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The kinetics of the concentration distribution of excess minority charge carriers in bilateral
macroporous silicon with different thicknesses of porous layers is presented. The dependence of the dura-
tion of the non-exponential beginning of relaxation of the distribution of the concentration of excess charge
carriers in bilateral macroporous silicon on the thickness of the frontal macroporous layer is revealed. A
similar dependence is observed in the rear macroporous layer 200 pm thick after the termination of the
generation of excess charge carriers by light with a wavelength of 1.05 um. The concentration of excess
charge carriers in the frontal macroporous layer rapidly decreases due to the high generation and recombi-
nation of excess charge carriers. The decrease in the excess minority carrier concentration in the rear
macroporous layer 100 um thick and the monocrystalline substrate has a very short non-exponential part
due to the low generation and recombination of excess minority charge carriers, respectively. The diffusion
equation written for bilateral macroporous silicon is solved by a numerical method. The boundary and ini-
tial conditions are used for the solution. The boundary condition is written at the boundaries of
macroporous layers. The initial distribution of the excess minority carrier concentration in bilateral
macroporous silicon in the direction parallel to the pores is found from a system of equations. This initial
distribution is calculated under the condition that macroporous silicon is illuminated with light with a
wavelength of 0.95 pm or 1.05 um. In the initial distribution of the excess minority carrier concentration,
one or two maxima are observed. Two maxima are observed when bilateral macroporous silicon is illumi-
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nated with light at a wavelength of 0.95 um.
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1. INTRODUCTION

Macroporous silicon is used in solar batteries [1].
The macroporous layer can be located on one or both
sides of a solar cell. The rear side of the solar cell uses
reflected light, which increases the efficiency of the
solar cell. The solar energy efficiency management
system monitors the consumption of electrical energy.
The principles for constructing such a system for pow-
ering LED devices [2] have been developed, which
makes it possible to efficiently use the electricity pro-
duced by a solar battery [3].

An increase in the absorption of electromagnetic ra-
diation and photoconductivity is observed in two-
dimensional macroporous silicon. The absorption spec-
tra in macroporous silicon with microporous silicon
layers on the pore surface contain oscillations [4].
These spectra were analyzed within the framework of
the model of resonant scattering of electrons with infi-
nite amplitude [5]. Photoconductivity in two-
dimensional macroporous silicon depends on the angle
of incidence of electromagnetic radiation. The increase
in photoconductivity in macroporous silicon and its
angular dependence are explained by the presence of
macropores. Light penetrates the macropores and is
additionally absorbed. The absorption of light depends
on the angle of its incidence [6]. Instead of pores, sin-
gle-crystal silicon nanowires can be etched. The light
reflected from the nanowires is additionally absorbed,
which increases the absorption and photoconductivity
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of silicon structured by nanowires. The reflection, ab-
sorption and transmission spectra of silicon structured
by nanowires show a decrease in reflection and an
increase in absorption due to surface structuring [7].

Using two transcendental equations, one can de-
termine the effective lifetime of charge carriers in one-
and bilateral macroporous silicon. These equations
determine the effective lifetime of charge carriers in a
silicon single crystal and in macroporous silicon with
through pores, if the pore depth is equal to zero or the
sample thickness [8]. The temperature of a
macroporous silicon sample affects the effective relaxa-
tion time of photoconductivity in macroporous silicon
[9]. The photoconductivity relaxation time sharply
increases at temperatures from 190 to 280 K. Excess
charge carriers in bilateral macroporous silicon have
their own distribution. This distribution depends on
the sample thickness, the thickness of the macroporous
layers, the pore diameter, the thickness of the mono-
crystalline substrate, the bulk lifetime of minority
charge carriers, the depth of light penetration into
silicon, and the diffusion coefficient of charge carriers.
Calculations of the concentration distribution of excess
minority charge carriers show that the distribution has
two maxima if the penetration depth of light into sili-
con is less than the sample thickness. Otherwise, one
maximum is observed. Each of the maxima is observed
near its illuminated surface. The calculations take into
account that the light enters the bottom of the pores of
frontal macroporous silicon [10].
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2. EXCESS CARRIER DISTRIBUTION
KINETICS IN BILATERAL MACROPOROUS
SILICON WITH DIFFERENT THICKNESSES
OF POROUS LAYERS

Diffusion equation for excess minority charge carriers:

0op(x,t) _ o*5p(a,t) op(x,t)

, 2.1
ot P ox? (7 @5

Op(x,t) is the excess minority carrier concentration as a
function of time, D) is the diffusion coefficient of minor-
ity charge carriers, 7» is the lifetime of excess minority
charge carriers in the bulk of monocrystalline silicon
substrate. Diffusion equation (2.1) should be supple-
mented with the initial and boundary conditions:

Op(x,0)=0p(x), (2.2)
8,(x0,1) =8,0D(x,1) = €7, (x0,1) 2.3)

where Op(x), 6p(x,0), 6p(xo,t) are the excess minority
carrier concentrations in the equilibrium state, at the
moment of onset of the nonequilibrium state and on the
surface, respectively, gs(xo,t) is the rate of surface gen-
eration excess charge carriers on the surface, e is the
elementary charge, jp(xo,f) is the current density of
excess minority charge carriers on the surface, sp is the
surface recombination velocity of minority charge car-
riers on the surface.
The general solution of equation (1) is written as:

op(t) = i A, exp[—tj cos(nasx) , (2.49)
T

n=1 n
where A, are the Fourier series expansion coefficients
depending on the initial distribution of excess minority
charge carriers, 7, are the relaxation time coefficients.
There is a relationship between 7, and as:

L = 1 + Dpa?n2 , (2.5)
T, T,

n
where eff =71 is the effective relaxation time of excess
minority charge carriers.

Consider a sample of bilateral macroporous silicon
with thickness h. The thickness of a bilateral macro-
porous silicon wafer is much less than its length and
width. Pores with depth hi, he are etched on two large
planes of the plate. Macropores are etched perpendicu-
lar to the plane of the sample of bilateral macroporous
silicon. Macropores and single-crystal silicon between
macropores will be called a layer of macroporous sili-
con. Let a wafer of bilateral macroporous silicon be
illuminated by light from the side of one layer of
macroporous silicon. This layer of macroporous silicon
will be called the frontal macroporous layer. The other
macroporous layer will be called the rear macroporous
layer. We choose the direction of the x-axis parallel to
the direction of illumination (perpendicular to the
plane of the sample). Boundary condition (2.3) written
on the surfaces of a sample of bilateral macroporous
silicon and a monocrystalline substrate:
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dx

(1=R)D, %2 (1) = D, %2 () Py (1 1) (2:8)

D (hl,t):p2 (hl,t), (2.9)
(1-B,)D, Ps(h—hy.1)=
. dx (2.10)
=DP%(h—h2,t)—PZspw2p2 (h=hyt),
p2(h—h2,t):p3(h—h2,t), (2.11)

where pi(x,t), ps(x,t), pe(x,t) are the excess minority
carrier concentrations in the frontal and rear
macroporous layers and the monocrystalline substrate
at time ¢, respectively, si1, S2, Spor1, Spore are the surface
recombination velocities of minority charge carriers on
the sample surfaces and on the macropore surfaces of
the frontal and rear macroporous layers, Pi=
ﬂ(Dpor1/2al)2, P = ﬂ(Dpor2/2a2)2, Dporl, DporZ, ai, a2 are the
volume fraction of pores, diameter, distance between
the pores of the frontal and rear macroporous layer.
The initial concentration of excess minority charge
carriers is found from the diffusion equation for excess
minority charge carriers under stationary conditions:

2
D, %pz(x) _9p&x) + 8o, ()exp(—ax) =0, (2.12)
X 7
where Op(x) is the excess minority carrier concentra-
tion, a is the absorption coefficient of silicon, gop(a) is
the rate of generation of excess minority charge carri-
ers on the illuminated surface.

The excess minority carrier concentration under
stationary conditions in the frontal macroporous layer,
the monocrystalline substrate, and the rear macro-
porous layer is written as:

op,(x)=C, cosh[zj—C’Z sinh[z]—é'pgl(x) ,(2.13)
1 1
C, cosh| - |-C, sinh| =
Opy(x) = C;y cos |- ', sin A —§pg2(x),(2.14)
2 2

ps(x) =C; cosh[ ]—Cﬁ sinh (gj—épgS(x) ,(2.15)
3

x
L,
where 6pg1(x) = goateriexp(— ax)/((aL1)? — 1), 6pga(x) = goams
((1 — Pyexp(— ax) + Piexp(— ax(x — h1)))/((aL2)? - 1),
Opes(x) = goars((1 — P1)exp(— ax) + Piexp(— ax(x — h1)))/

((aLg)>—1), Ci-Cs are constants, L, =D, ,

L, :JDprb , Ly :.IDpz'eff2 , Teffl, Tefrz are the effective

bulk lifetimes of minority charge carriers in the frontal
and rear macroporous silicon. Constants Ci-Ce are
found from equations (2.6)-(2.11), (2.13)-(2.15).
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3. RESULTS AND DISCUSSION

Fig. 1 shows the excess minority carrier concentra-
tion in bilateral macroporous silicon as a function of
coordinate and time after the generation of excess
charge carriers by light with a wavelength of 0.95 pm,
incident on a macroporous layer with a thickness, um:
a) 100 um, b) 200 pm. The excess minority carrier con-
centration was calculated for bilateral macroporous
silicon with a thickness of 500 pum.

Fig. 1 - Concentration of excess minority charge carriers in
bilateral macroporous silicon as a function of coordinate and
time, after the termination of generation of excess charge
carriers by light with a wavelength of 0.95 pm, incident on a
macroporous layer with a thickness, pm: a) 100, b) 200

The bulk lifetime in a monocrystalline substrate is
10 ps. The depth of macropores of one of the layers of
macroporous silicon is 100 um and the other is 200 pm.
The average diameter of macropores is 1 pm. The aver-
age distance between the pores is 2 um. The surface
recombination velocity on the surface of the pores and
the sample is 1 m/s. Under stationary conditions, light
propagates parallel to the pores and illuminates both
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the surface of porous silicon and the surface of the
bottom of the pores, that is, the surface of a monocrys-
talline substrate. The initial distribution of the excess
minority carrier concentration from the coordinate in
bilateral macroporous silicon is calculated by formulas
(2.6)-(2.11), (2.13)-(2.15). The remaining curves are
calculated by the finite difference method from expres-
sion (2.1) with the initial condition and boundary con-
ditions (2.6)-(2.11).

The initial dependence of the excess minority carri-
er concentration on the coordinate in bilateral macro-
porous silicon has two maxima if the excess charge
carriers are generated by light with a wavelength of
0.95 um. The maximum located near the surface of the
macroporous silicon sample is less than the maximum
located near the surface of the monocrystalline sub-
strate if light is incident on a macroporous layer
100 pm thick and vice versa if light is incident on a
macroporous layer 200 pum thick. Over time, the maxi-
mum in the monocrystalline substrate shifts from the
surface to the middle of the monocrystalline substrate,
and the maximum near the surface of the sample of
bilateral macroporous silicon disappears. Fig. 1 shows
that the dependence of the excess minority carrier
concentration on the coordinate and time does not de-
pend on which side a sample of bilateral macroporous
silicon with different thicknesses of macroporous layers
is illuminated already after 10 ps. The dependence of
the excess minority carrier concentration on the coor-
dinate decreases faster in the frontal macroporous
layer with a pore depth of 200 um than with a pore
depth of 100 um. Fig. 1 shows that the dependence of
the excess minority carrier concentration on the coor-
dinate and time in a monocrystalline substrate is al-
most the same. The decrease in the dependence of the
concentration on the coordinate in the monocrystalline
substrate and in the rear macroporous layer occurs
according to an exponential law.

Fig. 2 shows the excess minority carrier concentra-
tion in bilateral macroporous silicon as a function of
coordinate and time after the generation of excess
charge carriers by light with a wavelength of 1.05 um,
incident on a macroporous layer with a thickness, pm:
a) 100, b) 200. The initial dependence of the excess
minority carrier concentration on the coordinate in
bilateral macroporous silicon has one maximum if ex-
cess charge carriers are generated by light with a
wavelength of 1.05 pm. The concentration maximum is
located in the middle of the monocrystalline substrate.
The position of the concentration maximum does not
depend on which side of bilateral macroporous silicon
with different thicknesses of the macroporous layers is
illuminated. The decrease in the excess minority carri-
er concentration in the monocrystalline substrate and
the rear macroporous layer with a thickness of 100 um
occurs according to an exponential law (see Fig. 1 and
Fig. 2). In the rear macroporous layer 200 um thick, the
decrease in the concentration occurs according to a
nonexponential law if excess charge carriers are gener-
ated by light with a wavelength of 1.05 um. This is not
observed in the rear macroporous layer in other cases
(Fig. 1 and Fig. 2). Excess charge carriers in the macro-
porous layer quickly recombine due to recombination at
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Fig. 2 — Concentration of excess minority charge carriers in
bilateral macroporous silicon as a function of coordinate and
time after the termination of generation of excess charge
carriers by light with a wavelength of 1.05 nm, incident on a
macroporous layer with a thickness, pm: a) 100, b) 200
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Kineruka po3mnomisiy HAIJIMIIKOBUX HOCIIB 3apAay B JBOCTOPOHHBOMY MAKPOIIOPHUCTOMY
KpeMHil 3 pi3HOI0 TOBIIMHOIO IIOPUCTHUX IIAPIB

B.®. Ogumenxo

Inemumym pizuru nanienposionukie imeni B.€. Jlawrxapvosa HAH Ykpainu,
np. Hayxu, 41, 03028 Kuis, Yxpaina

IIpencraBiena kKiHEeTHKA POIIMOILITY KOHIIEHTPAIN] HAJTHIITKOBUX HEOCHOBHUX HOCIIB 3apsay B JBOCTO-
POHHBOMY MaKpPOIIOPHUCTOMY KpPEMHII 3 PI3HOIO0 TOBIIMHOIO IIOPUCTUX MIAPIB. BusBIeHA 3a/Ie/KHICTh TPUBAJIO-
CT1 He eKCIIOHEHTHOI'0 II0YATKY PeJIaKcallil Po3Io/Iily KOHIIEHTPAIIll Ha/JIUIIIKOBUX HOCIIB 3apsifly B JIBOCTO-
POHHBOMY MAaKpPOIOPHCTOMY KPEMHII BiJ{ TOBIIMHY (DPOHTAJILHOTO MaKPOIIOPUCTOrO mapy. AHasoriuaa 3a-
JIEKHICTH CIIOCTEPIraeThCsl B TUJIHHOMY MaKpOIIOPHUCTOMY Inapi ToBuiuHOW 200 MKM IIiCJisi IPUIIMHEHHS Te-
Heparli HAJIUIIKOBUX HOCIIB 3apsAdy CBITJIOM 3 HOB:kHHOI0 xBWil 1,05 mrm. KoHileHTparlis HaIJIAIIKOBAX
HOCIIB 3apsiy y (ppOHTAIBHOMY MAKPOIIOPHCTOMY Iapi CIia/iae IIBUIKO 3aBISIKKM BUCOKIM reHeparlii Ta pe-
KOMOIHAIT HAJJIUIITKOBAX HOCIIB 3apsAmy. 3MeHIIeHHs KOHIIEHTPAIlll Ha INIIKOBUX HEOCHOBHHX HOCIIB 3a-
Py B THJIBHOMY MaKporopucToMy mapl TOBMmHOW0 100 MEM Ta MOHOKPHCTAIYHIN MIKJIAIIN Mae JaysKe
KOPOTKY He eKCIIOHEeHTHY YACTUHY 3aBJSKH HU3BKIM reHeparril Ta peKOMOIHAIT HaJIAIIIKOBUX HEOCHOBHUX
HOCIiB 3apsaay, BiAmoBinHO. PiBHAHHA nudysii, 3amucane st JBOCTOPOHHBOTO MAaKPOIIOPHICTOTO KPEMHII0,
PO3B’s13aHO YmceIbHUM MeToaoM. J[JIs po3B’si3Ky BUKOPHCTOBYBAJIM IPAHMYHY TA IIOYATKOBY ymMoBH. ['panu-
YHa yMoBa Oyja 3ammcaHa Ha Me:Kax Makpomopucrux mapis. [logaTkoBmit pos3momin koHIeHTparii Haz-
JIAIITKOBUX HEOCHOBHHUX HOCIIB 3apsily B JJBOCTOPOHHBOMY MAKPOIIOPUCTOMY KPEMHII y HAIpPsIMKY, IrapaJie-
JIBHOMY IIOpaM, 3HaIeHUl 3 CUCTeMU PIBHSAHB. Lleil mouyaTkoBHUil PO3MIOaiI pO3PaXxOBYBABCS 34 YMOBH OCBIT-
JIEHHsA MAKPOIIOPUCTOTO0 KPEMHIIO CBITJIOM 3 JoBKMHaMu XBuIb 0,95 MM Ta 1,05 Mmem. B mouatkoBomy poa-
TOJIiJIl KOHIIEHTPAIlll HEOCHOBHUX HAJJIMIIKOBUX HOCIIB 3apsifly CIIOCTEPIraeThbesi OAMH a00 IBA MAKCUMYMHU.
JlBa MakCHMyMH CIIOCTEPIralOTHCS IIPU OCBITJIEH] JBOCTOPOHHBOIO MAKPOIIOPHUCTOTO KPEMHIK CBITJIOM 3 JIOB-
sxrHoI0 xBuitl 0,95 MEM.

Kmrouosi ciiosa: Makponopucrnii kpemHii, Penakcarriss, Kinerura, Poamomis HaqmuIIkoBuX HOCITB 3apsay.
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