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The paper presents a system of equations describing the distribution of excess charge carriers in bilat-
eral macroporous silicon with different thicknesses of porous layers. The system contains equations, which
are the general solution to the diffusion equation written for a monocrystalline substrate and each porous
layer. Also, it contains equations describing the boundary conditions on two surfaces of a bilateral macro-
porous silicon sample and on the boundaries of a monocrystalline substrate with macroporous layers. It
was taken into account that light propagates through the pores and illuminates the monocrystalline sub-
strate through the bottom of the pores. We calculated the distribution of excess charge carriers in bilateral
macroporous silicon with different thicknesses of porous layers, provided that excess charge carriers are
generated by light with wavelengths of 0.95 and 1.05 pum. At these wavelengths, the generation of excess
charge carriers was uniform and non-uniform over the sample, respectively. The calculations were carried
out for the cases when one layer of macropores had a thickness of 100 pm, while the other varied from zero
to 400 pm. It is shown that one or two maxima are observed in the distribution of excess charge carriers in
bilateral macroporous silicon with different thicknesses of porous layers. The maximum can be located
near surfaces that are illuminated by light or in the middle of a monocrystalline substrate. The maxima
decrease due to the diffusion of charge carriers to the recombination surfaces. The distribution of excess
charge carriers in bilateral macroporous silicon with different thicknesses of porous layers is affected by
the recombination of excess charge carriers on the pore surface of each macroporous layer and the diffusion
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of excess charge carriers from the substrate to the recombination surfaces in porous layers.
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1. INTRODUCTION

Macroporous silicon is used in biological sensors,
chemical sensors, photodetectors, integrated chips, and
solar cells. Macroporous silicon has found applications
in solar cells because it absorbs light efficiently by ab-
sorbing and scattering it in the pores. In a solar cell, the
pores are located on one or both sides. Solar cells with a
structured surface are characterized by optical and elec-
trical parameters. The relationship between the pore
size, the distance between pores in the macroporous
layer and the absorption of light is calculated, thereby
optimizing the optoelectrical parameters of the solar cell
[1, 2]. Short-circuit current, open-circuit voltage and
phototransformation efficiency in high-performance
textured silicon solar cells are analytically calculated
and modelled [3]. The simulation and optimization take
into account the nonradiative Auger recombination of
excitons and the recombination of excess charge carriers
in the space charge region. A simple phenomenological
expression is used to calculate the quantum efficiency of
a textured silicon solar cell in the long wavelength part
of the absorption spectrum. The dependence of the pho-
totransformation efficiency on the thickness of the solar
cell is calculated [4]. The surface of macroporous silicon
is passivated by thermal oxidation. The thickness of
silicon oxide on the surface of macropores is increased to
improve passivation and decrease the relaxation time of
photoconductivity in macroporous silicon [5]. The relax-
ation time of photoconductivity in macroporous silicon
with one layer of macropores is determined from a sys-
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tem of two equations. The diffusion model of photocon-
ductivity relaxation takes into account the diffusion
equations both in the monocrystalline substrate and in
the effective medium of the macroporous layer, as well
as the boundary conditions written for the surfaces of
the macroporous silicon layer and the monocrystalline
substrate. The relaxation time of photoconductivity in
one-sided macroporous silicon rapidly decreases with an
increase in the macropore depth from zero to 25 pm and
a decrease in the thickness of a monocrystalline sub-
strate from 250 um to zero [6]. The relaxation of photo-
conductivity in a sample of macroporous silicon is de-
termined by the diffusion of charge carriers to the re-
combination surfaces in the pores. This is confirmed by
experimental measurements of the kinetics of photo-
conductivity in macroporous silicon at temperatures
from 100 to 300 K [7]. The effective lifetime of minority
charge carriers in bilateral macroporous silicon is de-
termined from a system of two equations. The system of
equations was found by solving the diffusion equation
written for excess charge carriers in a monocrystalline
substrate and macroporous layers. The boundary condi-
tions on the surface of the macroporous silicon sample
and at the interface between the monocrystalline sub-
strate with each macroporous layer are also taken into
account. The effective lifetime of minority carriers in
bilateral macroporous silicon is calculated as a function
of the macropore depth. To check the accuracy of the
calculations, a numerical method is used [8]. The photo-
conductivity of macroporous silicon depends on the an-

© 2021 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.13(6).06010
mailto:onyshchenkovf@isp.kiev.ua

V.F. ONYSHCHENKO

gle of incidence of light. Light is reflected and absorbed
by the walls of the macropores and is also scattered at
the bottom of the macropores. Scattered light has a
longer optical path and is better absorbed at the corre-
sponding wavelengths [9]. If the wavelength of light
incident on a porous silicon sample is comparable to the
average distance between macropores, then the light is
reflected from macropores as from an effective medium.
The effective medium of porous silicon has a lower effec-
tive refractive index than silicon due to air in the pores;
therefore, the reflection from porous silicon will be less
than from the surface of a single crystal [10].

The aim of this work is to calculate and study the
distribution of minority charge carriers in bilateral
macroporous silicon with different thicknesses of porous
layers depending on the thickness of each macroporous
layer and to reveal the features of the distribution of
minority charge carriers associated with illumination of
the bottom of the pores and diffusion of charge carriers.

2. DIFFUSION MODEL OF EXCESS CHARGE
CARRIER DISTRIBUTION IN BILATERAL
MACROPOROUS SILICON

Consider a bilateral macroporous silicon wafer. Let
one side of the bilateral macroporous silicon wafer be
illuminated with light. The side of the plate that is il-
luminated by light will be called the front side of the
bilateral macroporous silicon sample; the other side
will be called the back side. The layer of macroporous
silicon, on which the light is incident, will be called the
frontal macroporous layer, and the other layer will be
called the back macroporous layer. We select the origin
of coordinates on the front side of the sample. The x
axis is directed to the depth of the pores of the frontal
macroporous layer. The pores of the frontal
macroporous layer have the same direction as the back
macroporous layer. The general solution of the diffu-
sion equation under stationary conditions in bilateral
macroporous silicon in the x direction is written as:

p,(x) = C, cosh(X,) - C, sinh(X,) - @gl (x) 2.1)
Opy(x) = Cycosh(X,) — C, sinh(X;) - 5p,,(x) , (2.2)
6 py(x) = C; cosh(X;) — Cg sinh(X;) — 6p,5(x) - (2.3)

Here 6p1(x), 6p2(x), 6p3a(x), X1 =x/L1, X2 = x/L2, X3 = x/Ls3,

L :1¢Dpr1 , Ly :1po12 , Ly = ,poz'S , T1, T2, 73 are the

concentration, dimensionless coordinate, diffusion
length and the bulk lifetime of excess minority charge
carriers in the frontal macroporous layer, monocrystal-
line substrate and back macroporous layer, respective-
ly, Ci =1, 2, ..., 6) are constants. The bulk lifetime of
charge carriers in macroporous layers is effective [8].
Here  Opgi(x) = goariexp(— ax)/((aL)?—1), Opga(x) =
goarzE(x)/((aL2)? — 1), Opg3(x) = goarsE(x)/((aLs)? — 1),
E(x) = (1 — Pyexp(— ax) + Piexp(— ax(x — h1)) are the sur-
face generation velocity of excess minority charge carri-
ers on the surface of the bilateral macroporous silicon
sample, on the monocrystalline substrate, and on the
monocrystalline substrate with a back macropoporous
layer, respectively, P1 = 7Dpor1?/(4a12) is the pore volume
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fraction, A1, Dpor1, a1 are the pore depth, pore diameter
and the distance between the pore centers of the
frontal macroporous layer, respectively. Constants C;
@(i=1,2,...,6)are found from a system of equations that
describes the boundary condition written at the bounda-
ry of porous layers with a monocrystalline substrate
and at the boundaries of the sample. The boundary con-
dition on the front surface of the sample is written as:

%(0) =s5p,(0). (2.4)
x

The boundary condition written at the boundary of the
frontal porous layer with a monocrystalline substrate:

b, ) _dps ) B
(1_P1)d7x1(hl) - dx2 (hl) 1; Spor1p2(h'1) . (25)

The boundary condition at the boundary of a monocrys-
talline substrate with a back macroporous layer:

dap;

-5 dx

d, P,
(hihQ) = %(h 7h2) 7528por2p2(h 7h’2) (26)

The boundary condition on the back surface of the
sample is written as:

% (h) =s,p4(h). 2.7
X

The concentration of excess minority charge carriers
should not have a discontinuity at the boundary of the
front porous layer with a monocrystalline substrate:

p1(hl) :p2(h1). (28)

The concentration of excess minority charge carriers
should not have a discontinuity at the boundary of a
monocrystalline substrate with a back porous layer:

Py(h—hy) = py(h—hy), 2.9)
where P2 = mDpor22/(4a22) is the pore volume fraction, hs,
Dyore, a2 are the pore depth, pore diameter and the dis-
tance between the pore centers of the back macro-
porous layer, respectively.

The system of equations (2.4)-(2.9) has an exact so-
lution; it can also be solved numerically.

3. DISTRIBUTION OF EXCESS CHARGE
CARRIERS VERSUS THE PORE DEPTH OF
THE FRONTAL MACROPOROUS LAYER

To calculate the distribution of excess charge carri-
ers, the following parameters of bilateral macroporous
silicon were used: the thickness of the macroporous
silicon sample is 500 um, the bulk lifetime in the mono-
crystalline silicon substrate is 10 ps, the other parame-
ters characterize macroporous layers. We took the
same parameters in each macroporous layer. The aver-
age diameter of macropores is 1 um. The average dis-
tance between the pore centers is 2 um. The effective
bulk lifetime in both layers of macroporous silicon is
1 ps. The surface recombination velocity on the sample
surface and on the pore surface is 1 m/s. Due to the fact
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that light falls on the surface of macroporous silicon
parallel to the pores, it propagates through the pores
and illuminates the surface of the bottom of the pores.

The distributions of the concentration of excess minor-
ity charge carriers in bilateral macroporous silicon versus
the pore depth of the frontal macroporous layer, when
light with a wavelength of 0.95 and 1.05 um generates
excess charge carriers, are shown in Fig. 1 and Fig. 2,
respectively. The pore depth of the back macroporous lay-
er is 100 um. The pore depth of the frontal macroporous
layer varies from zero, that is, there are no pores on the
front surface of the sample, up to 400 um, that is, the
pores in the porous silicon sample are through. The distri-
bution of the excess minority charge carrier concentration
has a maximum, which is located on the front side of the
sample if there are no pores on the front side of the
macroporous silicon sample, as shown in Fig. 1. As shown
in Fig. 1 and Fig. 2, the concentration of excess minority
charge carriers in the back macroporous layer sharply
decreases due to the fact that the recombination of excess
charge carriers occurs on the pore surface. The concentra-
tion gradient of excess charge carriers, which arises due to
the different concentration of excess charge carriers in the
monocrystalline substrate and the back macroporous lay-
er, generates the charge carrier current. The current
transfers charge carriers to the recombination surfaces
and reduces the difference in charge carrier concentration
between the monocrystalline substrate and the back
macroporous layer. The concentration of excess minority
charge carriers on the frontal surface of the sample de-
creases with increasing pore depth from zero to 100 um
(Fig. 1), and then it does not change. When it stops chang-
ing, two maxima in the distribution function of the con-
centration of excess minority charge carriers are observed
(Fig. 1). The maxima in the distribution of charge carriers
are observed on the front surface of the sample and on the
monocrystalline substrate, as shown in Fig. 1. The first
maximum in the distribution of the concentration of ex-
cess minority charge carriers in the sample of bilateral
macroporous silicon, which is observed on the front sur-
face of the sample, exceeds the second maximum, when
the pore depth of the frontal macroporous layer is greater
than 100 um. The second maximum in the distribution of
the concentration of excess minority charge carriers in the
bilateral macroporous silicon sample gradually decreases
and disappears when the pores of the frontal and back
macroporous layers join and become through in the sam-
ple of macroporous silicon.

The concentration distribution of excess minority
charge carriers in bilateral macroporous silicon has one
maximum, which is located in the middle of the mono-
crystalline substrate, when light with a wavelength of
1.05 um generates excess charge carriers (Fig. 2). The
maximum is observed for the pore depth of the frontal
macroporous layer less than 200 um and for through
pores (the pore depth of the frontal macroporous layer
is 400 um). Two maxima in the distribution of the con-
centration of excess minority charge carriers are ob-
served when the pore depth changes from 200 to 399 um
(Fig. 2). Two maxima in the distribution function of the
concentration of excess minority charge carriers are
observed when the depth of light penetration into sili-
con is comparable to the pore depth of the frontal mac-
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roporous layer. The presence of pores in macroporous
silicon causes the incidence of light on the surface of
the bottom of the pores, which creates an additional
generation of excess charge carriers in the monocrystal-
line substrate. In addition, the concentration of excess
minority charge carriers in the monocrystalline sub-
strate is higher than in macroporous layers due to the
fact that the bulk lifetime of minority charge carriers in
the monocrystalline substrate is longer than the effec-
tive bulk lifetime of minority carriers in the frontal and
back macroporous layers. A decrease in the generation
of excess charge carriers in the monocrystalline sub-
strate and diffusion of charge carriers from the mono-
crystalline substrate into the frontal macroporous layer
creates a maximum of the distribution of excess charge
carriers in the monocrystalline substrate, near the bot-
tom of the pores of the frontal macroporous layer.

Fig. 1 - Distribution of the excess minority carrier concentra-
tion versus the pore depth of the frontal macroporous layer,
when light with a wavelength of 0.95 um generates excess
charge carriers

Fig. 2 — Distribution of the excess minority carrier concentra-
tion versus the pore depth of the frontal macroporous layer,
when light with a wavelength of 1.05 um generates excess
charge carriers
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4. DISTRIBUTION OF EXCESS CHARGE
CARRIERS VERSUS THE PORE DEPTH OF
THE BACK MACROPOROUS LAYER

The distributions of the excess minority carrier con-
centration in bilateral macroporous silicon on the pore
depth of the back macroporous layer, when light with
wavelengths of 0.95 and 1.05 um generates excess
charge carriers, are shown in Fig. 3 and Fig. 4, respec-
tively. For the calculation, we used the following param-
eters of the bilateral macroporous silicon sample: the
thickness of the sample of macroporous silicon is
500 pum, the bulk lifetime in the monocrystalline silicon
substrate is 10 pus. The parameters are the same in each
macroporous layer. The average diameter of macropores
is 1 um. The average distance between the pore centers
is 2 um. The effective bulk lifetime in both layers of
macroporous silicon is 1 us. The surface recombination
velocity on the surface of the macroporous silicon sample
and on the surface of the pores of the frontal and back
macroporous layers is 1 m/s. The pore depth of the
frontal macroporous layer is 100 um. The pore depth of
the back macroporous layer varies from zero, that is,
there are no pores on the back surface of the sample, up
to 400 um, that is, the pores in the porous silicon sample
are through. The concentration of excess minority charge
carriers on the front surface of the bilateral macroporous
silicon sample does not change (Fig. 3), when light with
a wavelength of 0.95 um generates excess charge carri-
ers. The concentration of excess minority charge carriers
on the back surface of the bilateral macroporous silicon
sample sharply decreases when the pore depth of the
back macroporous layer changes from zero to 300 um.
When the pore depth of the back macroporous layer
changes from 300 to 400 um, the concentration of excess
minority charge carriers does not change (Fig. 3). In the
distribution of the concentration of excess minority
charge carriers, two maxima are constantly observed.
The maxima in the distribution of charge carriers are
observed on the front surface of the sample and on the
monocrystalline substrate, as shown in Fig. 3. The con-
centration distribution of excess minority charge carriers
has one maximum, when there are through pores in the
sample of macroporous silicon (Fig. 3 and Fig. 4).

Fig. 4 shows that the concentration of excess minori-
ty charge carriers on the front surface of the sample
changes little when light with a wavelength of 1.05 pm
generates excess charge carriers. The concentration of
excess minority charge carriers on the back surface of
the bilateral macroporous silicon sample sharply de-
creases when the pore depth of the back macroporous
layer changes from zero to 200 um, and then it does not
change (Fig. 4). One maximum is constantly observed in
the distribution of the excess minority carrier concentra-
tion. The maximum located in the middle of the mono-
crystalline substrate is constantly shifting due to the
fact that the thickness of the monocrystalline substrate
decreases as the pore depth of the back macroporous
layer increases (Fig. 4). When the pore depth of the back
macroporous layer is 400 um, the pores of the frontal
and back macroporous layers are connected, that is, they
become through for the macroporous silicon sample; we
observe one maximum, which is located on the front sur-
face of the bilateral macroporous silicon sample.
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Fig. 3 — Distribution of the concentration of excess minority
charge carriers versus the pore depth of the back macroporous
layer, when light with a wavelength of 0.95 um generates excess
charge carriers

Fig. 4 — Distribution of the concentration of excess minority
charge carriers versus the pore depth of the back macroporous
layer, when light with a wavelength of 1.05 um generates
excess charge carriers

5. CONCLUSIONS

In the distribution of the excess minority carrier
concentration in bilateral macroporous silicon with
different thicknesses of macroporous layers, two maxi-
ma are observed. One maximum is located on the front
surface of the sample, and the second is on the mono-
crystalline substrate. The maximum on the monocrys-
talline substrate is located near the boundary of the
substrate with the frontal macroporous layer, in the
case when the sample is illuminated with light with a
wavelength of 0.95 um, and in the middle of the mono-
crystalline substrate, in the case when the sample is
illuminated with light with a wavelength of 1.05 um.
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In the distribution of the concentration of excess
charge carriers in the sample of bilateral macroporous
silicon on the pore depth of the back macroporous lay-
er, one maximum is observed when the sample is illu-
minated with light with a wavelength of 1.05 um.

A decrease in the generation of excess charge carri-
ers in the monocrystalline substrate and the diffusion
of excess charge carriers from the substrate into the
frontal macroporous layer creates a maximum of the
distribution of excess charge carriers in the substrate,
on the surface of the bottom of the pores of the frontal
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A.V. Sachenko,

Posanonis HepiBHOBaKHUX HOCIIB 3apAy B IBOCTOPOHHBOMY MAKPOIIOPUCTOMY KPeMHil

3 pPi3HOIO0 TORUIMHOIO MOPUCTUX MIAPIB

B.®. Onuinenko

Tnemumym gisuru Hanienposionukie imerni B.€. Jlawrkapvosa HAH Yrpainu, np. Hayrku, 41, 03028 Kuis, Yrpaina

¥V pobori mpescTaBieHa cucreMa PiBHSAHB, SIKA OIUCYE POSIIOJLI HAJIUIIKOBUX HOCIIB 3apsifly B JBOCTO-
POHHBOMY MAKPOIIOPHUCTOMY KPEMHII 3 Pi3HOI0 TOBIIMHOI IMOPHCTHUX mapis. CrcreMa MICTUTDH PIBHAHHSA, KL
€ 3araJIbHAM PO3B’SI3KOM PIBHAHHS Iudy3il, 3aHUCAHOrO I MOHOKPHCTAJIYHOI MIJKJIAIKA Ta KOYKHOTO 3
nopuctux mapis. Takosx BoHA MICTUTH PIBHSIHHS, SIK1 OIUCYIOTh TPAHUYHI YMOBH HA JIBOX IOBEPXHSIX 3paska
JIBOCTOPOHHBOTO MAKPOIIOPHUCTOr0 KPEMHII TA HA MeKaX MOHOKPHCTAJIYHOI IMIKJIAIKA 3 MAKPOIIOPHUCTUMU
mapamu. BpaxoByerbes, 110 CBITJIO PO3IMOBCIOFKYETHCS II0 TIOPAX TA OCBITJIIOE MOHOKPHCTAJIYHY MIKIQTKY
yepe3 JHO 1op. Mu po3paxyBasy po3mO/iJI HAIJIUINKOBAX HOCIIB 3apsiy B JBOCTOPOHHBEOMY MAaKPOIIOPUCTO-
My KpeMHii 3 pi3HOI TOBIIMHOI IOPHCTUX INAapiB 3a yMOBH, KOJIM HAJIMIIKOBI HOCII 3apsay TeHepyThCs
cBiTsiom 3 moBxkmHO0 XBrutl 0,95 mem ta 1,05 mrm. [Ipy 1iux qoB:RUHAX XBUJIb TeHEPATlia HAJIAIIKOBAX HO-
CliB 3apsay Oysa OJHOPIIHOI Ta HEOIHOPITHOIO IT0 3pa3Ky, BAIOBIIHO. Po3paxyHKY MPOBOIUINCE JIJIS BU-
HaJKiB, KOJIM OJMH IIap MaKporop MaB ToBIuHy 100 MM, a iHmuA# 3MiHBaBcs Bif Hyss 1o 400 mewm. [To-
Ka3aHo, [0 B PO3MO/ILII HA/UIMIIIKOBUX HOCIIB 3apsIy B JBOCTOPOHHBOMY MAKPOIIOPHUCTOMY KPEMHII 3 pi3HOI0
TOBIIMHOK MIOPUCTUX IIAPIB CIIOCTEPIraloThCsA OAMH ab0 JBa MakcuMyMmu. MakcuMyM MOsKe PO3TAIlIOBYBAaTH-
¢ 011 ITOBEPXOHD, AKI OCBITJIIOIOTHCS, a00 MOCepearHl MOHOKPHCTAJNYHOI migkaIagku. MakcuMymu 3MeH-
LIYIOTHCA 3aBOAKN AUQy3ii HOCIIB 3apsaAmy 10 pexoMOIHAIIMHUX IMOBEPXOHb. Ha po3IIomij HaIUIIKOBUX HO-
CiiB 3apsoy B JBOCTOPOHHBOMY MAKPOIIOPUCTOMY KPEMHIl 3 Pi3HOI TOBIIMHOIO IIOPHCTHX IIAPIB BILIUBAE pe-
KOMOIHAIlSA HAIJIMIIKOBUX HOCIIB 3apsAAy HA IIOBEPXHi IIOp KOMKHOIO MAKPOIIOPHMCTOrO IIapy Ta audysis
HAJIAIIKOBUX HOCIIB 3apsAay 3 MiAKIALKHN 10 PEKOMOIHAIIIMHNX IIOBEPXOHD B IIOPUCTHUX IIAPAaX.

Knrouogi ciioBa: J[BoctoponHiit makpomnopucTuit kpemHitt, [lopucrnit kpemuiit, Hagmumkosi Hocii 3apsiny.
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