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The results of analytical and numerical calculations of photoconductivity in porous silicon with spherical and cylindrical pores are
reported. The dependence of photoconductivity on the surface recombination rate has been analyzed for various pore radii, r0 , and
various average distances between pores, 2R. The photoconductivity of porous silicon increases with the distance between pores
and decreases, as the pore radius or the surface recombination rate
grows. In the case of small R/r0 ratios, there is a significant discrepancy between the results of analytical calculations and those
obtained numerically within the finite element method. The discrepancy was reduced to 1% by introducing a correction coefficient
into the analytical expression.

1. Introduction
Today, porous materials are actively studied and used.
In particular, it is porous silicon, which is classed,
depending on the pore dimensions, to microporous
(≤ 2 nm), mesoporous (2–50 nm), and macroporous
(> 50 nm). Porous silicon is characterized by a large effective surface (200 m2 /cm3 ). Therefore, the adsorption
of chemically active molecules can result in a considerable variation of the charge carrier concentration, electric conductivity, photoconductivity, and luminescence.
Large interest is attracted by a variation of the photoconductivity in porous silicon under the influence of
external factors, e.g., various gas environments. Therefore, these structures can be used as effective gas sensors
[1–4]. For designing and fabricating such sensors with
required parameters, it is necessary to know the dependence of the photoconductivity of porous silicon on its
surface properties, which change under the influence of
a gas environment, the average pore diameter, and the
distance between pores.
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The problem of the photoconductivity in porous silicon has been considered in many works [5–7]. However,
the detailed calculations, which would predict the dependence of the photoconductivity on the pore dimensions
and the geometry under conditions of the rather intensive recombination of photocarriers on the pore surface,
are absent. In works [8, 9], an analytical model of photoconductivity in macroporous silicon was proposed, but
its scope of validity was not marked accurately. Therefore, in this work, we carried out a computer simulation
of the photoconductivity in macroporous silicon with
spherical and cylindrical pores. We found that the analytical approach can be used while solving this problem,
provided that the relevant correction coefficients are introduced.
2. Photoconductivity of Macroporous Silicon
with Spherical Pores
Consider a model of semiconductor with p-type conductivity, in which spherical pores are regularly arranged.
The pore radius is r0 , and the average distance between
pore centers is 2R. We assume that the semiconductor is illuminated with light that generates electron-hole
pairs, the concentration of which, G, does not depend
on the coordinate. As a result of the strong photocarrier recombination on the pore surface, there emerges
a non-uniform distribution of photocarriers in the semiconductor, so that photocarriers diffuse ambipolarly toward pores. In the case of spherical symmetry, the spatial distribution of the photocarrier concentration Δn in
the interval r0 ≤ r ≤ R is described by the equation
d2 Δn 2 dΔn Δn
τn G
+
− 2 =− 2 ,
2
dr
r dr
Ln
Ln

(1)
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where Ln is the electron diffusion length, and τn is the
electron lifetime. Note that, for macroporous silicon,
Ln ∼ 10−7 m and τn ∼ 10−6 s [10]. Equation (1) should
be supplemented with two boundary conditions. The
first condition describes the recombination of carriers on
the pore surface,
Sτn
dΔn(r0 )
= 2 Δn(r0 ),
dr
Ln

(2)

where S is the surface recombination rate of photocarriers, which depends on the physical and chemical states
of the pore. For instance, it may depend on the presence of gas molecules in the pores, which can change the
electrostatic potential and, as a consequence, the rate of
photocarrier recombination. The second boundary condition follows from the fact that the photocarrier concentration attains its maximal value at the middle point
between the pores,
dΔn(R)
= 0.
dr

(3)

The analytical solution of Eq. (1) with boundary conditions (2) and (3) is
(
"

Δn(r∗ )
1
∗ ∗
= 1 − S r0 1 + ∗ exp(r∗ − R∗ )+
Gτn
R

=1−

1
+ 1− ∗
R



∗

∗

#

exp(−r − R )

(5)

Using the finite element method [11], we obtained numerical solutions of Eq. (1) with the boundary conditions (2) and (3) in the general case where no spherical
symmetry was assumed. These solutions are represented
as the dependences of the photoconductivity in porous
silicon on the pore radius and the ratio between the poreto-pore distance and the pore radius for various rates of
surface recombination (Figs. 1,a and b).
The photoconductivity of porous silicon grows, if the
distance between pores increases, and decreases, if either the pore radius or the rate of surface recombination
grows. The results of calculations show that the values
obtained numerically are larger. The difference between
the numerical and analytical results of calculations diminishes, as the distance between pores increases.
At small distances between pores, the analytical
method gives a considerable error of 50–60% with respect to the numerical results (see Fig. 2, curves 1 and
2). To reduce the error, we can make the substitution
R∗∗ = R∗ /a, where a = 0.73 [8], in the expression for
the photoconductivity,
hΔni
=
Gτn
=1−



R∗3 (6 − π)(1 − Δn(R∗ )) + 3πr0∗2 S ∗ Δn(r0∗ )
.
6R∗3 − πr03

R∗3 (6 − π)(1 − Δn(R∗∗ )) + 3πr0∗2 S ∗ Δn(r0∗ )
. (6)
6R∗3 − πr03

are dimensionless quantities.
The formula for the average photocarrier concentration hΔni, which corresponds to the photoconductivity
of porous silicon, is as follows [8]:

In the calculation of the average photocarrier concentration hΔni, an “elementary cell” in the semiconductor
was selected, which is represented by a cube with the
side length 2R∗ . The number of photocarriers in this
cell was calculated. To consider the photocarriers in the
regions belonging to the cube, but beyond the pore, it
is possible, as the first approximation, to take the carrier concentration in these regions constant and equal
to Δn(R∗∗ ), i.e. the concentration of photocarriers at
the middle point between the pore and the cube vertex. As a result, the error diminished to 3–8% (Fig. 2,
curves 3 and 4). Our calculations show that Δn(R∗ )
calculated numerically exceeds the corresponding value
obtained analytically. This circumstance is related to
the fact that photocarriers drift out from the regions of
the “elementary cell” located beyond the pore. A subsequent reduction of the error (to 1%) can be reached
by introducing the corrected variables R0∗ = R∗ /b and
R0∗∗ = R∗∗ /b into expression (6),

hΔni
=
Gτn

hΔni
=
Gτn


2r

∗




1
1
∗
− ∗ + S cosh(R∗ − r0∗ )−
r0∗
R


)
1
S∗
∗
∗
− ∗ ∗ − 1 + ∗ sinh(R − r0 )
,
r0 R
R


(4)

where
R∗ =

R ∗
r0 ∗
r
Sτn
,r =
,r =
, S∗ =
Ln 0
Ln
Ln
Ln
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Fig. 1. Dependences of the photoconductivity on R/r0 and r0 /Ln for various rates of surface recombination S ∗ = 5 (a) and 200 (b) for
porous silicon with spherical pore geometry

b, we selected its averaged value 0.92. The error given
by expression (7) with this b-value did not exceed 1–2%
(Fig. 2, curves 5 and 6 ).
3. Photoconductivity of Macroporous Silicon
with Cylindrical Pores

Fig.
h
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−1
between the numerical

hΔni
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num

and analytical results on the photoconductivity on the distance
between pores for various S ∗ at r0∗ = 0.01. Curves 1 and 2 are
the errors of expression (5) at S ∗ = 5 and 200, respectively; curves
3 and 4 are the errors of expression (6) at S ∗ = 5 and 200, respectively; curves 5 and 6 are the errors for expression (7) with
the averaged b = 0.92 at S ∗ = 5 and 200, respectively; curve 7 is
the error of expression (7) with the coefficient b for various values
of R/Ln and S ∗

= 1−

R0∗3 (6 − π)(1 − Δn(R0∗∗ )) + 3πr0∗2 S ∗ Δn(r0∗ )
. (7)
6R0∗3 − πr03

The coefficient b has to be selected so that the error
should be less than 1% (Fig. 2, curve 7 ) for various
distances between pores R∗ ’s and rates of surface recombination S ∗ ’s. Knowing the range of the coefficient
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Now consider a model of porous semiconductor of a unit
thickness with parallel cylindrical pores of radius r0 regularly arranged over the semiconductor bulk. The average
distance between pore axes is 2R. Let the problem have
a cylindrical symmetry. Then, the spatial distribution
of the photocarrier concentration Δn is described by the
differential equation


1 d
τn G
dΔn
Δn
(8)
r
− 2 =− 2 .
r dr
dr
Ln
Ln
This equation is supplemented with boundary conditions (2) and (3). The analytical solution obtained by
us for Eq. (8) with boundary conditions (2) and (3) is
[9]
Δn(r∗ )
= 1−
Gτn

−

S ∗ [I1 (R∗ )K0 (r∗ )+K1 (R∗ )I0 (r∗ )]
,
I1 (R∗ )[K1 (r0∗ )+S ∗K0 (r0∗ )]−K1 (R∗ )[I1 (r0∗ )−S ∗I0 (r0∗ )]
(9)

where In and Kn are the n-order Bessel functions with
imaginary argument [12]. The expression for the deterISSN 2071-0194. Ukr. J. Phys. 2011. Vol. 56, No. 9

ANALYTICAL AND NUMERICAL CALCULATIONS

Fig. 3. Dependences of the photoconductivity on R/r0 and r0 /Ln for various rates of surface recombination S ∗ = 5 (a) and 200 (b) for
porous silicon with the cylindrical geometry of pores

mination of the average concentration hΔni corresponding to the photoconductivity of porous silicon is
1
hΔni
=1−
×
∗2
Gτn
4R − πr0∗2

×



Δn(R∗ )
2πr0∗ S ∗ Δn(r0∗ )
∗2
+ R (4 − π) 1 −
. (10)
Gτn
Gτn

We used the method of finite elements to obtain solutions of Eq. (8) with boundary conditions (2) and (3)
in the general case where no cylindrical symmetry was
assumed (Figs. 3,a and b). The photoconductivity of
porous silicon also grows in this model, if the distance
between pores increases, and decreases, if the pore radius or the rate of surface recombination grows. Numerical results are higher. As the distance between pores
increases, the difference between the numerical and analytical calculation results decreases.
The analytical calculations gives a substantial error of
20–30% with respect to the numerical results at small
values of pore radius (Fig. 4, curves 1 and 2). To reduce
the error, we can make the substitution R∗∗ = R∗ /a,
where a = 0.83 [9], into the expression for the photoconductivity:
hΔni
1
=1−
×
∗2
Gτn
4R − πr0∗2

×



2πr0∗ S ∗ Δn(r0∗ )
Δn(R∗∗ )
∗2
+R (4−π) 1−
.
Gτn
Gτn

ISSN 2071-0194. Ukr. J. Phys. 2011. Vol. 56, No. 9

(11)

Fig. 4. Dependences of the relative difference  between the numerical and analytical results on the photoconductivity on the
distance between pores for various S ∗ at r0∗ = 0.01. Curves 1 and
2 are the errors of expression (10) at S ∗ = 5 and 200, respectively;
curves 3 and 4 are the errors of expression (11) at S ∗ = 5 and
200, respectively; curves 5 and 6 are the errors for expression (12)
with the averaged b = 0.94 at S ∗ = 5 and 200, respectively; curve
7 is the error of expression (12) with the coefficient b for various
values of R/Ln and S ∗

This substitution and the following one were fulfilled
basing on the same reasons as were presented above.
The difference is that an “elementary cell” was used in
the form of a parallelepiped of unit height and with a
square basis with the side length 2R∗ . As a result of this
substitution, the error decreased to 5–15% (Fig. 4, curves
3 and 4). A subsequent reduction of the error (to 1%)
can be reached by introducing the corrected variables
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R0∗ = R∗ /b and R0∗∗ = R∗∗ /b into expression (12),
hΔni
1
×
=1−
0∗2
Gτn
4R − πr0∗2

×



2πr0∗ S ∗ Δn(r0∗ )
Δn(R0∗∗ )
+R0∗2 (4−π) 1−
. (12)
Gτn
Gτn

The coefficient b is so selected to provide the error
less than 1% (Fig. 4, curve 7 ) for various values of the
distance between pores R∗ and the rate of surface recombination S ∗ . Similarly to what was done in the case
of spherical geometry, we can take the averaged value
b = 0.94. The corresponding error given by expression
(12) was not larger than 1–5% (Fig. 4, curves 5 and 6 ).
Note that the model proposed in this paper allows the
experimental results of work [7] to be explained qualitatively. In particular, a growth of the photoconductivity
maximum was observed at a porosity reduction, the latter being governed by the current density at the anode
etching.
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АНАЛIТИЧНI ТА ЧИСЕЛЬНI РОЗРАХУНКИ
ФОТОПРОВIДНОСТI ПОРУВАТОГО КРЕМНIЮ
Л.С. Монастирський, Б.С. Соколовський, М.Р. Павлик
Резюме
Представлено результати аналiтичного та чисельного розрахункiв фотопровiдностi макропоруватого кремнiю зi сферичними i цилiндричними порами. Проаналiзовано залежнiсть
фотопровiдностi вiд швидкостi поверхневої рекомбiнацiї при
рiзних радiусах пор (r0 ) та середнiх вiдстанях (2R) мiж ними.
Фотопровiднiсть поруватого кремнiю зростає при збiльшеннi
вiдстанi мiж порами i зменшується при зростаннi радiуса пор
або швидкостi поверхневої рекомбiнацiї. Показано, що у випадку малих значень вiдношень R до r0 мiж результатами аналiтичного розрахунку та чисельного моделювання методом скiнченних елементiв iснує суттєва рiзниця, яку зменшено (до 1%)
шляхом введення коректуючого коефiцiєнта в аналiтичний вираз.
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