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In this work, to calculate the distribution of the excess minority carrier concentration in bilateral
macroporous silicon, the solution of the diffusion equation for stationary conditions is used, which is written for a
monocrystalline substrate and macroporous layers. The solution to the diffusion equation is supplemented by
boundary conditions at the interface between macroporous layers and a monocrystalline substrate and at the
boundaries of a bilateral macroporous silicon sample. The dependence of the distribution of the excess minority
carrier concentration in bilateral macroporous silicon with the same thickness of porous layers on the depth of
macropores, the thickness of the sample of bilateral macroporous silicon, and the bulk lifetime of minority charge
carriers is calculated. It is shown that the distribution function of the excess minority carrier concentration in
bilateral macroporous silicon exhibits two maxima. The maxima are located in the frontal macroporous layer,
near the surface of the sample, and in a monocrystalline substrate, near the interface, the frontal macroporous

layer - monocrystalline substrate.
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Introduction

Macroporous silicon has found application in
photosensors, photodetectors and solar cells [1]. A layer
of macroporous silicon is located in a solar cell from one
or both sides. Solar cells are characterized by their
parameters. The parameters of high performance textured
silicon solar cells are modelled to optimize them. Key
parameters of textured silicon solar cells such as short
circuit  current, open  circuit  voltage and
phototransformation  efficiency  are  theoretically
determined [2].The simulation takes into account such
recombination mechanisms as non-radiative exciton
recombination by the Auger mechanism with the
participation of a deep recombinant level and
recombination in the space charge region [3]. An
analytical description of the photoconductivity relaxation
model has shown that the photoconductivity relaxation
time in macroporous silicon is determined from a system
of two transcendental equations. The solution of this
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system showed that the relaxation of photoconductivity
in a sample of macroporous silicon is limited by the
diffusion of charge carriers from the monocrystalline
substrate to the recombination surfaces in each
macroporous layer [4]. This is evidenced by the
mechanisms of charge carrier transfer through the surface
barrier in macroporous silicon structures [5] and the
temperature dependence of the photoconductivity
kinetics measured in macroporous silicon at a
temperature of 80 -300 K [6]. The relaxation time of
photoconductivity in macroporous silicon depends on the
depth of macropores, which determines the size of the
recombination surface in the pores. The relaxation time
of photoconductivity rapidly decreases with increasing
macropore depth from 0 to 25 um due to the rapid
growth of the recombination surface in the pores. The
decrease in the relaxation time of photoconductivity
slows down when the depth of macropores changes from
25 pm to 400 um. At a macropore depth from 25 um to
400 um, the relaxation time of photoconductivity in
macroporous silicon is determined by the diffusion of
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excess charge carriers [4].

A model is derived and applied, which determines
the effective lifetime of minority carriers in samples of
macroporous silicon depending on the bulk lifetime,
surface passivation, and pore morphology [7]. The
average pore diameter is 2.4 um, the average distance
between the pores is 5.2 um. The calculations agree with
the measurements at the surface generation velocity
S=0.24m/s on the pore surface. The surface is
passivized by thermal oxidation. The thickness of the
silicon dioxide film is increased to improve surface
passivation and reduce the effective lifetime of minority
charge carriers [8]. The relationship between the
morphology of the porous layer and the effective lifetime
of minority charge carriers in one and bilateral
macroporous silicon is modelled using an analytical
model. The effective lifetime of minority carriers in
bilateral macroporous silicon depends on such
magnitudes as the bulk lifetime of minority carriers, the
diffusion coefficient of minority carriers, and the
thickness of the monocrystalline substrate. In addition,
the effective lifetime depends on the values characteristic
of each macroporous layer: the depth of macropores, the
average diameter of macropores, the average distance
between the centres of macropores, the volume fraction
of macropores, and the surface generation velocity.
Effective recombination of excess charge carriers in
bilateral macroporous silicon is determined by the
recombination of excess charge carriers on the surface of
macropores and diffusion of charge carriers from the
monocrystalline substrate to the recombination surfaces
in each macroporous layer [9]. Transmission, reflection
and absorption in porous structures show an increase in
reflection and absorption due to light scattering in the
porous layer [10].

The aim of this work is to apply a diffusion model
with boundary conditions at the boundary of a
monocrystalline substrate with porous layers and at the
boundary of a sample to calculate and study the
distribution of minority charge carriers in bilateral
macroporous silicon.

I. Calculation method

Consider a bilateral macroporous silicon plate. Two
sides of the macroporous silicon wafer have pores. Let
one of these sides be illuminated with light. The origin of
coordinates is chosen on the illuminated surface of the
sample. Here x has a direction in the depth of the pores.
The minority carrier diffusion equation for the one-
dimensional case at steady state conditions is:

£ () ) =
Dp Sx2 6p(x) - T + go (x) eXp( ax) =0 (1)
Here D, - diffusion coefficient of minority charge
carriers, Jp(x) is the excess minority carrier

concentration, a is the absorption coefficient of silicon,
gop(a) is the generation velocity of excess minority
charge carriers at the illuminated surface. Diffusion
equations (1) must be supplemented with boundary
conditions, which for stationary conditions is:
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gs(xo) - Spap(xO) = e_ljp(xo), (2
where e is the elementary charge, dp(xo) is the excess
minority carrier concentration on the surface, gs(xo) is the
surface generation velocity of excess minority charge
carriers on the surface, jp(Xo) is the current density of
excess minority charge carriers at the surface, sp is the
surface generation velocity of minority charge carriers on
the surface. The macroporous layer on which the light is
incident will be called the frontal macroporous layer, and
the other macroporous layer will be called the back layer.
The distribution of the excess minority carrier
concentration under stationary conditions in the frontal
macroporous layer in the x direction is written as:

6p1(x) = C; cosh (Lx—l) — C,sinh (Lx—l) —0ps1(x), (3

where Ci;, C, are constants, L; =./D,7;, n is the
diffusion length and the effective bulk lifetime of
minority charge carriers in the frontal macroporous layer,

Spgl(x)z%;:m is the surface generation

velocity of excess minority charge carriers on the surface
of the macroporous silicon sample (frontal macroporous
layer). The concentration distribution of excess minority
charge carriers under stationary conditions in a
monocrystalline substrate is written as:

8p,(x) = C3 cosh (é) — C, sinh (i) —8pg(x),  (4)

where Cp, Cs are constants, L, =./D,T,, 7, are the

diffusion length and the effective bulk lifetime of
minority charge carriers in a monocrystalline substrate,

respectively,
at,((1—Py) exp(—ax)+P, exp(—a(x—h .
5pgs(x) = 2 2((1-Py) p((aLz))Z—ll p(zate=hy))
the surface generation velocity of excess minority charge
carriers on the surface of the frontal macroporous
silicon - monocrystalline substrate, P1 = nDpor1?/(421?) is
the volume fraction of pores, hiy, Dpor1, a1 are the pore
depth, pore diameter, and the distance between the pore
centres of the frontal macroporous layer, respectively.
This surface generation velocity takes into account the
generation at the bottom of macropores of the frontal
macroporous layer and light transmitted through the
frontal macroporous layer. Note that the surface of the
bottom of macropores of both layers will be referred to
the surface of a monocrystalline substrate. The
distribution of the excess minority carrier concentration
under stationary conditions in a monocrystalline
substrate and a back macroporous layer in the x direction
is written as:

6ps(x) = Cs cosh (i) — Cg sinh (5—3) —8pgs(x), (5)

where Cs, Ce are constants, Ly =.,/D,T3, 73 are the

diffusion length and bulk lifetime of minority charge
carriers in the back macroporous layer, respectively,
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at3((1—-P,) exp(—ax)+P, exp(—a(x—h .
6pg3 (x) — do 3(( 1) p((aLs))z_ll p( ( 1))) is
the surface generation velocity of excess minority charge
carriers on the surface of monocrystalline substrate -
back of macroporous silicon. We write the boundary
conditions (2) in bilateral macroporous silicon in the
form:

21.(0) = 51p,(0), (6)

L2 (h) = 5,0, (h), (7)

(1= P)D 2 (hy) = D22 (hy) = Pysyopipz(hy),  (8)

p1(hy) = pz(he) ©)
d
(1-P)D %(h—hz) =
=D dd_T;Z (h—hy) - Py Sporab2 (h — hy), (10)
P2(h = hy) = p3(h — hy), (11)

where S1, S2, Spor1, Spor2 are the surface generation velocity
of minority charge carriers on the front and rear surfaces
of the sample and pores, respectively, P2 = tDpor2%/(4a2%)
is the volume fraction of pores, hy, Dpor, @ is the pore
depth, pore diameter and the distance between the centers
of the pores of the back of the macroporous layer,
respectively. The system of equations (6) - (11) has an
exact solution, which can be found by one of the methods
for solving the system of linear equations; it can also be
solved numerically.

I1. Distribution of excess charge carriers

in bilateral macroporous silicon
versus pore depth

Light is incident on the sample surface parallel to the
pores. It illuminates the surface of macroporous silicon
and the surface of the bottom of the pores, propagating
through the pores. To calculate the distribution of the
excess minority carrier concentration in Dbilateral
macroporous silicon, the following parameters of
macroporous silicon were used. The bulk lifetime of
excess minority charge carriers in a monocrystalline
silicon substrate was 10 us. The thickness of the sample
of macroporous silicon is 500 um. The average diameter
of macropores is 1 um. The average distance between the
centres of the pores is 2 um. The effective bulk lifetime
in both layers of macroporous silicon was 1 ps. The
surface recombination velocity on the sample surface and
on the pore surface of each macroporous layer was 1 m/s.
The generation of excess charge carriers by light with a
wavelength of 0.95 pym is inhomogeneous over the
sample due to the fact that silicon strongly absorbs
electromagnetic radiation of this wavelength. Light with
a wavelength of 1.05 um is weakly absorbed by silicon,
therefore, the generation of excess charge carriers by this
electromagnetic wave is uniform in a monocrystalline
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substrate and macroporous layers. Light creates an
additional generation of excess charge carriers in the
monocrystalline substrate and the back macroporous
layer falling onto the surface of the bottom of the pores.

The distribution of the excess minority carrier
concentration in bilateral macroporous silicon versus the
pore depth when excess charge carriers are generated by
light with a length of 0.95 ym and 1.05 um is shown in
Fig. 1 and Fig. 2.

Fig. 1. Distribution of the excess minority carrier
concentration in bilateral macroporous silicon depending
on the pore depth, when light with a wavelength of
0.95 um generates excess charge carriers.

Fig. 2. Distribution of the excess minority carrier
concentration in bilateral macroporous silicon depending
on the pore depth, when light with a wavelength of
1.05 um generates excess charge carriers.

The pore depth of the frontal macroporous layer is
equal to the pore depth of the back macroporous layer.
The pore depth of each layer varies from zero (no pores,
that is, it is a silicon single crystal) to half the thickness
of the sample of bilateral macroporous silicon, that is, the
pores become through. When there are no pores, that is,
in monocrystalline silicon, the distribution function of
the concentration of excess minority charge carriers has a
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maximum, which is observed at the illuminated surface
(see Fig. 1 and Fig. 2). Up to a pore depth of 100 pm, the
maximum of the distribution function of the excess
minority  carrier  concentration in  double-sided
macroporous silicon has one maximum, which is
observed in a monocrystalline substrate at the interface
between the frontal macroporous layer and a
monocrystalline substrate.

In Fig.1 shows that the excess minority carrier
concentration on the frontal surface of the sample
decreases with increasing pore depth to 100 um, and then
does not change. When the excess minority carrier
concentration on the front surface of the sample ceases to
change in the distribution function of the excess minority
carrier concentration in bilateral macroporous silicon,
two maxima appear (see Fig. 1). They are observed in the
frontal macroporous layer, at the sample surface, and in a
monocrystalline substrate, at the interface between the
frontal macroporous layer and a monocrystalline
substrate (see Fig.1). Two peaks are due to: strong
absorption of light with a wavelength of 0.95 um by
silicon, the presence of two surfaces on which
electromagnetic radiation falls, and the diffusion of
excess charge carriers.

When excess charge carriers are generated by light
with a wavelength of 1.05um (see Fig.2), the
concentration distribution of excess minority charge
carriers in bilateral macroporous silicon has one
maximum, which is located in the middle of a
monocrystalline substrate. As can be seen from Fig. 2,
one maximum in the distribution function of the excess
minority carrier concentration is observed for pore depths
less than 200 pm. Two maxima are observed when the
pore depth is more than 200 um (see Fig. 2). Analysing
the distribution of the excess minority carrier
concentration in bilateral macroporous silicon under
illumination with light with a wavelength of 0.95 pm and
1.05 um, one can conclude that two maxima in the
distribution function of the excess minority carrier
concentration when the depth of light penetration into
silicon is comparable with the pore depth of the frontal
macroporous layer.

I11. Distribution of excess charge carriers
in bilateral macroporous silicon
versus its thickness

The distribution of the excess minority carrier
concentration in bilateral macroporous silicon versus the
thickness of a sample of bilateral macroporous silicon,
when excess charge carriers are generated by light with a
wavelength of 0.95 um and 1.05 um, shown in Fig. 3 and
Fig. 4, respectively. The pore depths of each
macroporous layer were the same and equal to 50 um.
The thickness of the bilateral macroporous silicon sample
varied from 100 pm to 500 pm. The pores were through
when the sample thickness was 100 pum. The bulk
lifetime in a monocrystalline silicon substrate was 10 ps.

The average diameter of macropores is 1 um. The
average distance between the centres of the pores is
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Fig. 3. Distribution of the excess minority carrier
concentration in bilateral macroporous silicon depending
on the sample thickness, when light with a wavelength of
0.95 um generates excess charge carriers. The pore depth
of each macroporous layer is 50 pm.

400

X um
Fig. 4. Distribution of the excess minority carrier
concentration in bilateral macroporous silicon depending
on the sample thickness, when light with a wavelength of
1.05 um generates excess charge carriers. The pore depth
of each macroporous layer is 50 pm.

2 um. The effective bulk lifetime in both layers of
macroporous silicon was 1 us. The surface recombination
velocity on the sample surface and on the pore surface of
each macroporous layer was 0.1 m/s. As can be seen
from Fig. 3, when a pore depth of 50 um and excess
charge carriers are generated by light with a wavelength
of 0.95um, the distribution function of the excess
minority carrier concentration in bilateral macroporous
silicon has one maximum. The second maximum has not
yet been observed due to the fact that the depth of light
penetration into silicon is comparable to the pore depth.
The depth of macropores in the sample is constant;
therefore, the distribution of the concentration of excess
minority charge carriers in each macroporous layer does
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not change. With a decrease in the thickness of the
sample of bilateral macroporous silicon, the height of the
maximum of the distribution function of the excess
minority carrier concentration does not change (see
Fig. 3).

As can be seen from Fig. 4, when a pore depth of
50 um and excess charge carriers are generated by light
with a wavelength of 1.05 pum, the distribution function
of the excess minority carrier concentration in bilateral
macroporous silicon has one maximum, which is located
in the middle of a monocrystalline substrate. With a
decrease in the thickness of a bilateral macroporous
silicon sample from 500 pm to 100 um, the height of the
maximum of the distribution function of the excess
minority carrier concentration decreases by a factor of 5
(see Fig. 4).

Conclusions

It is shown that the distribution function of the

concentration of excess minority charge carriers in
bilateral macroporous silicon exhibits two maxima. The
maxima are located in the frontal macroporous layer,
near the surface of the sample, and in the
monocrystalline substrate, near the boundary of the
frontal macroporous layer with the monocrystalline
substrate.

Two maxima in the distribution function of the
concentration of excess minority charge carriers are
observed when the depth of light penetration into silicon
is comparable to the pore depth of the frontal
macroporous layer; in other cases, one maximum is
observed. The maxima are observed when excess charge
carriers are generated by light with a length of 0.95 pm
and 1.05 pm.

Onyshchenko V.F. - PhD, Senior Research.

[1] M. Ernst, R. Brendel, R. Ferre, N.P. Harder, Physic Status Solidi — Rapid Research Letters 6(5), 187 (2012);
https://doi.org/10.1002/pssr.201206113.

[2] A.V. Sachenko, V.P. Kostylyov, R.M. Korkishko, V.M. Vlasyuk, 1.0. Sokolovskyi, B.F. Dvernikov,
V.V. Chernenko, and M. Evstigneev, Semiconductor Physics, Quantum Electronics and Optoelectronics 24(2),
175 (2021); https://doi.org/10.15407/spqe024.02.175.

[3] A.V. Sachenko, V.P. Kostylyov, R.M. Korkishko, V.M. Vlasiuk, 1.0. Sokolovskyi, B.F. Dvernikov,
V.V. Chernenko, M.A. Evstigneev, Semiconductor Physics, Quantum Electronics and Optoelectronics 24(3),
319 (2021); https://doi.org/10.15407/spqe024.03.319.

[4] V.F.Onyshchenko, L.A. Karachevtseva, M.Il. Karas’, Emerging Science journal 4(3), 192 (2020);
https://doi.org/10.28991/esj-2020-01223.

[6] L.A. Karachevtseva, V.F. Onyshchenko, A.V. Sachenko, Ukrainian Journal of Physics 53(9), 874 (2008).

[6] L. Karachevtseva, M. Karas’, V. Onishchenko, F. Sizov, Proceedings of SPIE 5360, 381 (2004);
https://doi.org/10.1117/12.530446.

[71 M. Ernst, R. Brendel, Solar Energy Materials and Solar Cells 95(4), 1197 (2011);
https://doi.org/10.1016/j.s0lmat.2011.01.017.

[8] L. Karachevtseva, M. Kartel, V Kladko, O. Gudymenko, Wang Bo, V.Bratus, O. Lytvynenko,
V Onyshchenko, O. Stronska, Applied Surface Science 434, 142 (2018);
https://doi.org/10.1016/j.apsusc.2017.10.029.

[9] V.F.Onyshchenko, L.A.Karachevtseva, = Semiconductor  Physics, = Quantum  Electronics &
Optoelectronics 23(1), 29 (2020); https://doi.org/10.15407/spge023.01.29.

[10] P.O. Gentsar, A.V. Stronski, L.A. Karachevtseva, V.F. Onyshchenko, Physics and Chemistry of Solid State

22(3), 453 (2021); https://doi.org/10.15330/pcss.22.3.453-459.

163


https://doi.org/10.1002/pssr.201206113
https://doi.org/10.15407/spqeo24.02.175
https://doi.org/10.15407/spqeo24.03.319
https://doi.org/10.28991/esj-2020-01223
https://doi.org/10.1117/12.530446
https://doi.org/10.1016/j.solmat.2011.01.017
https://doi.org/10.1016/j.apsusc.2017.10.029
https://doi.org/10.15407/spqeo23.01.29
https://doi.org/10.15330/pcss.22.3.453-459

V.F. Onyshchenko

B.®. Onumiesko

Po3noaiy1 HepiBHOBAKHUX HOCIIB 3apsiy B IBOCTOPOHHLOMY
MAKPOIMOPUCTOMY KPEMHIil 3 0/THAKOBOIO TOBIIMHOIO MOPUCTHUX IIAPIB

ITncmumym ¢hizuxu Hanienposionuxis imeni B.€. Jlawkapvosa HAH Ykpainu, 03028, m. Kuis, Yxpaina,
onyshchenkovf@isp.kiev.ua

B po6oti mnst po3paxyHKYy pO3NOALTY KOHIEHTpAlii Ha/UTMIIKOBHX HEOCHOBHHMX HOCIIB 3apsgy B
JBOCTOPOHHBOMY MaKpOIIOPUCTOMY KPEMHii BUKOPUCTOBYETHCS PO3B 30K PIBHSIHHA AUQY3ii I cTallioHapHUX
YMOB, SIKHH 3alUCYETHCSA UL MOHOKPHCTAIIYHOI MIIKIAAKH Ta MAKpOHNOPUCTHX ImapiB. Po3B’A30K piBHAHHI
Iudy3ii JONOBHIOETHCS TPAaHMYHUMHI YMOBU Ha MEXi MaKpOIIOPUCTUX IMIApiB Ta MOHOKPHUCTAIIYHOI MiAKIaIKH Ta
Ha MEXi 3pa3ka JBOCTOPOHHBOTO MaKpOIIOPUCTOro KpeMHi0. Po3paxoBaHa 3aeXHICTh PO3NOALTY KOHIEHTpaLii
HA/UTMIIKOBUX HEOCHOBHHUX HOCIIB 3apsily B JBOCTOPOHHBOMY MAaKpOIIOPHCTOMY KPEMHii 3 OHaKOBOIO
TOBIIMHOIO MOPHCTHX INApiB BiJ TIMIMOMHM MAakpomop, TOBIIMHM 3pa3ka IBOCTOPOHHBOMY MaKpOIIOPHCTOMY
KpeMHii Ta 00’ €MHOT0 Yacy XHUTTs HEOCHOBHHUX HOCIiB 3apsay. [loka3aHo, mo B (yHKIIT pO3NOAITY KOHIIEHTpamil
HaJUTMIIKOBUX HEOCHOBHUX HOCIiB 3apsay B JBOCTOPOHHHOMY MAaKpOIIOPHCTOMY KPEMHIi CIIoCcTepiraroThes ABa
MakCUMyMH. MakCHMyMH pO3TamioBaHi B ()POHTAIEHOMY MaKpOIIOPHCTOMY Iapi, O MOBEpXHi 3pa3ka, Ta B
MOHOKPHUCTATIYHIH MiAKIaAi, 011 MeXi GpOHTANBHUN MaKPOIIOPHCTHH IIap - MOHOKPUCTAIIYHA MiAKIaIKa.

Ki1i040Bi ci10Ba: 1BOCTOPOHHIM MaKpOIIOPUCTHI KPEMHiH, MOPUCTHH KpEeMHIiH, HAIIHIIIKOBI HOCIT 3apsiay.
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