Eg , k = W−1 and L−1

n , L−1
p � l−1.

It is possible to consider the quantum output of the in-
ternal photoeffect to be independent of hν and equal to
unity, as in direct semiconductors, the light is absorbed
mainly at the expense of band-to-band transitions.

Factor of division α < 1 can show:
i) electron–hole pairs can recombinate with not achiev-

ing heterojunction, if they are formed at a distance from
it, greater than the diffusion length of the minority car-
riers. So

α =
W + Ln + Lp

d

ii) electron–hole pairs can be grasped by the surface
states and thus recombinate, not achieving heterojunc-
tion.

If surface recombination velocity S tends toward ∞,
factor α decreases with k growing. And as the depen-
dence of k on hν, as mentioned above, changes the char-
acter at hν = Eg . So the dependence of α on hν will
vary too. If the speed of surface recombination S 6= 0

but S 6= ∞, the dependence of α on hν will change the
character at hν = Eg .

It is possible to establish the dependence of quantum
photosensitivity Q on hν. If surface recombination is not
present then we have the case of Q ∼ γ since α = const.
The definition Eg in this case is connected with great
difficulties, since at hν ≈ Eg , Q ∼ (1 − R), and R very
weakly depends on hν.

If the surface recombination is presented then the de-
pendence of Q on hν has a maximum. Q represents a
product of two factors, one of which γ is increasing with
hν growing, and another α decreases. Moreover, the pho-
ton energy, equal to Eg , is necessary on the falling down
site. Character of dependence of Q on hν, just as α on
hν, at hν = Eg undergoes change, namely: dependence
of Q on hν should become more poor. On photon energy
appropriate to the easing of the dependence of Q on hν,
Eg is determined.

The results of the carried out consideration also are ap-
plicable for definition of threshold energy of Г–Г of junc-
tion E0 for semiconductors, at which the Г-minimum of
a conduction band is not absolute (indirect-band semi-
conductor). In such semiconductors the strong absorp-
tion caused by the direct band-to-band transitions is
shown. To define Eg of indirect-band semiconductors it
is possible by using directly dependence of Q on hν, if
at hν = Eg , the absorption prevails at the expense of
indirect band-to-band transitions. In this case Q ∼ k, as
k is small (< 100 cm−1), so Eg can be determined on a
spectrum of Q, in the same way as it is defined on the
spectra of absorption.

The enhancing of band gap in PS is connected with
quantum-size effect, in particular they consider the sys-
tem of quantum wires mainly oriented at the [100] di-
rection. Band gap for the investigated sample, as can be
seen in Fig. 4, is 2.52 eV. As it is known the width of the
band gap of crystal silicon is 1.1 eV. The difference in
the width of band gap between silicon and PS is 1.42 eV.
From the dependencies of the band gap on the diameter
of quantum wires (see Fig. 4) it is possible to estimate
the diameter of quantum wires. So for effective width of
the band gap 2.52 eV in the vicinity of heterojunction
the diameter of quantum wires will be about 21 Å. The
accuracy of definition of the band gap width by the ad-
vanced method is close to the accuracy of defining it on
spectra of absorption.

It is known [10] that PS becomes the direct-gap semi-
conductor at the small cross sizes of wires L < 31 Å.
It was shown by the calculations of band structure PS
in the empirical model of strong connection in view of
two nearest neighbours. The system of quantum wires
focused along an axis [001] was considered, with cross
section as a square, whose parties are directed on axes
[110] and [11̄0]. The surface of wires was assumed to be
passivated by hydrogen. The occurrence of conduction
band states near the centre of the Brillouin zone con-
tacts to doubling of the period of a PS lattice along an
axis [001] because the presence of borders breaks equiv-
alence of edges [110] and [11̄0]. Thus there is a downturn
of the structure symmetry.
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Fig. 4. The dependence of the effective band gap of PS on
the cross size of a quantum wire of square section for silicon
within the frameworks of isotropic model of valence band [10].

It is natural to expect, that in quantum-sized PS
structure there is a significant disorder of the nanoclus-
ters sizes. It seems, that the most suitable PS model is
the model of system of quantum wires with nonuniform
cross-sectional area. At the etching of PS the section of
a quantum wire can vary deep into the sample, there-
fore, as it is visible from the photocurrent spectra, PS
is a varyzone structure. From the previous conclusions it
follows that the photoelectric method determines Eg in
the wide gap part of PS photoactive area.

As the photocurrent in the given structures is connect-
ed, basically, to the holes generation on the heterojunc-
tion, the measurement of photocurrent allows to define
the diffusion length of the holes (Lp). At illumination of
structure PS/c-Si to which the bias is applied, the total
current will have two components: а) current of carriers
released at photon absorption in the field of a spatial
charge. This current changes with the growth of the bias
voltage as the result of depletion area thickness change;
b) diffusion current of the minority carriers. For our way
of illumination, along the plane of a barrier, it is possible
to write down the formula for the photocurrent:

Iph = γβΦ (1−R) d (W + Lp)

where β is accumulation factor of charge carriers; Ф is
photon flow, quantum/сm2sec; R is refractive index of
the semiconductor; Lp is diffusion length of the holes; d
is length of an illuminated side of heterojunction PS/с-Si
along a plane of junction.

To find the diffusion length we measured simultane-
ously the dependences of photocurrent and capacity of
transition on the bias. On the basis of two characteristics
it is possible to construct the dependence of photocur-
rent on the return capacity, which is shown in Fig. 5, and
on it to calculate diffusion length of the minority charge
carriers. Diffusion length of the minority charge carriers
for various samples PS laid in limits from 0.15 to 0.65
microns.

Fig. 5. Photocurrent versus PS/c-Si junction capacity at
changing bias.

IV. CONCLUSIONS

The structures Al/PS-ν-(c-Si) are the interesting ob-
ject for experimental and theoretical research of the
processes of shock ionization in PS. Interpretation of
this phenomenon offered in [11] in n+ − ν − n GaAs–
Ga1−XAlXAs heterostructures has shown that in the
dark condition unlike of p–n junctions only electrons in-
jected in the area of multiplication. At the illumination
of photons from the area of own absorption of PS the
multiplication is initiated by electrons and holes. There-
fore, it is possible to investigate separately the influence
of the various factors on the magnitudes of ionization
rates of electrons and holes and to determine diffusion
length of the minority carriers in the given structures.
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ВИЗНАЧЕННЯ ПАРАМЕТРIВ СТРУКТУРИ ПОРУВАТОГО

КРЕМНIЮ ФОТОЕЛЕКТРИЧНИМ МЕТОДОМ

Д. Ф. Тiмохов, Ф. П. Тiмохов
Одеський нацiональний унiверситет iм. I. I. Мечникова

вул. Дворянська, 2, Одеса, UA–65026, Україна

Подано результати дослiдження електричних i фотоелектричних властивостей сендвiч-структур

Al/поруватий кремнiй/монокристалiчний кремнiй (Al/PS–(c-Si)) на основi наноструктурованого порувато-

го кремнiю, отриманого анодизацiєю монокристалiчних пластин. Фоточутливiсть структур Al/PS–(c-Si) ви-

значено фотопровiднiстю поруватого кремнiю. Розроблено фотоелектричний метод розрахунку ефективної

ширини забороненої зони в околi гетеромежi PS–(c-Si). Запропоновано можливiсть обчислення середньо-

го дiяметра квантових ниток. Методом зворотно змiщеного фотоструму встановлено дифузiйну довжину

неосновних носiїв заряду в поруватому кремнiї.
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