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PHOTOCONDUCTIVITY
IN BILATERAL MACROPOROUS SILICON

The specific photoconductivity and the excess minority carrier concentration in bilateral macro-
porous silicon depending on the pore depth and the bulk lifetime of minority charge carriers are
calculated. The diffuse model is used to calculate the photoconductivity and the excess minority
carrier concentration. The mathematical description of the diffusion model contains a general
solution to the diffusion equation and a boundary condition written at the boundaries of a
monocrystalline substrate and a sample of bilateral macroporous silicon. It is taken into ac-
count that light illuminates the monocrystalline substrate through the bottom of the pores. The
dependence of the specific photoconductivity of bilateral macroporous silicon on the pore depth
and the bulk lifetime of minority charge carriers decrease, if the pore depth increases, and if
the bulk lifetime decreases. The dependence of the excess minority carrier concentration on the
coordinate and bulk lifetime of minority charge carriers in bilateral macroporous silicon has
one maximum in the case of uniform generation of excess charge carriers or two mazima in
the case of inhomogeneous generation of excess charge carriers.
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1. Introduction

Bilateral macroporous silicon is a new material. The
work on improving the light trapping of macrop-
orous silicon led to the idea that the light scattering
should be enhanced by creating pores on the other
side. The light scattered by the first macroporous
layer is additionally scattered by the second macrop-
orous layer, which increases the scattering angles and
the total scattering of light in the material. Reflec-
tion of light in one-sided macroporous silicon occurs
as follows. The layer of macroporous silicon reduces
the reflection of light from the porous surface, com-
pared to the flat surface of a silicon single crystal,
due to the penetration of light into the pores. Light
entering the pores is reflected from the walls of the
pores. It partially passes through the surface of the
pores at each reflection. The layer of macroporous
silicon scatters light due to multiple reflections from
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the walls of the pores and a non-flat profile of the
bottom of the pores. Scattered light penetrates into
a monocrystalline substrate at different angles, which
increases its optical path and absorption [1]. The ab-
sorption of light depends on the structure of the
surface and the pores. The duration and modes of
the photoelectrochemical etching of macroporous sil-
icon affect the silicon thickness between pores, the
pore diameter, and the surface structure. Improving
the light trapping by macroporous silicon is achieved
by optimizing the conditions of photoelectrochemical
etching. Macroporous silicon, which strongly absorbs
light or black silicon, can be created from nanospike
arrays [2]. Macropores on the surface of a silicon
monocrystal improve the light absorption. Therefore,
the structure of macroporous silicon is used in solar
cells. A macroporous silicon solar cell is fabricated
with an implanted boron emitter. The macroporous
silicon layer in the solar cell has a pore volume frac-
tion of 26 and a thickness of 34 yum. The energy con-
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version efficiency in a macroporous silicon solar cell
reaches 13.5% [3]. Films of aluminium-doped zinc ox-
ide are sputtered onto the surface of macroporous sil-
icon to fabricate a solar cell heterojunction. Such so-
lar cells made of macroporous silicon are inexpensive,
clean, and durable and efliciently convert light into
electricity [4]. A theoretical model was proposed for
the optimization of silicon solar cells. The model opti-
mizes key parameters of surface textured silicon solar
cells such as open circuit voltage, short circuit cur-
rent, and photoconversion efficiency. The computa-
tional model accounts for the existing recombination
mechanisms and additionally includes the recombi-
nation of electron-hole pairs in the space charge re-
gion and non-emitting Auger recombination of exci-
tons through deep impurity levels [5]. The experimen-
tal temperature dependences of the photo-emf were
measured in a two-dimensional structure of macrop-
orous silicon during the generation of excess charge
carriers by light with wavelengths of 0.7, 0.94, and
0.95 pm, and have a maximum at a temperature
of 230 K. The relaxation of the photoconductivity
of a two-dimensional structure of macroporous sili-
con was measured in the temperature interval T' =
= 80+300 K. The temperature dependence of the re-
laxation time of photoconductivity has an activation
section with an activation energy of 0.3 €V in the in-
terval T = 180-+300 K and does not depend on the
temperature at 7' < 100 K [6]. A theoretical model
was developed to determine the effective lifetime of
minority charge carriers in macroporous silicon with a
periodic arrangement of macropores. Theoretical cal-
culations were compared with experimental measure-
ments of the effective lifetime of minority charge carri-
ers in macroporous silicon with an average pore diam-
eter of 2.4 yum and an average distance between pore
centers of 5.2 pm. The experimental results agree
with the theoretical ones at a surface recombination
rate of 24 m/s [7]. Analytically derived equations de-
termine the effective lifetime of minority charge car-
riers in bilateral macroporous silicon. The bulk life-
time, the surface recombination velocity, the diffusion
of minority carriers, and the distance to the recombi-
nation surfaces affect the effective lifetime of minor-
ity carriers in a two-dimensional structure of macro-
porous silicon. The depth and diameter of the pores,
the distance between the pores, and the volume frac-
tion of macropores determine the effective lifetime of
minority charge carriers in the macroporous silicon
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layer. The thickness of a monocrystalline substrate
and effective recombination in macroporous layers de-
termine the effective lifetime of minority charge car-
riers in bilateral macroporous silicon [8]. The depen-
dence of the excess minority carrier concentration on
the coordinate in a bilateral structure of macroporous
silicon has one or two maxima, when the sample is
illuminated with light of 0.95 pm and 1.05 pum, re-
spectively. The thickness of each porous layer was dif-
ferent. Diffusion of excess charge carriers to porous
layers and their recombination on the pore surface
change the distribution of excess minority carrier con-
centration in the bilateral structure of macroporous
silicon [9]. Photoconductivity in porous silicon with
spherical and cylindrical pores was calculated by an-
alytical and numerical methods. It decreases with an
increase in the surface recombination rate and an in-
crease in the pore diameter. The difference between
analytical and numerical calculations is observed in
the cases where the pore diameter is small, and the
distance between them is large [10]. The works cited
above describe photovoltaic and electrical character-
istics in single and bilateral macroporous silicon and
in solar cells based on macroporous silicon. The pho-
toconductivity in one-sided macroporous silicon was
described in [10]. Bilateral macroporous silicon is a
new material. The study of the photoconductivity of
this material is relevant for those involved in bilat-
eral solar cells. The purpose of this work is to find
and analyze the dependence of the photoconductiv-
ity in bilateral macroporous silicon on the pore depth
and the bulk minority carrier lifetime. To this end,
expressions will be written that describe the concen-
tration distribution of excess minority charge carriers
and the photoconductivity in bilateral macroporous
silicon. The excess minority carrier concentration de-
pending on the coordinate and bulk minority carrier
lifetime in bilateral macroporous silicon is calculated
by a numerical method. The work will be useful for
developers of solar cells and devices based on bilateral
macroporous silicon.

2. Excess Carrier Concentration
Depending on the Coordinate and Bulk
Lifetime of Minority Charge Carriers
in Bilateral Macroporous Silicon

Figure 1 shows a scheme of bilateral macroporous sil-
icon, which consists of a frontal macroporous layer
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(light is incident on it), a monocrystalline substrate,
and a back macroporous layer. The excess minority
carrier concentration in the frontal macroporous layer
(¢ = 1), monocrystalline substrate (i = 2), and the
back macroporous layer (i = 3) under a steady-state
condition is written as:

dpi(x) = A; cosh <§> — B;sinh (g) —Gyi(z), (1)

where A;, B; are constant, i = 1, 2, 3, G;(x) =
= KlG:((IE), Kl = ]., K2 = Kg = 1+P1(6Xp(0[h1)71),
Gi(z) = gop(a)ariexp(—ax)/(a®’D,7; — 1), a is the
absorption coefficient of silicon, go,() is the rate of
generation of excess minority charge carriers on the
surface of the frontal macroporous layer, L; = \/D,7;
is the diffusion length, 7; is the bulk lifetime of excess
minority charge carriers in the frontal macroporous
layer (i = 1), monocrystalline substrate (i = 2), and
rear macroporous layer (i = 3), respectively, D, is
the diffusion coefficient of minority charge carriers,
Py = nDZ,.,/(4a}) is the volume fraction of pores,
hi, Dpor1, a1 are the pore depth (thickness), pore di-
ameter, and the distance between the centers of the
pores of the frontal macroporous layer, respectively
(see Fig. 1). Expression (1) contains constants that
are found from the boundary condition written at
the boundary of porous layers with a monocrystalline
substrate and at the boundary of the material. On
the frontal surface of a bilateral macroporous silicon
sample, the boundary
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The boundary condition at the boundary of a
monocrystalline substrate with frontal and rear
macroporous layers:
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Fig. 1. Scheme of bilateral macroporous silicon
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where P, = wD2 ,/(4a3) is the volume fraction of
pores, ha, Dpor2, ao are the pore depth (thickness),
pore diameter, and the distance between the centers
of the pores of the rear macroporous layer, respec-
tively (see Fig. 1). The concentration at the bound-
ary of a monocrystalline substrate with macroporous
layers should not have a discontinuity. Therefore, we
have
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Fig. 2. Excess minority carrier concentration depending on
the coordinate and bulk lifetime of minority charge carriers
in bilateral macroporous silicon.
generated by light with a wavelength of 0.95 pm

Excess charge carriers are

— Gg(h—hg)—f—Gg(h—hg) =0. (6)

On the back surface of a bilateral macroporous silicon
sample, the boundary condition can be written as:
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+ Gs(h) (aL3 - S;ii") =0, (7)

where 51, Spor1, Spor2, 53 are the rate of surface re-
combination on the frontal surface of the sample, the
pore surfaces of the frontal and rear macroporous lay-
ers, and on the rear surface of the sample, respectively
(see Fig. 1). Equations (1)—(7) mathematically model
the dependence of the excess minority carrier con-
centration on the distance in bilateral macroporous
silicon. Specific conductivity parallel to macropores
should be considered as a series connection of ele-
ments. So, we can write:
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The conductivity perpendicular to the macropores
should be considered as a parallel connection of el-
ements, and we can write:

h1
o e(ftn + pip) (1 - P /5p1(:c)d:z: n

h 1+ P,
0
h—hso 1 P h
— 142
- / Opa(@) da + / 5p3<:c>dz>. (9)
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3. Calculation of the Excess Carrier
Concentration Depending on the Coordinate
and Bulk Lifetime of Minority Charge
Carriers in Bilateral Macroporous Silicon

The excess minority carrier concentration depending
on the coordinate (distance from the illuminated sur-
face, see Fig. 1) and bulk lifetime of minority charge
carriers in bilateral macroporous silicon, when light
with a wavelength of 0.95 um or 1.05 pum generates
excess charge carriers, are shown in Figs. 2 and 3, re-
spectively. Expressions (1)—(7) were used to calculate
the excess minority carrier concentration. The pore
depths of each macroporous layer were the same and
equal to 100 um. Sample thickness is 500 pm. The av-
erage diameter of macropores is Imum. The average
distance between the centers of the pores is 2 um. The
surface recombination rate on the sample surface and
on the pore surface of each macroporous layer was
1 m/s. The bulk lifetime of minority charge carriers
varied from 1 ps to 100 us. The effective bulk lifetime
of minority charge carriers in both layers of macrop-
orous silicon varied in accordance with the bulk life-
time of minority charge carriers.

3.1. Generation of excess charge carriers
by light with a wavelength of 0.95 pm

Figure 2 shows that the dependence of the excess mi-
nority carrier concentration on the coordinate and
bulk lifetime of minority charge carriers in bilat-
eral macroporous silicon has two maxima, when light
with a wavelength of 0.95 pum generates excess charge
carriers.

3.1.1. The dependence of the excess
minority carrier concentration on the coordinate

The maxima of the dependence of the excess minority
carrier concentration on the coordinate are observed
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in the frontal macroporous layer and monocrystalline
substrate, near the illuminated surfaces. Light falls on
the surface of the monocrystalline substrate, which is
the bottom of the pores, due to the propagation of
light through the pores. The maxima are due to the
long bulk lifetime of minority charge carriers and il-
lumination of the surface of the frontal macroporous
layer and the monocrystalline substrate. They are ob-
served near surfaces, because the generation of ex-
cess charge carriers by light with a wavelength of
0.95 pm is superficial. The maxima of excess minor-
ity carrier concentration decrease, as the bulk life-
time of minority charge carriers decreases, and the
maximum observed in a monocrystalline substrate de-
creases much faster.

3.1.2. Dependence of the excess minority carrier
concentration on the bulk minority carrier lifetime

If the bulk lifetime of minority charge carriers is 1 us,
the excess minority carrier concentration has only one
clearly pronounced maximum, which is located in the
frontal macroporous (see Fig. 2). The maximum of
excess minority carrier concentration, which was ob-
served in a monocrystalline substrate, gradually de-
creased and became almost imperceptible. The gen-
eration of excess charge carriers in bilateral macro-
porous silicon is inhomogeneous due to the high ab-
sorption of light with a wavelength of 0.95 pym and
the illumination of the monocrystalline substrate. De-
spite the fact that the generation of excess charge
carriers in bilateral macroporous silicon is inhomoge-
neous, only one clearly pronounced maximum is ob-
served. The surface lifetime of minority charge car-
riers is 1 ps, if the surface recombination rate is
1 m/s. If the bulk lifetime of minority charge carri-
ers is equal to the surface lifetime, then excess charge
carriers do not need to move to the recombination
surfaces, since they have time to recombine in the
bulk of the monocrystalline substrate. Excess charge
carriers generated by the illumination of the substrate
create a concentration gradient that is blurred by the
diffusion of excess charge carriers throughout the vol-
ume. Under these conditions, the maximum concen-
tration in the monocrystalline substrate is almost in-
visible. The diffusion of excess charge carriers deter-
mines the distribution of the excess carrier concen-
tration in a monocrystalline substrate, because light
with a wavelength of 0.95 um is strongly absorbed,
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Fig. 3. Excess minority carrier concentration depending on
the coordinate and bulk lifetime of minority charge carriers
in bilateral macroporous silicon. Excess charge carriers are
generated by light with a wavelength of 1.05 pm

and the generation of excess charge carriers occurs on
the surface. The effect of the back macroporous layer
on a change in the excess carrier concentration in bi-
lateral macroporous silicon consists only in the fact
that excess charge carriers that have diffused from the
monocrystalline substrate recombine on the surface of
macropores.

3.2. Dependence of the excess
minority carrier concentration
on the bulk minority carrier lifetime

In Fig. 3, we show the excess minority carrier concen-
tration depending on the coordinate (distance from
the illuminated surface, see Fig. 1) and bulk lifetime
of minority charge carriers in bilateral macroporous
silicon, when light with a wavelength of 1.05 pm gen-
erates excess charge carriers. The dependence of the
excess minority carrier concentration has one max-
imum located in the middle of the monocrystalline
substrate (see Fig. 3). Illumination of the surface
of the frontal macroporous layer and the monocrys-
talline substrate does not create maxima in the excess
minority carrier concentration due to the weak ab-
sorption of light with a wavelength of 1.05 pm. The
generation of excess charge carriers by light with a
wavelength of 1.05 pm occurs throughout the en-
tire volume of the macroporous silicon sample, and
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Fig. 4. Normalized specific photoconductivity in bilateral
macroporous silicon depending on the pore depth and the bulk
lifetime of minority charge carriers. Excess charge carriers are
generated by light with a wavelength of 0.95 pm

Fig. 5. Normalized specific photoconductivity in bilateral
macroporous silicon depending on the pore depth and the bulk
lifetime of minority charge carriers. Excess charge carriers are
generated by light with a wavelength of 1.05 pm

not only at the illuminated surfaces. The diffusion
of charge carriers from the monocrystalline substrate
to the recombination centers located on the surface
of the pores of each macroporous layer causes a de-
crease in the excess minority carrier concentration in
the monocrystalline substrate. The maximum of ex-
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cess minority carrier concentration is located in the
middle of the monocrystalline substrate due to the
symmetry of the sample of bilateral macroporous sil-
icon, since the pores of each macroporous layer have
the same depth, diameter, and distance between the
pores. Figure 3 shows that the maximum of excess
minority carrier concentration decreases and becomes
wider with a decrease in the bulk lifetime of minority
charge carriers. It is higher, when a smaller amount
of excess charge carriers recombines in the bulk.

4. Photoconductivity in Bilateral
Macroporous Silicon

The specific photoconductivity in bilateral macrop-
orous silicon depending on the pore depth and the
bulk lifetime of minority charge carriers during the
generation of excess charge carriers by an electro-
magnetic wave with lengths of 0.95 ym or 1.05 pum is
shown in Figs. 4 and 5, respectively. Expressions (1)—
(8) were used to calculate the specific photoconduc-
tivity in the direction parallel to the pores. Specific
photoconductivity in bilateral macroporous silicon is
normalized to the maximum value of photoconductiv-
ity in monocrystalline silicon. The pore depth of each
macroporous layer was the same and varied from zero
to 250 ym. When the pore depth of both macroporous
layers is 250 pm, i.e., half the thickness of the macrop-
orous silicon sample, the pores become through. The
average diameter of macropores is 1 um. The average
distance between the centers of the pores is 2 pm. The
surface recombination rate on the sample surface and
on the pore surface of each macroporous layer was
1 m/s. The bulk lifetime of minority charge carri-
ers in a silicon single crystal (monocrystalline silicon
substrate) varied from 1 us to 100 ps. The effective
bulk lifetime of minority charge carriers in both lay-
ers of macroporous silicon varied in accordance with
the bulk lifetime of minority charge carriers.

4.1. Dependence of photoconductivity
in bilateral macroporous silicon on pore depth

In Figs. 4 and 5, we show the specific photocon-
ductivity in bilateral macroporous silicon depending
on the pore depth and the bulk lifetime of minor-
ity charge carriers. The specific photoconductivity in
bilateral macroporous silicon decreases, if the pore
depth increases, and if the bulk lifetime decreases. It
decreases sharply, as the pore depth increases from 0
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to 50 um. The decrease in photoconductivity is due to
an increase in the recombination area of excess charge
carriers with an increase in the pore depth. This is
observed, when the recombination on the surface de-
termines the photoconductivity. In the case where
the bulk minority carrier lifetime varies from 1 us
to 10 ps, no sharp decrease in photoconductivity is
observed, when the pore depth increases from 0 to
50 pm (see Figs. 4 and 5). The decrease in photo-
conductivity in bilateral macroporous silicon occurs
almost exponentially with an increase in the pore
depth from 50 pm to 250 pm. Despite the fact that
the distribution of the excess minority carrier con-
centration in macroporous silicon is different, when
excess charge carriers are generated by light with a
wavelength of 0.95 yum or 1.05 pm(see Figs. 2 and 3),
the dependence of the normalized photoconductivity
on the pore depth is similar (see Figs. 4 and 5).

4.2. Dependence of photoconductivity
in bilateral macroporous silicon on the bulk
minority carrier lifetime

Photoconductivity in bilateral macroporous silicon
increases rapidly, when the bulk minority carrier life-
time increases from 1 ps to 20 us (see Figs. 4 and 5).
In this case, the bulk lifetime determines the photo-
conductivity, because the recombination in the bulk
dominates over the recombination at the surface. The
photoconductivity does not depend on the bulk life-
time, when the bulk lifetime increases from 20 us to
100 ps. In this case, the bulk lifetime does not affect
the photoconductivity, because the recombination at
the pore surface determines the photoconductivity.
This is observed, when the pore depth changes from
50 pm to 250 pm. The photoconductivity increases,
when the bulk minority carrier lifetime increases from
1 ps to 100 ps, and the pore depth is no more than
50 um (see Figs. 4 and 5). This indicates that the
recombination in the bulk dominates over the recom-
bination on the surfaces of the sample and pores.

4.3. Dependence of photoconductivity

in macroporous silicon with through pores
and silicon single crystal on the bulk
minority carrier lifetime

In Figs. 4 and 5, we show the photoconductivity in a
silicon single crystal (no pores) and macroporous sil-
icon with through pores (pore depth is 250 pm). The
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bulk lifetime of minority charge carriers has the great-
est effect on the photoconductivity in a silicon single
crystal. Photoconductivity decreases, if the bulk life-
time in a silicon single crystal decreases. The effec-
tive bulk lifetime of minority charge carriers plays
a major role in macroporous silicon with through
pores. The recombination of excess charge carriers
on the pore surface, which is characterized by the
surface lifetime of minority charge carriers, deter-
mines the effective bulk lifetime. In Figs. 4 and 5,
we demonstrate that the photoconductivity in macro-
porous silicon with through pores does not depend
on the bulk lifetime, if the bulk lifetime of minority
charge carriers varies from 10 us to 100 ps. Photocon-
ductivity in bilateral macroporous silicon decreases
sharply, when the bulk lifetime decreases from 10 us
to 1 ps. Photoconductivity in bilateral macroporous
silicon with through pores depends on the bulk life-
time and sharply decreases, if the bulk lifetime is com-
mensurate with the surface lifetime on the pore sur-
face of each macroporous layer.

5. Conclusions

The specific photoconductivity in bilateral macrop-
orous silicon, depending on the pore depth and the
bulk lifetime of minority charge carriers, decreases,
if the pore depth increases, and if the bulk lifetime
decreases. Specific photoconductivity in macroporous
silicon with through pores does not depend on the
bulk lifetime, if it is much shorter than the surface
lifetime on the pore surface, and decreases sharply
otherwise. The excess minority carrier concentration
depending on the coordinate and the bulk lifetime of
minority charge carriers in bilateral macroporous sil-
icon has one or two maxima, if excess charge carriers
are generated by light with a wavelength of 1.05 pym
and 0.95 pm, respectively.
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B. . Onuwenko

OOTOITPOBIAHICTE VvV JBOCTOPOHHBOMY
MAKPOIIOPUCTOMY KPEMHI{

PozpaxoBano nuromy hOTONPOBIAHICTE Ta KOHIEHTPAIIO Ha-
JJIMIIKOBUX HEOCHOBHUX HOCIIB 3aps/ly B JBOCTOPOHHBOMY MaK-
POIOPUCTOMY KPEMHII B 3aJI€2KHOCTI Bif riubuHm 1op Ta dacy
2KHTTH HEOCHOBHHX HOCIIB 3apsay B o0’emi 3paska. [asa pos-
PaxyHKY (DOTOIPOBIIHOCTI Ta KOHIICHTPAIil HAIINIIKOBUX He-
OCHOBHHX HOCIIB 3apsi/ly BUKOPHUCTOBYBaJjach audysiiiHa mo-
nenb. MaremaTudHuii onuc audy3iiHOI MOjesi MICTUTH 3a-
raJIbHUI pO3B 30K piBHAHHS nudysil Ta rpaHUYHY YMOBY, 3a-
NucaHy Ha MeKaX MOHOKPHUCTAJYHOI IMiJKJIaIUHKH Ta 3pa3Ka
JBOCTOPOHHBOI'O MAaKPOIIOPHUCTOIO KpeMHito. BpaxoByBaJiocs,
IO CBIiTJIO IOTPAILIAIO HA MOHOKPHUCTAJIIYUHY i JKJIQUHKY He-
pe3 zHo nop. ITuroma dhoronpoBigHiCTE y JBOCTOPOHHROMY Ma-
KPOIIOPUCTOMY KpPEMHil B 3aJI€?KHOCT] Bif rimbumu mop Ta da-
Cy »KUTTsI HEOCHOBHHUX HOCIIB 3apsIy 3MEHIIIYEThCsI, AKIIO IJIU-
OuHa IOp 3pOCTae, a Uac KUTTS 3MeHIIyeTbes. Konnenrparis
HaJJTUIIKOBAX HEOCHOBHUX HOCIIB 3apsly B 3aJI€2KHOCTI Bif KO-
OpAMHATH Ta Yacy *KHUTTs HEOCHOBHUX HOCIIB 3apsiy B IBOCTO-
POHHBOMY MAaKPOIIOPUCTOMY KPEMHII Ma€ OIUH MAKCUMyM IIPH
OJHOPIAHIN reHepallil HAIUIITKOBUX HOCITB 3apsay abo aBa Ma-

KCHMYMU — IIPH 1X HEOJHOPIi/HiN reHepartii.

Katowoei caoea: IBOCTOPOHHIN MaKpPOIOPHUCTHI KPEMHIMH,
doTonpoBiIHICTH, TOPHUCTHIL, HEPIBHOBaXKHI HOCIT 3apsiy.
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