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1. Introduction

Abstract. In this paper, we showed that the effective lifetime of minority charge carriers in
double-sided macroporous silicon is determined from a system of two transcendental
equations. This system of equations is transformed into a system of equations for
determining the effective lifetime of minority charge carriers for monocrystalline silicon in
the absence of macropores. The system of equations was found by solving the diffusion
equation for minority carriers, recorded for two macroporous layers and a monocrystalline
substrate between them. The solution of the nonstationary diffusion equation written for
two layers of macroporous silicon and a monocrystalline substrate between them are
complemented with boundary conditions on the surfaces of the sample of macroporous
silicon and on the boundary between each macroporous layer and monocrystalline
substrate. The effective lifetime of minority carriers in the double-sided macroporous
silicon depends on such values as: the bulk lifetime of minority carriers, diffusion
coefficient of minority carriers, and thickness of the monocrystalline substrate between
macroporous layers. In addition, the effective lifetime depends on the values inherent to
each macroporous layer: the depth of the macropores, average diameter of macropores,
average distance between the centers of macropores, volume fraction of macropores, rate of
surface recombination. Effective recombination of excess charge carriers in the double-
sided macroporous silicon is defined by recombination of excess charge carriers on the
surface of macropores and limited by diffusion of charge carriers from the monocrystalline
substrate to recombination surfaces in each macroporous layer. We calculated the effective
lifetime of minority carriers in the double-sided macroporous silicon depending on the
depth of macropores. We used a numerical method to verify the accuracy of calculations
performed using the system of analytical equations, which defines the effective lifetime of
minority charge carriers in the double-sided macroporous silicon. The numerical method
showed the coincidence of calculations aimed at the effective lifetime of minority carriers.
We observed a discrepancy of calculations, when the sum of the depths of macropores in
two macroporous layers is close to the thickness of macroporous silicon sample.
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an analytical model. Due to this, the opto-electrical
parameters of the solar cell with layers of macroporous

Macroporous silicon has found application in solar cells
[1]. A layer of macroporous silicon is created on a
monocrystalline silicon wafer by electrochemical
etching. It improves absorption of light [2] and is a
broadband anti-reflective coating for silicon solar cells
[3]. The relationship between morphology of the macro-
porous layer and absorption of light is calculated using

silicon are optimized [4]. Two-dimensional structures of
macroporous silicon were coated with layers of
microporous silicon, CdTe, surface nanocrystals, and
SiO, nano-coating. The electro-optical effect showed a
strong influence of impurity states on the surface of
macroporous silicon structure with nano-coating [5]. The
coating of porous silicon surface with a thin carbon film
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allowed the significant increase in efficiency and stability
of electron emission current [6]. The surface of
macroporous silicon is often coated with a layer of
silicon oxide, which effectively passivates this surface
and improves the effective lifetime of minority charge
carriers. The effective lifetime of minority carriers in a
passivated layer of macroporous silicon, which is used in
solar cells, is simulated in [7]. The effective lifetime of
minority carriers in solar cells with a surface structured
with cones and pyramids is calculated depending on the
diameter of the cone base, side length of the pyramid
base, height of the cone and pyramid [8]. The
experimentally measured effective lifetime of minority
charge carriers in n-type black silicon is 1.55 ms.
Numerical calculations showed that the surface lifetime
determines the effective lifetime. At the same time, the
bulk lifetime of minority carriers in polished p-type
silicon is less than the lifetime on the surface. The
photoconductivity of macroporous silicon is investigated.
It depends on the diameter, distance between macropores
and their depth [9]. It has maxima depending on the
angle of incidence of electromagnetic radiation, diameter
and average distance between macropores [10]. A
diffusion model of photoconductivity relaxation in
macroporous silicon is presented in [11]. The photo-
conductivity relaxation time in macroporous silicon is
calculated by the finite differences method. The
mechanisms of charge carrier transfer through the surface
barrier in electroluminescent structures of porous silicon
[12] and structures of macroporous silicon [13] are
investigated, too. The charge transfer mechanisms in the
space charge region affect the relaxation time of
photoconductivity in macroporous silicon. This is
confirmed by the temperature dependence of the photo-
conductivity kinetics, which was measured in macro-
porous silicon at 80...300 K [11, 13]. The distribution
of excess minority carriers in a layer of macroporous
silicon and a monocrystalline substrate is calculated
using the finite differences method to calculate the
photoconductivity in a layer of macroporous silicon and
a monocrystalline substrate [14]. The maxima of
distribution inherent to excess minority carriers were
detected both in the layer of macroporous silicon and in
the monocrystalline substrate. Relaxation of distribution
of excess minority carriers in macroporous silicon was
also calculated using the finite differences method [15].
A rapid decrease in the maximum of distribution function
for excess minority carriers in macroporous layer and a
slow decrease in distribution function in a mono-
crystalline substrate were revealed [15].

The aim of this work is to find the effective lifetime
of minority charge carriers in double-sided macroporous
silicon, which is defined by the system of two
transcendental equations, as well as to identify the
relationship between the effective minority carrier
lifetime in double-sided macroporous silicon and the
characteristics of each macroporous layer, namely: the
size of macropores, distance between these macropores,
depth of macropores, and the rate of surface
recombination.

2. Effective minority carrier lifetime in double-sided
macroporous silicon

Let us assume that there is no bulk recombination at
t=0. For the one-dimensional case, the non-stationary
diffusion equation for excess minority charge carriers can
be written as:

Op(x,1)
b

36 (x,H)=D is (x,t)— (1)
ot P& = paxz P

where Op(x,f) is the excess minority carrier
concentration, t — time, x — coordinate, D, — minority
carrier diffusion coefficient, t, — minority carrier bulk
lifetime. Boundary conditions look as follows:

g, (xg.) =5, 8p(xg.00=e€""j, (x0.0) » 2)

where e is the elementary charge, dp(xo, f) — excess
minority carrier concentration on the surface that is
perpendicular to the x-axis and passes through the point
Xo, 8s(Xo, ) — surface generation rate for excess minority
carriers on this surface, j,(x,#) — current density of
excess minority carriers on this surface, s, — surface
recombination velocity of excess minority carriers on this
surface. The diffusion current of excess minority carriers
Jp that flows to the surface is recorded with the minus
sign. The general solution of equation (1) is written as:

Splx.1)= iAn exp(— Tt]cos(nasx) , (3)

n=1 n

where A, is the Fourier series expansion coefficients of
the initial distribution of excess minority charge carriers,
T, are characteristic times, n — natural numbers, a, is a
constant characteristic number. Between 1, and a,, there
is a relationship:
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Let us denote the effective lifetime of minority carriers as
t4=T1 and the surface lifetime as ts=(Dpa52)"l. The
surface lifetime shows the effect of surface
recombination on the effective lifetime of minority
carriers.

Consider double-sided macroporous silicon, the
cross-section of which is schematically shown in Fig. 1.
It is a plate of monocrystalline silicon, in which, on each
of the two largest parts in terms of area, macropores are
etched. Let double-sided macroporous silicon be illu-
minated by light incident on one of the sides with macro-
pores, parallel to macropores. A layer of macroporous
silicon, on which light is incident, we call the input (for
light) macroporous layer, while another macroporous
layer let be called as the output macroporous layer. The
input layer of macroporous silicon has the thickness
equal to the depth ofits macropores h,,, (see Fig. 1).
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Fig. 1. Cross-section of double-sided macroporous silicon.

The output layer of macroporous silicon has the thickness
equal to the depth of its macropores #,,,,. Between these
two macroporous layers, there is a layer of mono-
crystalline silicon, which is a monocrystalline substrate.
The bottom of the macropores of each of the macro-
porous layers is the surface of the monocrystalline layer.
Consider the distribution of the concentration of
excess charge carriers in macroporous silicon. The
concentration of excess charge carriers in the layer of
macroporous silicon will decrease much more than in the
monocrystalline substrate. The concentration gradient
will arise, which will cause the diffusion of carriers from
the substrate into the macroporous layer. As a result, in
the monocrystalline part, the distribution function of
excess minority charge carriers will have a maximum
caused by the fact that in macroporous layers
recombination is more intense due to recombination on
the surface of macropores. Also, there will be a
maximum in the input macroporous layer, which occurs
at high values of light absorption coefficients [15]. But
the maximum in the input macroporous layer will not be
observed, provided that the distribution function of the
excess minority charge carriers is described by the first
terms of the Fourier series, according to the equation (3).
The origin of the x-axis will be selected at the maximum
point, as shown in Fig. 1. The x-axis is directed towards
the input macroporous layer, parallel to the pores. Let us
denote the coordinate of the point of the plane passing
through the bottom of macropores in the incoming
macroporous layer and perpendicular to the x-axis
through %,;. Let us denote the coordinate of the point of
the plane passing through the bottom of macropores in
the output macroporous layer and perpendicular to the x-
axis through h,. The initial distribution functions of
excess charge carriers differ in each layer of double-sided
macroporous silicon. This difference is related with
different illumination intensities, specificity of relaxation

processes that occur in the bulk and on the surface of
macropores, as well as diffusion velocities. From the
equation (3), the distribution function of excess charge
carriers in the input layer of macroporous silicon dp;(x),
in the monocrystalline layer 6p,(x) and in the output
macroporous layer dp,(x) can be written as follows:

&p, (x.1)= A, exp[— L]cos (a,x), (5)
/teﬂ
op,, (x,0) = A, exp{— Lj cos (a,, x) (6)
Tefr
dp,(x.1)= A, exp{— LJ cos (a,,x) (N
Tor

where A, A, A, are the constant coefficients of the
distribution function for excess charge carriers in the
input macroporous layer, monocrystalline layer and
output macroporous layer, respectively. The equations
(5) to (7) are written under the condition that # >> 1, and
only the first term remains in the equation (3). Relaxation
of the distribution of excess charge carriers will occur
exponentially, both in macroporous silicon and in a
monocrystalline substrate with an effective relaxation
time 1, Let us consider the case when the depth of
macropores is .1 >>L;, and 0 >>L,, where

L =,D,t , L,=,/D,1, is the effective diffusion length
of minority charge carriers in the first and second

macroporous layers, respectively. We wrote down 1, T,
according to [15]:

i _ l TCDporlsporl (8)
- 2 2
T Ty aporl - O'ZSTEDpr)rl
L i nDporZSporZ (9)
T, T, a’,,—0251D>
2 b por2 . por2

where D,,,, D, are the diameters of macropores in the
input and output macroporous layers, respectively, @1,
a,0r are the average distances between the centers of the
macropores in the input and output macropores layers,
respectively, and s,,.1, Sy2 are the rates of surface
recombination on the surface of pores in the input and
output macropores layers, accordingly.

In order for the distribution functions of excess
minority charge carriers (5) to (7) to be equal at the
boundary of the input or output macroporous layers with
the monocrystalline layer, boundary conditions should be
written in each plane passing through the surface of
the monocrystalline layer (along the bottom of macro-
pores). For any time value ¢ >> 1,4, in each plane passing
through the surface of the monocrystalline layer, the
boundary condition (2) can be written in the following
manner:
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_(I_PI)gsl(hl’t)_Plsporlapm(hl’t)z_jmlp(hl’t)’ (10)

_(l_P2)gs2(h2’t)_PZSp()rZSPm(hZ’t)z_jm2p(h2’t)’ (11)

where g (hy,1), gx(hat) correspond to surface generation
of excess charge carriers in the plane passing through the
bottom of macropores for the input and output surface of
the monocrystalline layer, respectively, P;, P, are the
volume fractions of pores for the input and output layers
of macroporous silicon, respectively, ji,(hi, 1), jap(ha, 1)
are the diffusion current densities of excess minority
charge carriers in the plane passing through the bottom of
pores in the input and output layers of macroporous
silicon, respectively. We put the minus sign before the
value of the function corresponding to surface generation
in the input and output planes of monocrystalline silicon,
because in the plane passing through the bottom of the
macropores, charge carriers that came from the
monocrystalline layer disappear. The expression (11) is
written as based on the symmetry of double-sided
macroporous silicon with respect to the origin. Mentally
divide the macroporous silicon at the origin. We have
two similar pieces of macroporous silicon. Further, we
will write the boundary conditions, as for the positive
part of the coordinate line. With account of the
expressions (5) and (7), the diffusion current density of
excess minority charge carriers at the surface that passes
through the input or output surfaces of monocrystalline
silicon can be written as:

. 0
]mlp(hl’t)z _Dp 76[)”1(]11,[):

p) 12)
= Dpspm (hl 7l‘)asm tan(asmhl) ’
. 0
]m2p(h27t)=_Dp§6pm(h27t)= (13)

=DP5pm(h2,t)a tan(a,, h,) .

sm

For any time value ¢ >> 7,4 the boundary condition (2)
for the input and output macroporous layer in the plane

passing through the input or output surfaces of
monocrystalline silicon, we can write as follows:
; 9
gsl(hl’t):]lp(hl’t):_Dpaapl(hl’t)’ (14)
. )
gxz(hz’t)zlzp(hzsf):—Dpaspz(hzal)- (15)
We did not take into account the surface

recombination at the bottom of the macropores, since
the bottom of the macropores is the surface of
the monocrystalline substrate. We substitute the
expressions (12), (13) into the expressions (10) and (14),
and the expression (15) into the expression (11) and we
write:

°)
(1_ Pl )Dp gspl(hl’t)_ Plspnrlspm (hl’t)z

= _Dpspm (hl 7l‘)a tan(asmhl ) >

sm

(16)

d
(1_P2)Dp gSPZ(hZ’t)_P2Sp0r28pm(h2’t):

= _Dpspm (h2 ’t)a tan(asth) .

sm

A7)

In the plane passing through the input or output
surfaces of monocrystalline silicon, there should be no
discontinuity of the function, that is p(hy, t) = p,.(hi, 1),
Pm(hy, 1) = pa(hy, 1), therefore the equations (16) and (17)
can be rewritten as:

90
1 8*51’1(}11’1)
Asm tan(as‘mhl)zi Plsporl_X7Dp(l_Pl) i (18)
D, 5, (hy.1)
-0, (hy,1)
o D,(1-p)|- (19

1
A tan(asth) = F P2sP0r2 -

P 8p2(h2at)

We write the boundary conditions on two surfaces
of the sample of macroporous silicon:

Slspl(hporl+hl’[):Dp%8pl(hporl+hl’t)’ (20)
528p2(hp0r2+h2’[)=Dp%8p2(hpor2+h2’t)’ (21)

where s, s, are the surface recombination rates on the
surfaces of the sample of double-sided macroporous
silicon, respectively. The systems of equations (4) to (9)
and (18) to (21) describe the processes of relaxation of
the distribution of excess minority charge carriers in
double-sided macroporous silicon. Let us transform and
simplify this system of equations. Eq. (3) is a general
solution to Eq. (1). Provided that # >> 1,4, relaxation of
excess charge carriers will occur exponentially as shown
by Eqgs (5) to (7). This means that we have a stationary
distribution of the concentration function of excess
minority carriers on the coordinate, which is constantly
multiplied by exponent with the index . The stationary
solution of equation (1) multiplied by the exponent over
time will be written for macroporous layers as follows:

Op, (x,1) = exp[—L}(Cl exp[iJ +C, exp[— iD , (22)
Tt L L

Op, (x,1) = exp[—L}[Cl* exp[i] +Cys exp[—i]] , (23)
Top L, L,

where C;, C,, C}+, Cy+ are steel. We write the ratio of the
derivative of the function from equations (22), (23) to the
function itself at the points &, h,:
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—op, iyt
xpl(l )_L - 2 ) (24)
Sy (h.t) L | [Zhl ]
—exp| — |+1
c o\ L
0
—8p,(h,,t
ﬂzi 2 (25)
8p2(h2,t) L, Cix [2]’12]
——exp| —= |+1
Cox L,
Substitute the expressions (22) and (23) into the

expressions (20) and (21), which describe the boundary
conditions on two planes of the sample of macroporous
silicon, and write:

q:exp(—Z(/’lporl+hl)]( 2 _1} (26)
G, L S, +1

Cv:exp[‘“hmﬂ*hﬂ[ 2 _1J, @)
Cye L, S, +1

where S =s,L,/D,, S,=s,L,/D, are the dimensionless
surface  recombination  velocities.  Substitute  the
expressions (24) and (26) into the expression (18), and
the expressions (25), (27) into the expression (19) and
write:

1
tanla,,,h )= X
( sm'*1 ) asle
2 (28)
X PIS 0r1+(1_P1) -1
g - 2hpor1 2
exp| -1[+1
L Sp+1
tan(asm (h - (hporl + hp0r2 + hl ))) = ! X
asmLZ
2 (29)
X PZS]mr2+(1_P2 =1
- 2hp0r2 2
exp| —-1]|+1
L )| S,+1
where S0 = SporiLi /Dy, Sporo=Sporoln /D, are  the

dimensionless surface recombination velocities on the
pore surface of the first and second macroporous layer,
respectively. The sum in brackets of the expression (29)
is equivalent to the dimensionless surface recombination
rate in the plane passing through the bottom of
macropores. It consists of the dimensionless surface
recombination rate on the surface of the pore (the first
term in brackets) and the rate of flow of charge carriers
from the monocrystalline substrate in the macroporous
layer (the second term in brackets). We reduced the
system of ten equations (4) to (9), (20) to (23) to two

equations (28), (29) with two unknowns ag, and h;. The
constant characteristic number in the monocrystalline
layer ay,, is found from the system of equations (28), (29)
and expressions (8), (9). Knowing ay,, the effective
lifetime of minority charge carriers is found from the
expression (4), when n = 1, which is written as:

1 1
—_— =t

T T

(30)

2
Dpasm.

In the absence of an output layer of macroporous silicon
P> =0, hy,p =0, S, =0, the expression (29) becomes the
expression for a single crystal and the expressions (28),
(29) — to define the efficient lifetime of minority carriers
in macroporous silicon with one macroporous layer. In
the absence of input and output layers of macroporous
silicon P] = 0, hporl = 0, Sl = 0, P2 = 0, hporg = 0, Sg = 0,
then the expressions (28), (29) define the effective
lifetime of minority carriers in a single crystal.

3. Calculation of the effective lifetime of minority
charge carriers

Shown in Figs 2a to 2f is the dependence of the effective
lifetime of minority charge carriers in one-sided (Fig. 2f)
and double-sided macroporous silicon on the depth of
macropores. The effective lifetime of minority carriers
was calculated using the expressions (8), (9), (28), (29)
and (30). For these calculations, the following data were
used: the bulk lifetime equal to 10 us, surface
recombination velocity on all the surfaces was the same
and equal to 0.9 m/s, the average diameter of macropores
was 2 um, the average distance between the centers of
macropores was 4 pum. The value 1,=1,=1pus was
calculated using the expressions (8), (9). The thickness of
the sample of macroporous silicon is 500 pm. The
thickness of the output macroporous layer changed by
100 pm and was also equal to 10 pm and was absent in
one-sided macroporous silicon. If the right-hand side of
expressions (28) and (29) is less than one, then the
effective lifetime of minority carriers is determined by
the surface recombination velocity on the surface of
macropores in the sample. With an increase in the depth
of macropores, recombination in the layer of
macroporous silicon greatly increases due to an increase
in the recombination surfaces on the pores. Due to this,
the effective lifetime of minority charge carriers sharply
decreases with increasing the macropore depth in the
input macroporous silicon (Figs 2a-2f) and output
macroporous silicon (abrupt transition from curve
of Fig.2f, when h,,, = 0, to curve of Fig.2e, when
Npora = 10 pm). That is, for non-deep macropores, the
effective lifetime of minority charge carriers depends on
the bulk lifetime and surface recombination in the
macroporous layer, which is defined by the depth of the
macropores, with a constant thickness of the sample. If
the right-hand side of expressions (28) and (29) is higher
than unity, due to the large dimensionless velocity
of surface recombination, or to an expression with an
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Fig. 2. The efficient lifetime of minority carriers in one-sided (f, /,,, = 0) and double-sided macroporous silicon, depending on the
depth of macropores in the input macroporous layer, which is calculated for the depths of macropores in the output macroporous

layer, um: (a) — 400, (b) — 300, (c) — 200, (d) — 100, (e) — 10, (f) - 0.
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exponent, then we can write approximately a,,h;~ n/2,
a,, (h— (Pport + Mo + h))=m/2 . If the right-hand side

of expressions (28) and (29) is higher than unity, then the
effective lifetime of minority carriers from the expression
(30) can be written as follows:

2
L t, b G1)

Tfff T (h - hporl - hp0r2 )2

In this case, the effective lifetime of minority
carriers in double-sided macroporous silicon does not
depend on the surface recombination velocity, despite the
fact that it is high on the surface of macropores. The
effective lifetime depends on the bulk lifetime, has a
quadratic dependence on the thickness of the
monocrystalline substrate, which depends on the depth of
macropores, and is inversely proportional to the diffusion
coefficient. As can be seen from Figs2a to 2c, the
effective lifetime of minority carriers has a quadratic
dependence on the depth of macropores. This is due to
the fact that the bulk lifetime can be neglected.

Otherwise, as can be seen from Figs 2d to 2e, the
bulk lifetime cannot be neglected. Thus, the surface
recombination velocity in macroporous silicon layers
increases with increasing macropore area, but when it
becomes very high, then recombination at the pore
surface is limited by the diffusion of charge carriers from
the monocrystalline substrate and the thickness of the
monocrystalline substrate. Excess carriers have no time
to diffuse to the recombination surfaces of macroporous
silicon layers; therefore, effective recombination of
excess charge carriers does not depend on recombination
in macroporous silicon layers. In this case, with
increasing the depth of the macropores and the area of
the recombination surfaces, recombination in the
macroporous layer does not change. The dependence of
effective lifetime of minority carriers on the depth of
macropores in the input macroporous silicon in one-sided
and double-sided macroporous silicon is similar, as can
be seen from Figs2e and 2f. The appearance of
macropores on the other side of one-sided macroporous
silicon leads to a sharp decrease in the effective lifetime
due to additional recombination in the initial macro-
porous silicon.

4. Conclusion

The effective lifetime of minority charge carriers in the
double-sided macroporous silicon is defined from a
system of two equations. The first equation describes the
processes in the input macroporous layer and at the
boundary “input macroporous layer — monocrystalline
substrate”. The second equation describes the processes
in the output macroporous layer and at the interface
“output macroporous layer — monocrystalline substrate”.
It has been found that the effective lifetime of
minority carriers in the double-sided macroporous silicon
depends on the bulk lifetime of minority carriers, charge

carrier diffusion coefficient, monocrystalline substrate
thickness, and parameters of each macroporous layer: the
average macropore diameter, average distance between
centers of macropores, surface recombination velocity,
volume fraction of macropores.

At a small depth of macropores, when

tan(a,,hy)>> 1 or tan(ay, (72— (R + o + 1)) >>1

from Eqs (28), (29), the effective lifetime of minority
carriers depends on bulk lifetime and surface recom-
bination in the macroporous layer, that is, it is defined by
the depth of macropores, with a constant thickness of the
sample.

At a high surface recombination velocity on the
surface of macropores, when tan(a,,k)>>1 or

tan(ay, (1= (2 +hpopy +h)))>>1 from Egs (28), (29),

the effective lifetime of minority carriers depends on the
bulk lifetime and has a quadratic dependence on the
thickness of the monocrystalline substrate, which
depends on the depth of the macropores, and inversely
depends on the diffusion coefficient.

When the surface recombination velocity in
macroporous silicon layers becomes very high
tan(ag,/y)>>1 or tanlag, (h—(ryoy + k0 +h)))>> 1,

then recombination on the pore surface is limited by
diffusion of charge carriers from the monocrystalline
substrate and the thickness of this substrate. Excess
charge carriers have no time to diffuse to the
recombination surfaces of macroporous layers, therefore,
effective recombination of excess charge carriers does
not depend on recombination in macroporous layers, in
this case, with an increase in the depth of macropores and
the area of the recombination surfaces, recombination in
the macroporous layer does not change.

The dependence of effective lifetime for minority
carriers on the depth of macropores of the input macro-
porous silicon in one-sided and double-sided macro-
porous silicon is similar. The appearance of macropores
on the other side of one-sided macroporous silicon leads
to a sharp decrease in the effective lifetime due to addi-
tional recombination in the output macroporous silicon.

It has been shown that the effective lifetime of
minority charge carriers in the double-sided macroporous
silicon is limited by diffusion of charge carriers from the
substrate to recombination surfaces in each macroporous
layer and has a quadratic dependence on the thickness of
the monocrystalline substrate.
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