Semiconductor Physics, Quantum Electronics & Optoelectronics, 2023. V. 26, No 2. P. 159-164.

Semiconductor physics

Kinetics of charge carriers in bilateral macroporous silicon
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Abstract. The kinetics of charge carriers in bilateral macroporous silicon with macroporous
layers of equal thicknesses is calculated by the finite difference method. A diffusion
equation for a monocrystalline substrate and macroporous layers is solved. The boundary
conditions are defined at the boundaries between the monocrystalline substrate and the
macroporous silicon layers on both sides. Stationary distribution of excess charge carriers
in the bilateral macroporous silicon with the macroporous layers of equal thicknesses
calculated by the finite difference method is set as the initial condition. Under stationary
conditions, excess charge carriers are generated by light with the wavelengths of 0.95 um
and 1.05 pum. It is shown that at the counting times much longer than the relaxation time, all
the distributions of the concentration of excess minority carriers generated by light with any

wavelength approach the same distribution with exponentially decreasing value.
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1. Introduction

Macroporous silicon finds application as photonic
crystals, for chemical sensors, photodetectors, solar cells
and a number of other types of detectors and sensors.
Photonic crystals have band gaps enabling light
transmission. They are characterized by a periodic
change of the dielectric constant with the period
comparable to the light wavelength. The periodicity of
the permittivity of such crystals is created by periodically
located macropores. Three-dimensional macroporous
silicon photonic crystals with large areas were fabricated
and studied [1, 2]. Macroporous silicon is also applied
for gas sensing. A miniature gas sensor for detecting
carbon dioxide was created based on macroporous silicon
[3, 4]. A sensor for measuring refractive index was made
based on arrays of microsensors placed on a macroporous
silicon membrane filled with a liquid [5]. Macroporous
silicon with an adjustable array of macropores was
coated with a multilayered antireflection coating, which
turned it into black silicon having high light absorption
[6]. Photoluminescence of macroporous silicon structures
with SiO, layers was measured. The maximum photo-
luminescence was observed in the samples with high
electric field strength at the interface between the
macroporous silicon and SiO, [7].

Further applications of macroporous silicon include
textured crystalline silicon solar cells. The efficiency of
using the energy produced by such cells and their power
was optimized with a monitoring and control system,
which made it possible to optimize the solar cell area and
a number of other key parameters [8]. Energy savings
were achieved by using LED lighting in combination
with solar panels [9]. The photoconversion efficiency and
short circuit current of crystalline textured silicon solar
cells were calculated using a theoretical model enabling
optimization of these characteristics. The theoretical
model takes into account the recombination mechanisms
in the space charge region and in the solar cell bulk [10,
11]. The change of the concentration of excess charge
carriers in bilateral macroporous silicon in the direction
parallel to the pores was calculated. The calculations
were made for different pore depths in each macroporous
layer. The distribution of the concentration of excess
charge carriers in bilateral macroporous silicon depended
on the bulk lifetime of minority carriers, sample
thickness and pore diameter and depth. The dependence
of the excess carrier concentration in bilateral
macroporous silicon with different thicknesses of the
macroporous layers had one or two maxima. Two
maxima were observed illuminating the sample with light
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with the wavelength of 0.95 pm close to the illuminated
sample surface and the single crystal substrate. One
maximum was observed in the middle of the substrate
when the sample was illuminated with light with the
wavelength of 1.05 pm [12]. The effective lifetime of
minority charge carriers was calculated for macroporous
silicon on a monocrystalline substrate and macroporous
silicon with through pores. The surface recombination
velocity on the macroporous silicon surface was
calculated from the pore morphology data [13]. The
effective lifetime of charge carriers in the bilateral
macroporous silicon was found from two equations
obtained by solving the diffusion equation for minority
carriers in the macroporous layers and monocrystalline
substrate. The boundary conditions for the diffusion
equation were defined at the boundaries between the
macroporous silicon layers and the monocrystalline
substrate. Each equation describes the processes in the
macroporous layer and at the boundary between the
macroporous layer and the monocrystalline substrate.
The effective lifetime of minority charge carriers in the
bilateral macroporous silicon was calculated as a
function of macropore depth [14]. The photoconductivity
in the porous and macroporous silicon was calculated
numerically and analyzed analytically [15]. The kinetics
of photoconductivity in the bilateral macroporous silicon
was calculated as a function of macropore depth in the
front or back macroporous layer. Calculations show that
the period of the initial photoconductivity decay
increases with the increase of the front or back
macroporous silicon layer thickness. The photo-
conductivity Kinetics in macroporous silicon with
through pores follows an exponential law [16].

The purpose of this work is to calculate and analyze
the charge carrier kinetics in bilateral macroporous
silicon with equal thicknesses of the macroporous layers.
We calculate the dependence of the concentration of
excess minority carriers on the coordinate and time by
the finite difference method. The results of this work will
be useful for researchers of bilateral macroporous silicon
developing photodetectors, solar cells and sensors on its
base.

2. Charge carrier kinetics in bilateral macroporous
silicon

The diffusion equation for minority charge carriers under
stationary conditions in the front macroporous layer

(i=1), monocrystalline substrate (i=2) and back
macroporous layer (i = 3) is written as follows:

d28p,(x)  8p; (x
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where D, is the diffusion coefficient of minority charge
carriers, opi(x) is the excess minority carrier con-
centration in the front macroporous layer (i = 1), mono-
crystalline substrate (i =2) and back macroporous layer
(i=3), 1o=14 is the bulk lifetime of minority carriers in

the monocrystalline substrate (silicon single crystal),
1
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surface generation rate of excess minority charge
carriers, o is the absorption coefficient of silicon, k=1,
ko= k3= 1+ Py(exp(ah;) — 1), Py =n(Dpors/(2a))* is the
volume fraction of pores, and hy, Dper1 and a, are the pore
depth (thickness), pore diameter and the distance
between the pore centers in the front macroporous layer,
respectively.

The diffusion equation for minority charge carriers in
the front macroporous layer (i =1), monocrystalline
substrate (i =2) and back macroporous layer (i =3) is
written as follows:
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The initial condition is defined as dp;(x, 0) = p;(x).
The boundary conditions at the sample boundaries are set
as follows:

Dy % =5 p,(0t), €))
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where s; and s, are the surface recombination velocities
on the front and back surfaces of the sample,
respectively. The boundary conditions at the
monocrystalline substrate boundaries look as follows:
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where P, = n(Dyor2/(28,))° is the volume fraction of
pores, h,, Dpore and a, are the pore depth (thickness), pore
diameter and the distance between the pore centers in the
back macroporous layer, respectively, and Spor1 and Spor
are the surface recombination velocities on the surface of
the pores in the front and back macroporous layer,
respectively. The concentration of excess minority
carriers should be continuous at the boundaries of the
monocrystalline substrate:

pu(hy.t)=py(hy.t), (7)
pa(h—hy,t)=ps(h—hy,t). (8)

Egs (1) and (2) with the boundary conditions (3)—(8) are
solved numerically using, e.g., the finite difference
method.
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3. Results and discussion

We calculated the stationary distribution of the
concentration of excess minority carriers in bilateral
macroporous silicon when the excess charge carriers are
generated by light illumination. The finite difference
method was used to solve Eq. (1) with the boundary
conditions  (3)—(8) and the initial condition
dp;i (X) = dp; (x, 0). The distribution of the concentration
of excess minority carriers began to change with time
after termination of generation of excess charge carriers.
We calculated the kinetics of the distribution of the
concentration of excess minority carriers in bilateral
macroporous silicon by solving Eq. (2) with the
boundary conditions (3)—(8) by the finite difference
method. The initial distribution corresponded to the
stationary conditions. The distribution was calculated for
500 um thick bilateral macroporous silicon. The
macropore depth in each macroporous layer was 100 or
200 pm, the average macropore diameter was 1 um, and
the average distance between the pore centers was 2 pm.
The bulk lifetime of minority carriers in the
monocrystalline substrate was 10 ps, which is a typical
value for silicon wafers. The value of the bulk lifetime in
single-crystalline silicon used for solar cell fabrication
can vary from 1 pus to 5ms [17] at a concentration of
majority charge carriers of 10™° cm®. The effective bulk
lifetime of excess charge carriers in each macroporous
layer was calculated using the bulk lifetime and surface
recombination velocity [14] and amounted to 1 ps. The
surface recombination velocity on the pore surface in
each macroporous layer and the surface of the
macroporous silicon sample was 1 m/s. This value is
typical for a well passivated surface of silicon
macropores [13], although lower surface recombination
velocities were also reported [18].

Fig. 1 shows the change of the concentration of
excess minority carriers along the thickness of the
bilateral macroporous silicon sample with the pore depth
of 100 pm at certain times after termination of generation
by light with the wavelength of 0.95 pm.

Two maxima on the concentration distribution of
excess minority charge carriers in the Dbilateral
macroporous silicon with the pore depth of 100 um under
stationary conditions, when the excess charge carriers are
generated by light with the wavelength of 0.95 um are
observed (see Fig. 1, curve 1). The stationary distribution
is the initial one (t = 0). The maxima are observed at the
surfaces hit by light, namely the sample surface and the
surface of the monocrystalline substrate (pore bottom
surface). Light enters the monocrystalline substrate
through the front macroporous layer illuminating the
bottom of the pores. This means that the value of the
maximum located in the monocrystalline substrate
depends on the pore depth in the front macroporous
layer, the pore volume fraction and the recombination
velocity on the sample and pore surfaces.
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Fig. 1. Change of the concentration of excess minority carriers
along the thickness of the sample with the pore depth of
100 pm after termination of generation (A =0.95pum) at the
times, pus: 1-0,2-2,3-4,4-6,5-8,6 - 10.
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Fig. 2. Change of the concentration of excess minority carriers
along the thickness of the sample with the pore depth of
200 um after termination of generation (A =0.95 um) at the
times, us: 1-0,2-2,3-4,4-6,5-8,6 - 10.

Fig. 2 shows the change of the concentration of
excess minority carriers along the thickness of the
bilateral macroporous silicon sample with the pore depth
of 200 pm at certain times after termination of generation
by light with the wavelength of 0.95 pum.

In the initial distribution, the maximum located in
the monocrystalline substrate is higher than the
maximum located in the front macroporous layer when
the pore depth in the latter is 100 pm (see Fig. 1) and
lower when the pore depth is 200 um (see Fig. 2). The
concentration of excess minority carriers in the front
macroporous layer rapidly decreases with time due to
recombination at the pore surfaces. The concentration
maximum rapidly decreases as well and disappears, so
that only one maximum remains on the distribution of
excess minority charge carriers in the bilateral macro-
porous silicon. The concentration of excess minority
carriers in the monocrystalline substrate and its maximum
decrease by the same amount in semi-logarithmic scale
(exponential decrease). The concentration of excess
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minority carriers decreases the faster, the closer it is to
the front macroporous layer. Rapid decrease of this
concentration in the front macroporous layer makes it ten
(see Fig. 1) and one hundred (see Fig. 2) times smaller
than the concentration in the monocrystalline substrate.
At the beginning, the asymmetric concentration
distribution transforms into a symmetric one (see Figs 1
and 2) defined by the symmetry of the macroporous
silicon sample. All the asymmetric components of the
concentration distribution rapidly decrease and become
small, while the symmetric ones decrease slowly and
exponentially.

Fig. 3 shows the change of the concentration of
excess minority carriers along the thickness of the
bilateral macroporous silicon sample with the pore depth
of 100 pm at certain times after termination of generation
by light with the wavelength of 1.05 um.

The distribution of the concentration of excess
minority carriers is almost symmetric about the middle of
the sample having a maximum here. The symmetry of the
distribution is due to the symmetry of the sample and

dp
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Fig. 3. Change of the concentration of excess minority carriers
along the thickness of the sample with the pore depth of
100 um after termination of generation (A =1.05pm) at the
times, us: 1-0,2-2,3-4,4-6,5-8,6-10.
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Fig. 4. Change of the concentration of excess minority carriers
along the thickness of the sample with the pore depth of
200 pm after termination of generation (A =1.05pm) at the
times, us: 1-0,2-2,3-4,4-6,5-8,6-10.

uniformity of generation of excess charge carriers by
light with the wavelength of 1.05 um. Such light is
weakly absorbed by silicon leading to homogeneous
generation of excess charge carriers. Illumination of the
monocrystalline substrate through the pores bottom does
not affect the concentration distribution due to the weak
absorption of light by silicon and small volume fraction
of the pores. Although the distribution is symmetric, it
changes over time.

Fig. 4 shows the change of the concentration of
excess minority carriers along the thickness of the
bilateral macroporous silicon sample with the pore depth
of 200 um at certain times after termination of generation
by light with the wavelength of 1.05 um.

As can be seen from Figs 3 and 4, the closer is the
point to the front surface of the sample, the faster the
concentration of excess minority carriers decreases with
time becoming very small (faster than exponential
decrease). In the back macroporous layer, the time
dependence of the concentration of excess minority
carriers is exponential. When the reference time is much
longer than the relaxation time, all the distributions of the
concentration of excess minority carriers (generated by
light of any wavelength) approach the same distribution,
the value of which decreases exponentially. This
concentration distribution is determined by only the
characteristics of the sample such as pore depth, surface
recombination velocity, minority carrier bulk lifetime,
pore diameter and distance between pores.

4. Conclusions

At the illuminated surface, the distribution of the
concentration of excess minority carriers decreases faster
than in the monocrystalline substrate. Due to this, this
concentration at the surface quickly becomes very low as
compared to the one in the monocrystalline substrate.

The concentrations of excess minority carriers in
the monocrystalline substrate and in the front
macroporous layer decrease exponentially almost from
the very beginning. At this, the closer is the point to the
front macroporous layer, the faster the concentration
begins to decrease.

When the reference time is much longer than the
relaxation time, all the distributions of the concentration
of excess minority carriers generated by light with any
wavelength approach the same distribution, the value of
which decreases exponentially.
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Kineruka HociiB 3apsiy Yy IBOCTOPOHHBLOMY MAKPONIOPUCTOMY KpeMHil
B.®. Ounenkxo, JI.A. KapaueBuesa, K.B. AuapeeBa, H.B. /Imutpyk, A.3. EBMeHOBa

Anoranis. KiHeruka HOCIIB 3apsiy y [IBOCTOPOHHBOMY MaKpOIOPHUCTOMY KPEMHII 3 OJHAaKOBOI TOBIIMHOIO
MaKpOIOPUCTUX IIAPIB PO3PaXOBYETHCS METOJOM CKIHUCHHHMX PIi3HUIL. MU BUKOPUCTAIM piBHSHHSA audysii, ske
3amucany JJisi MOHOKPHCTAIIYHOT MK KU Ta MakpoIoOpUCTUX HiapiB. ['paHW4HI yMOBHM OynM 3ammcaHi Ha Meax
MOHOKPHCTAJIIYHOT MiAKIaJKH Ta 3pa3Ka JIBOCTOPOHHBOTO MAaKpOIIOPHCTOTO KpEMHil0. SIK MOYaTKoBY yMOBY MH
BHKOPHUCTANN PO3MOJUT HAUIHIIKOBUX HOCIIB 3apsdy Y JBOCTOPOHHBROMY MAaKpOIOPHCTOMY KPEMHIi 3 OJHAKOBOIO
TOBIIMHOIO MAaKpOIIOPUCTHX IIApiB 3a CTAlliOHAPHUX YMOB, SKAH PO3paxyBalld METOIOM CKIHUYCHHUX Di3HHIB. 3a
CTalliOHApHUX YMOB, CBITJIO 3 JOoBXuHamu xXBWIb 0,95 MM Ta 1,05 MKM TeHepyBajO HaIJIWIIKOBI HOCIi 3apsmy.
[Mokazano, MO KOJMHM Yac BimIiKy Oyne HaOarato OULTBIIMM 3a 9Yac pellakcaiii, TOAI BCi PO3MOIITN KOHIICHTpAIii
HA/ITITKOBUX HEOCHOBHUX HOCIIB 3apsly, TCHEPOBAHUX CBITIIOM 3 JIFO0OOI0 JOBKHHOIO XBHII, IEPEHIYTh B OJHMH i TOM
e PO3IO/IL, BEIMYHMHA SIKOTO OY/ie 3MEHIIIYBAaTUCh 32 €KCIIOHEHIIAIbHUM 3aKOHOM.

KoarouoBi ciioBa: kiHeTuKa, penakcailis, po3Mno/IiJl HaJJIMIIKOBUX HOCITB 3apsi/ly, MaKpOIIOPUCTHI KPEMHIM.
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