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The photoconductivity kinetics in bilateral macroporous silicon as a function of the pore depth of each
macroporous layer is calculated by the finite-difference method. Steady-state photoconductivity in bilateral
macroporous silicon is found using a system of equations. We use the excess minority carrier's diffusion
equation, initial and boundary conditions to calculate the photoconductivity kinetics. Steady-state photo-
conductivity excited by light with a wavelength of 0.95 pm and 1.05 pum is used as the initial condition. We
take into account that light passes through the frontal and rear macroporous layers, propagating through
the silicon matrix and pores. The boundary condition is written at the boundaries of each macroporous lay-
er. The kinetics of photoconductivity in bilateral macroporous silicon 500 pm thick is calculated under the
condition that the pore depth of one macroporous layer is 100 um, and the pore depth of another layer of
macroporous silicon varies from 0 to 400 pm. It is shown that the initial photoconductivity decay period in-
creases as the depth of each macroporous silicon layer increases. On a semi-logarithmic scale, the photo-
conductivity decay, which is described by an exponential law, changes its slope when the pore depth of the
frontal or rear layer of macroporous silicon is more than 250 um or 200 um, respectively. The exponential
part of the photoconductivity changes its slope no matter what wavelength of 0.95 pm or 1.05 um excited
stationary photoconductivity. The dependence of the photoconductivity kinetics on the pore depth of the
frontal and rear layers of macroporous silicon is almost identical when the photoconductivity is excited by
light with a wavelength of 1.05 pm. The photoconductivity decay in macroporous silicon with through pores
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is described by an exponential law.
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1. INTRODUCTION

Macroporous silicon and single-crystal silicon with a
structured surface have found application in microelec-
tronics and solar energy. The structure of the surface of
macroporous silicon affects the reflection of light and
determines its optical properties. The conditions for
fabricating macroporous silicon using photoelectro-
chemical etching affect the surface structure and opti-
cal properties. Optimizing the fabrication of
macroporous silicon significantly improves light cap-
ture by the macroporous surface and turns
macroporous silicon into black silicon [1]. The optical
properties of macroporous silicon and nanowires indi-
cate a decrease in reflection and an increase in absorp-
tion of light. The decrease in light reflection is due to
multiple reflections of light from the surfaces of nan-
owires. Light reflected from the surface of one nan-
owire hits the surface of another nanowire, and each
time it partially passes through the surface [2]. The
optical and electro-optical characteristics of textured
solar cells are modelled using rigorous coupled-wave
analysis and finite element method. Optical and elec-
tro-optical characteristics are calculated for different
light trapping schemes [3]. The experimental absorp-
tion spectra of macroporous silicon structures with
Si02 and CdS nanocoatings were analyzed in terms of
the resonant electron scattering model [4]. The absorp-
tion spectra of two-dimensional photonic structures of
macroporous silicon with microporous silicon layers on
the pore surface contain oscillations in the infrared
region. The oscillation period indicates the electro-
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optical Wannier-Stark effect [5]. Macroporous silicon is
coated with a thin layer of Au/TiO2 and Pt/TiO2 photo-
catalyst. Such macroporous silicon photocatalytic struc-
tures have found application in the production of hy-
drogen from a water-ethanol mixture using ultraviolet
light [6]. Macroporous silicon is used as a capacitor.
The macroporous silicon capacitor is small in size and
has a large specific capacitance and is suitable for sys-
tem integration. Macroporous silicon is one of the elec-
trodes. The surface of macroporous silicon is coated
with an insulating layer of silicon oxide. The second
electrode is a layer of nickel, which is electroplated over
silicon oxide, on the surface of the pores [7]. In devices
developed on the basis of macroporous silicon, it is
important to know the concentration distribution of
excess charge carriers. The distribution of excess carri-
er concentration in bilateral macroporous silicon is
calculated depending on the pore depths of the
macroporous layers. The calculation is made under the
condition that excess charge carriers are generated by
light with a wavelength of 0.95 or 1.05 um. Cases are
considered when the pore depth of one macroporous
layer is equal or not equal to the pore depth of another
macroporous layer [8]. In the distribution of excess
carrier concentration, maxima are observed, which are
located near the surface of the sample and the mono-
crystalline substrate (bottom of the pores). The maxi-
mum in a monocrystalline substrate is constantly ob-
served. The maximum in the frontal macroporous layer
is observed when bilateral macroporous silicon is illu-
minated with light that is strongly absorbed by silicon

© 2022 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.14(5).05024
mailto:onyshchenkovf@isp.kiev.ua

V.F. ONYSHCHENKO

[9]. The distribution kinetics of the excess carrier con-
centration in bilateral macro-porous silicon is calculat-
ed depending on the thickness of porous layers. The
high generation and recombination of excess charge
carriers leads to the fact that the excess carrier concen-
tration in the frontal layer of macroporous silicon rap-
idly decreases [10]. The photoconductivity relaxation
time in macroporous silicon is found from two equa-
tions. One of the equations describes the diffusion of
excess charge carriers in the macroporous silicon layer
and their recombination on the pore surface and on the
surface of the macroporous silicon layer. Another equa-
tion describes the diffusion and recombination of excess
charge carriers in the monocrystalline substrate and on
its surface, respectively. The photoconductivity relaxa-
tion time in macroporous silicon rapidly decreases if
the pore depth increases from 0 to 25 um [11].

2. PHOTOCONDUCTIVITY KINETICS IN
BILATERAL MACROPOROUS SILICON

Let us consider a silicon single-crystal plate, which
has pores etched on both sides perpendicular to the
largest planes. A single crystal of silicon with etched
pores on both sides is called bilateral macroporous
silicon. Bilateral macroporous silicon has a thickness h.
Steady-state photoconductivity is excited by light inci-
dent perpendicular to the surface of bilateral
macroporous silicon. The kinetics of specific photocon-
ductivity in bilateral macroporous silicon in the direc-
tion perpendicular to the pores is written as:

So(t) = . [ 6p,(x,t)dx +
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where t is the time, x is the coordinate, e is the electron
charge, i, 1p are the mobilities of the majority and
minority charge carriers, respectively, Opi(x, t) is the
excess minority carrier concentration in the frontal
(i=1) and rear (i =2) macroporous layers and mono-
crystalline silicon substrate (i =m), P; and h; are the
pore volume fraction and pore depth of frontal (i =1)
and rear (i =2) layers of macroporous silicon. The ex-
cess minority carrier concentration is found from the
diffusion equation. The diffusion equation is written as:
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where D) is the diffusion coefficient of minority charge
carriers, 7 (i = 1, 2, m) is effective (i = 1, 2), bulk (i = m)
lifetime of excess minority charge carriers in the
frontal and rear macroporous layers and monocrystal-
line substrate, respectively. The diffusion equation for
excess minority charge carriers (2.2) is written for the
frontal and rear macroporous layer and monocrystal-
line substrate. The diffusion equation should be sup-
plemented with the boundary condition, which is writ-
ten at the boundaries of the sample and the monocrys-
talline substrate, and the initial condition. The initial
and boundary conditions are written as:
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op;i(x,0)=06p,(x), i=1, 2, m, (2.3)
D, DOD; (1 1) = 5.5p,(x,,1), 2.4)
dx
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where =1, 2, x1=0, x2=h, xmi=h, xme=h—hs,
steady-state concentration of excess minority charge
carriers in the frontal (i=1) and rear (i=2)
macroporous layers and monocrystalline substrate
(i = m) is found from the expression:

op;(x)=A cosh[x]—B- sinh(xj—ép (x),(2.7)

' ! L, ' L, &
A; and B; (i =1, 2, m) are constants found from expres-
sions (2.4)-(2.6), s1, S2, Spor1, Spor2 are the surface recom-
bination velocities on the surface of the sample and the
pores of the frontal and rear macroporous layers, re-
spectively, L1, L2, Lm are the diffusion lengths of minor-
ity charge carriers in the frontal and rear macroporous
layers and monocrystalline substrate, respectively,
6pgi(x) = goatiexp(— ax)Ki(x)/((aLi)? — 1), Ki=1, Ko=Ks,
K3=1-Pi(1 — exp(ahi)), a is the coefficient of light
absorption by silicon, go is the excess carrier generation
on the illuminated surface of bilateral macroporous
silicon.

3. RESULTS AND DISCUSSION

Let us consider bilateral macroporous silicon
500 um thick. Let light fall on one of the macroporous
layers, let's call it the frontal macroporous layer, and
let's call the other macroporous layer the rear
macroporous layer. Light is incident on the monocrys-
talline substrate through the bottom of the pores. The
kinetics of the photoconductivity in bilateral
macroporous silicon was calculated under the condition
that the pore depth of one macroporous layer is 100 um
and it does not change, while the pore depth of another
layer of macroporous silicon varies from 0 to 400 pm.
We calculate the kinetics of photoconductivity in bilat-
eral macroporous silicon using expressions (2.1)-(2.7)
and the following data: the minority carrier bulk life-
time in single-crystal silicon is 10 ps, the surface re-
combination velocity is 1.2 m/s, the macropore diameter
is 2 um, and the distance between them is 1 um. The
kinetics of specific photoconductivity in bilateral
macroporous silicon §o is normalized to the steady-
state  specific  photoconductivity of one-sided
macroporous silicon of the same size §om, which has a
macroporous layer from the rear (Fig. 1, Fig. 3, h1 =0,
he=100 um, ¢t=0) and frontal (Fig.2, Fig.4,
h1=100 um, hz =0, t = 0) sides. We will talk about the
normalized photoconductivity because it is equal to the
normalized specific photoconductivity.

The kinetics of the normalized photoconductivity in
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bilateral macroporous silicon 500 pm thick is presented
depending on the pore depth of the frontal (Fig. 1) and
rear (Fig. 2) macroporous layers. Steady state photo-
conductivity was excited by light with a wavelength of
0.95 um. The pore depth of rear (Fig.1) and frontal
(Fig. 2) macroporous layers is 100 pm. Fig. 1 and Fig. 2
show the dependence of the kinetics of the normalized
photoconductivity on the pore depth or the change in
the dependence of the normalized photoconductivity on
the pore depth over time in one-sided (Fig. 1 with k1 =0,
h2 =100 pm, Fig. 2 with A1 =100 um, h2 =0) and bilat-
eral macroporous silicon and macroporous silicon with
through pores (Fig.1 with h1 =400 pm, hz =100 um
and Fig. 2 with A1 = 100 pm, A2 = 400 um).

Fig. 1 - Kinetics of the normalized photoconductivity of bilat-
eral macroporous silicon as a function of the pore depth of the
frontal macroporous layer. Steady-state photoconductivity was
excited by light with a wavelength of 0.95 um. The pore depth
of the rear macroporous layer is 100 um

The kinetics of the normalized photoconductivity in
macroporous silicon with through pores shown in Fig. 1
and Fig. 2 differs due to different normalization. The
normalized steady-state photoconductivity (¢ = 0) sharply
decreases when the pore depth of the frontal layer of
macroporous silicon increases from 0 to 50 um. The
steady-state photoconductivity decreases almost expo-
nentially when the pore depth increases from 50 to
400 um (Fig. 1). The normalized steady-state photocon-
ductivity (¢ = 0) slowly decreases as the pore depth of
the macroporous silicon layer increases from 0 to
150 um. The decrease in photoconductivity becomes
noticeable when the pore depth increases from 150 to
400 um (Fig. 2). The kinetics of photoconductivity is
described by the sum of products with an exponent
whose value depends on the characteristic time con-
stant. The initial decay period of photoconductivity is
not described by an exponential law as it is described
by the sum of products with an exponent. The sum of
products with an exponent decreases with time, and
the kinetics of photoconductivity is described by an
exponential law. The initial photoconductivity decay
period increases when the pore depths of the frontal
(Fig. 1) and rear (Fig. 2) layers of macroporous silicon
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increase. The normalized photoconductivity in macro-
porous silicon with through pores is described by an
exponential law. In macroporous silicon with through
pores, the recombination at the surface of the pores is
much greater than the recombination at the surface of
the sample of macroporous silicon. An exponential
relationship on a semi-logarithmic scale is shown as a
straight line. The exponential part of the normalized
photoconductivity changes its slope when the pore
depth of the frontal layer of macroporous silicon is
greater than 250 um (Fig. 1), or when the pore depth of
the rear layer of macroporous silicon is greater than
200 pum (Fig. 2). The slope of the exponential part of the
normalized photoconductivity changes due to an in-
crease in the recombination of excess charge carriers.
The recombination of excess charge carriers increases
due to an increase in recombination on the surface of
the pores of the frontal and rear macroporous layers. It
increases due to the fact that the thickness of the
monocrystalline substrate becomes less than two diffu-
sion lengths of minority charge carriers and some of
the excess charge carriers recombine not in the bulk of
the monocrystalline substrate, but on the surface of
macropores where recombination is greater.

Fig. 2 - Kinetics of the normalized photoconductivity of bilat-
eral macroporous silicon as a function of the pore depth of the
rear macroporous layer. Steady-state photoconductivity was
excited by light with a wavelength of 0.95 um. The pore depth
of the frontal macroporous layer is 100 um

The kinetics of the normalized photoconductivity in
bilateral macroporous silicon 500 pm thick is presented
as a function of the pore depth of the frontal (Fig. 3)
and rear (Fig.4) macroporous layers. Steady-state
photoconductivity was excited by light with a wave-
length of 1.05 um. The pore depth of the rear (Fig. 3)
and frontal (Fig. 4) macroporous layers is 100 um. The
dependence of the kinetics of the normalized photocon-
ductivity on the pore depth of the frontal (Fig. 3) and
rear (Fig. 4) layers of macroporous silicon is almost
identical. This is due to the initial uniformity of the
excess carrier generation in bilateral macroporous
silicon. The initial homogeneity of the excess carrier
generation is due to the weak absorption of light with a
wavelength of 1.05 pm by silicon. In this case, the light
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Fig. 3 — Kinetics of the normalized photoconductivity of bilat-
eral macroporous silicon as a function of the pore depth of the
frontal macroporous layer. Steady-state photoconductivity was
excited by light with a wavelength of 1.05 um. The pore depth
of the rear macroporous layer is 100 um

absorption law determines the stationary distribution
of excess charge carriers in bilateral macroporous sili-
con. Diffusion of excess charge carriers is small because
there are no large concentration gradients of excess
charge carriers. The initial homogeneity of the excess
carrier generation creates symmetry of the problem.
This causes a similar photoconductivity kinetics in
bilateral macroporous silicon with a change in the pore
depth of the frontal or rear layer of macroporous sili-
con. The normalized photoconductivity in bilateral
macroporous silicon slowly decreases with an increase
in the pore depth of the rear or frontal layer of
macroporous silicon from 0 to 200 um. On a semi-
logarithmic scale, the initial photoconductivity decay
period increases, and the slope of the exponential part
becomes steeper as the pore depths of the frontal or
rear layer of macroporous silicon increase from 0 to
200 pm.

4. CONCLUSIONS

The initial photoconductivity decay period increases
as the pore depth of the frontal or rear layer of macro-
porous silicon increases. An increase in the initial pho-
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O®OPMJIEHHSA PYKOITMCIB CTATEN 3 BUKOPUCTAHHAM IIABJIOHY... JK. HAHO- EJIEKTPOH. @I13. 14, 05024 (2022)
Kinerurka dpoTronpoBigHOCTI B JBOCTOPOHHBEOMY MAKPOIIOPUCTOMY KPEeMHIil
B.®. Oumenxo

Incmumym gpizuru nanienposionukie imeni B.€. Jlawkapvosa HAH Ykpainu, np. Hayku, 41, 03028 Kuis, Yikpaina

Kinerura oTomrpoBigHOCTI B TBOCTOPOHHBEOMY MAaKpPOIIOPHUCTOMY KPEMHII B 3aJIEKHOCTI Bl IJTMOMHU 0D
KOKHOTO MAKPOIIOPHCTOrO IIapy po3paxoBaHA METOAO0M CKiHueHHHWX pisHuilb. CrariomapHa ¢oToposi-
HICTH B JIBOCTOPOHHBOMY MaKPOIIOPHCTOMY KPEeMHII 3HalIeHa 3a JI0IIOMOTO0I0 CHCTeMHU PIBHAHB. Mu BUKOpH-
cTaym piBHSAHHSA nudy3ii HAJINIIKOBUX HEOCHOBHUX HOCIIB 3apsily, IOYaTKOBY Ta IPAHUYHY YMOBH JIJISI PO-
3paxyHKy KiHeTHKH oromposimHocri. CraiioHapHa (OTOIPOBIIHICTD, KA 30yIyKeHAa CBITJIOM 3 JOBKHHAMUA
xBwitb 0,95 MM Ta 1,05 MKM, BUKOPHCTAHA SK IT0YATKOBA yMOBa. MU BpaxyBaJiu, 110 CBITJIO IIPOXOIUTE Ue-
pe3 dhpOHTATBLHUI Ta THIHFHUI MAKPOIIOPHCTI TIIAPY POIMOBCIOPKYIOYUNCH TT0 KPEMHIEBIN MATPHUITL TA TTOpaM.
I'pannuyna ymoBa 3ammcana Ha MeKax KOYKHOIO MAKpOHopucToro mapy. Kimernka doTompoBiHOCTI B IBOC-
TOPOHHBOMY MAKPOIOPHCTOMY KpeMHii ToBiuHOIO 500 MKM po3paxoBaHa 3a YMOBH, KOJIH TJIMOWHA IIOP OJ-
HOTO MAKPOIIOPHCTOro mapy mopiBHe 100 MEM, a TIubWHA TOP 1HIIOTO MAPY MAaKPOIOPHCTOTO KPEMHI0
amirerbesa Big 0 go 400 mrm. TlokasaHo, 10 MOYATKOBUIM IIepiof 3aTyXaHHS OTOIPOBIIHOCTI 301/IbIITYeTh-
¢sA, KOJIU IJIMOMHA KOYKHOI'O IIapy MAKPOIIOPUCTOTO0 KPEMHII 301IbIIyeThesA. B HamiBaorapudMiyHOMy Mac-
mrrabi, ca ] POTOIIPOBITHOCTI, SIKUH OIUCYETHCS eKCIOHEHTHUM 3aKOHOM, 3MIHIOE CBIM HaXWJI, KOJIU TJIHOU-
Ha 0P (PPOHTAIBHOrO a00 THJIHHOTO IIapy MAaKpPOIIOPHCTOro KpeMHio outbire 250 MM abo 200 MEM, BiIIO-
BimHO. ExcoHeHTHA yacTHHA (POTOIIPOBITHOCTI 3MIHIOE CBIM HAXWJI He 3aJIeKHO BiJ TOTO, SKOI0 JTOBXKITHOIO
xpmni 0,95 MM um 1,05 MEM 30yIsKyBaJiacsa craiioHapHa (GOTOIIPOBIAHICTD. 3aJIesKHICTh KIHETUKNA (POTOI-
POBiIHOCTI BLA TyIMOHHA HOP PPOHTATIHHOIO T4 TUJIBHOIO IIAPIB MAKPOIIOPUCTOr0 KPEMHII0 € MaliKe 11eHTH-
YHO0, KOJIX (DOTOIIPOBIIHICTD 30YI3KYEThCs CBITIIOM 3 JIOBMHUHOI XBuuii 1,05 MrM. 3MeHITeHHsa (OTOIIPOBiI-
HOCTI B MAKPOIIOPUCTOMY KPEMHII 3 HACKPI3HUMU IIOPAMU OIUCYETHC €KCIIOHEHTHIM 3aKOHOM.

KmiouoBi cmosa: Maxkpomopucruit  KpemHii, JBocTOpoHHIT Makpomopueruii Kpemuiit, Kimernka
doTompoBigHOCTI.
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