ISSN 2079-1704. Ximisi, pisuka ma mexHosoais nosepxHi. 2017. T. 8. Ne 3. C. 322-332

UDC 538.935 doi: 10.15407/hftp08.03.322

V.F. Onyshchenko, L.A. Karachevtseva

EFFECTIVE MINORITY CARRIER LIFETIME AND
DISTRIBUTION OF STEADY-STATE EXCESS MINORITY
CARRIERS IN MACROPOROUS SILICON

V. Lashkaryov Institute of Semiconductor Physics of National Academy of Sciences of Ukraine
41 Nauki Ave., Kyiv, 03680, Ukraine, E-mail: lakar@isp.kiev.ua

We have obtained a simple expression that determines the effective minority carrier lifetime in macroporous
silicon with periodic arrangement of infinitely long macropores as a function of bulk lifetime, surface recombination
velocity of minority carriers, pore radius and the distance between the centers of macropores. This expression can be
applied also to macroporous silicon with randomly distributed pores by replacing the pore radius and the distance
between the centers of macropores with their average values. The distribution of steady-state excess minority
carriers in macroporous silicon is calculated for the analytical model proposed by us. The calculation is made for
the case when both the outer surface of macroporous silicon and the bottom of pores are illuminated with light. We
observed two peaks of the distribution of steady-state excess minority carriers in macroporous silicon near the
surfaces illuminated with light of wavelength 0.95 um. At the same time, if macroporous silicon was illuminated with
light with the wavelength of 1.05 um, we observed only one maximum in the distribution function of the excess
minority carriers, in spite of the fact that the pore bottom was also illuminated with light. It is shown that the
distribution of excess minority carriers in macroporous silicon with through pores is similar to the distribution in
single crystal silicon. But in this case, the effective lifetime of minority charge carriers in the effective medium of
macroporous silicon, which includes silicon and the surface of pores, corresponds to the bulk minority-carrier
lifetime in monocrystalline silicon.
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INTRODUCTION temperature  dependences of photovoltage
generation [8] as well as the mechanisms of
photocarrier transport through a barrier in the
SCR in macroporous silicon [9] at photon
energies comparable to that of the indirect
interband transition in silicon were investigated.
The increase in absorption of electromagnetic
radiation and photoconductivity dependence on
the angle of incidence of -electromagnetic
radiation were found in [10]. In [11] the
temperature dependence of photoconductivity
relaxation in macroporous silicon was measured,
as well as the effective relaxation time and its
temperature dependence were calculated. Gas
and biological sensors are developed on the basis
of porous silicon with CMOS-compatible
manufacturing [12, 13]. Macroporous silicon is
used as a solar cell [14,15]. The effective
lifetime of  light-generated  carriers in
macroporous thin-film Si absorbers decreases
owing to recombination at large areas of pore
surface [16, 17]. An analytical model for the
effective carrier lifetimes of surface-passivated
macroporous crystalline silicon was derived in
[18, 19]. That model determined the effective

Macroporous silicon is a promising material
for the development of 2D photonic structures
with the required geometry and large effective
surface [1, 2]. This determines optical, electro-
optical and electrical characteristics of
macroporous silicon structures [3—5]. In view of
the potential barrier on a macropore surface, one
should take into account recharging of the local
surface centers at the energies below that of the
indirect interband transition. The photo-
luminescence of polyethyleneimine with carbon
multiwall nanotubes on macroporous Si with a
microporous layer is about six times more
intense in comparison with substrates c-Si,
macroporous Si and oxidized macroporous Si
[6,7]. The effective conductivity and
photoconductivity in macroporous silicon were
calculated and measured. Their values go down
as the concentration and volume fraction of
macropores increase [5]. A reduction in the
thickness of the space charge region (SCR) at
small macropore diameters was taken into
account in [5]. Both theoretical and experimental

© V.F. Onyshchenko, L.A. Karachevtseva, 2017 322



Effective minority carrier lifetime and distribution of steady-state excess minority carriers in macroporous silicon

minority carrier lifetime in macroporous silicon
as a function of bulk lifetime, surface
passivation, and pore morphology.

The present paper provides a derivation of a
simple expression for the effective minority
carrier lifetime in macroporous silicon with
periodic arrangement of infinitely long pores.
We also determine the distribution of steady-
state excess minority carriers in macroporous
silicon.

THE MODEL OF EXCESS MINORITY
CARRIER DISTRIBUTION IN
MACROPOROUS SILICON WITH PERIODIC
ARRANGEMENT OF INFINITELY LONG
MACROPORES

The steady state minority carrier diffusion
for n-type silicon is determined by equation:

DV(p)— P + g, =0. (1)

7

Here D, is the minority carrier diffusion
coefficient, op is the distribution function of the
steady-state excess minority carrier
concentration dependent on radius vector r, g is
the excess minority carrier generation rate, T, is
the minority carrier bulk lifetime. The boundary
condition for differential Eq. (1) is

g =¢"'/,(0)+5,p(0). 2

Here e is the elementary electric charge, g is the
rate of surface generation of excess charge
carriers, j,(0) is the minority carrier current
density at the sample surface, s, is the surface
recombination velocity of minority carriers,
dp(0) is the excess minority carrier concentration
at the sample surface.

First of all, let us solve the problem of
distribution of steady-state excess charge carriers
as a function of the radius vector » in the
cylindrical unit cell of macroporous silicon with
periodic arrangement of infinitely long
macropores (see Fig. 1 ¢).

Fig. 1. A unit cell: a — and b — for the macropores arranged in a square lattice, ¢ and d a cylindrical coordinate
system. The macroporous silicon layer is a and ¢, the single crystal substrate is » and d. The surfaces where
recombination occurs are shown by solid lines and are filled. The boundaries of the unit cells are shown by

dashed lines

The minority carrier diffusion Eq. (1) in the
cylindrical coordinates for the cylindrical unit
cell of macroporous silicon with periodic
arrangement of the infinitely long macropores is

D{@Zép(r)+ 1 aa‘p(r)}_ép(m g =0. @

or* r or 7, ’
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Here g, is the rate of spatially homogeneous
generation of excess minority carriers, op(r) is
the distribution function of steady-state excess
minority carrier concentration as a function of
the radius vector ». The general solution of the
diffusion Eq. (3) is

Op(r) = gTo(1+Cilo(R) — C2Ko(R)), “4)
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where R=1r/L,, L,=(D,w)"* is the minority where 7y is the pore radius, spor is the surface
carrier diffusion length, C, and C, are constants, recombination velocity of minority carriers on
I(R) and K (R) are the modified Bessel the surface of macropore walls. From Egs. (4)
functions, a is the order of the Bessel function. and (6) it follows that
The boundary condition on the surface of
cylindrical unit cell (Fig. 1 ¢) is Cil1(Ro) — CoK1(Ro) = —=S(1+Cilo(Ro) — C2Ko(R0)),
0 _pC®)-CKE)=0. ) @
r=rb where Ro=ro/L, and  Spor = Spolp/Dp are
where is Rp=rv/L, and r, is the radius of dimensionless quantities. The constants C; and
cylindrical unit cell. The boundary condition on C; may be determined from Egs. (5) and (7). The
the surface of macropore wall (Fig. 1 ¢) is solution of Eq. (1) is the distribution function of
steady-state excess minority carrier
D, d‘i;’(’") =—5,, D) (6) concentrations as a function of the radius vector r
=0

S (L(R)K,(R)+ K,(R)L,(R))
ool : ®)
)= S K Ro) + 5, Ko (R~ KR, (Ro) =S, 1o (Re))

where Ry = ro/Lp and Spor = SporLp/Dp are dimensionless quantities.

EFFECTIVE MINORITY CARRIER

where 1t is the effective minority carrier
LIFETIME IN MACROPOROUS SILICON lifetime. Using Egs. (8) and (9) as well as

The average concentration of steady-state b rb rb »
excess minority carriers in the cylindrical unit IKo(R)rdV =—LrK (R),and IIO(R)r dr=Lyrl,(R)|
cell is 0 0

. one can found the average concentration of
—~—_& 27 steady-state excess minority carriers in the
Py == dr» 9 oy Y
()¢ - " JO op(ryrdr ©) cylindrical unit cell:
(p); =gz, (1- 2STbr0(11(Rb)(K1(RO)_Kl(Rb)Il(RO))/(rbz_roz) ). (10)

1,(R,)(K(Ry) + SK(Ry)) = K\ (R,)(I,(R,) = ST, (Ry))

If Ro, Ry < 0.1, we can replace the cylindrical modified Bessel functions by the functions that can be
written as Io(R) > 1, [i(R) > R/2, Ko(R) > —In(R) and K (R) > 1/R. Then it is possible to present Egs. (8) and
(10) as

_h Sh ey Sk Ly
2L D L D r
()s(r) = g7, (1- T A— (h
’;b_ribsipln(rio)_’;o+7ﬁsip
2r, 2L, D, 'L, 2n 1 D,
7 7, 1
— B ) 7 n
(p)s =g7,(1- <L . bt OL oL ) (12)
To T PR pploy  To B P

2, 2L,D, L, 2r, 1 D

P
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One can neglect the member with logarithm in
Eqgs. (11) and (12) because ns-In(r/L,)(2D,) > 107
and rvs°In(r/L,)/(2D,) > 10°, when s<I m/s. Then
we reduced the expressions in parentheses in
Egs.(11) and (12) to a common denominator,
made reduction of fractions and turned over the
fractions. The Egs. (11) and (12) can be brought to
the single expression:

ol TS
g _ g _ 1 _T1 2y %) (13)
(@)s  (P)s(r) Tgr T ’};2_”02

21y,
or
L1, 2 (14)

Ty T, Il

Let us obtain a simple expression for
determination of effective minority carrier
lifetime in a cylindrical unit cell. If both the
numerator and denominator on the right of
Eq. (14) are multiplied by m/por, then we have

[ R ) T ’
Teﬁ’ Tb a 7% ‘por

L_1, 2ms hy (15)

where /o 1s the depth of macropore and a is the
average distance between the centers of
macropores (see Fig. 1c¢). (The area nr,’ of a
circle is replaced by the square face area a” of a
unit cell — see Fig. 1a). In the general case
Eq. (15) can be written as

o, SSee (16)

’
T‘?{/’ ' Tb I/ch - Vpor

where Vo is the unit cell volume, ¥y is the pore
volume and Sspor is the macropore surface area.
Eq. (10) is equivalent to Eq.(16) provided
Ro, Ry <0.1.

THE MODEL OF EXCESS MINORITY
CARRIER DISTRIBUTION IN
MACROPOROUS SILICON IN THE CASE OF
SPATIALLY INHOMOGENEOUS
GENERATION OF CHARGE CARRIERS

Let us now solve the problem of the
distribution of steady-state excess charge carriers
through the depth of cylindrical unit cell of
macroporous silicon with periodic arrangement
of macropores (see Fig.1c¢). The effective
minority carrier lifetime in the unit cell of
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macroporous silicon with periodic arrangement
of the infinitely long macropores will be applied.
The minority carrier diffusion equation for the
one-dimensional case under steady state
condition for macroporous #n-silicon in the
x-direction (parallel to the pores) is

D 3’ (P(x)  P(x)
P

+ g (@)exp(-ax) =0 - (17)

Topr

Here dp(x) is the distribution function of the
excess minority carrier concentration in the
x-direction, o is the absorption coefficient of
silicon, gop(a) is the generation rate of excess
minority charge carriers at the illuminated
surface, and (Op)s(r) is taken from Eq. (8). The
origin of coordinates is chosen on the
illuminated surface of macroporous silicon. The
x-axis is directed into the macropore depth. The
generation of excess minority carriers is spatially
inhomogeneous due to optical absorption in
silicon. The general solution of the second-order
non-homogeneous linear differential Eq. (17) is

op(x)=C, cosh(Li) — C, sinh(——) -

eff off
gy (@)ar,; exp(-ax) as)
(an/f)z_l
where C; and C, are constants and

L, =,D,t, is the effective minority carrier

diffusion length in macroporous silicon (between
the surfaces of macropore walls).

The distribution functions of the steady-state
excess minority carrier concentration (Eq. (18))
in silicon between the surfaces of macropore
walls (macroporous silicon, see Fig. 1 ¢) and for
single crystal silicon under the macropores (the
single crystal substrate, see Fig. 1 d) are

o, (x) = C, cosh(X,) — C, sinh(X,) = p,, (x) » (19)

&, (x) = C; cosh(X,) — C, sinh(X,) - @gQ (x). (20)

Here g, (- 2ell=Plexpta + Pexpeate—h)),

(od,) ~1
aT, exXp(—ox X X
G, () = SOTEPC@) Xy X
(L) -1 L L

p

X, =Li, L=\D,,» Ly=\[D,z,, 1=l is
2
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the macropore depth and P =mnD?(4a%) is the
pore volume fraction.

The boundary conditions for the surfaces
having surface recombination velocities s, and s>
(see Figs. 1 a and 1 b) are

ddp,(x)

D, dlx g =5,0p, (x)‘xzo (21)
ddp,(x)

S W e =

The excess minority carrier concentrations
calculated for the macroporous layer and single
crystal substrate must be equal at the plane
passing through the bottom of macropores:
dp1(m) = Spa(h). (23)

The excess minority carrier currents flowing
within the macroporous layer and single crystal

substrate must be equal at the plane passing
through the bottom of the macropores, therefore

ofo-nin. )

—Ps,, p(h)=0>

x=hl

24

where spor 1S the surface recombination velocity
of minority carriers on the surface of macropores
(see Fig. 1 b).

The unknown coefficients C;, Cz, Cs and C;
can be found from the system of Egs. (19-24)
that can be written more compactly as
CS +C, - Ap,(0)(aL, +S5,)=0, (25)
C,[sinh(H, )+ S, cosh(H, )]~ C,[S, sinh(H, )+
+COSh(H2 )]+ &gZ (hz )(aLz _Sz) =0, (26)

[C, sinh(H, ) C, cosh(H,)]S, ., (1-P)+
+C,[Pcosh(H,,)- 55", sinh(H,, )|+
+C, [Psinh(H]2)+ S cosh(Hu)]+

2 por
+ aD5p1g(h1) - 5p2g(h2)(S7] +P)=0,

2apor

27

C, cosh(H, )~ C, sinh(H, )~ C, cosh(H, )+

+C, sinh(H,, )~ 3p,, () — 9y, (h,)=0.  (28)
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Here 4, is the thickness of macroporous
silicon, the dimensionless thicknesses and

. . .. h
surface recombination velocities are H, =—L,

1
s, L s,L
le:f, SIZ#, S2:#9
2

p p

h

H
LZ
Sl L= SporLl , S — SporLZ and Sz = Spar .
? D > aD

p P P

THE RESULTS OF CALCULATION OF
EXCESS MINORITY CARRIER
DISTRIBUTION IN MACROPOROUS
SILICON IN THE CASE OF SPATIALLY
INHOMOGENEOUS GENERATION OF
CHARGE CARRIERS

H, =

2 por

We  calculated and analyzed the
concentration distribution of steady-state
excess minority carriers in macroporous
silicon in the case of spatially inhomogeneous
generation  of  charge  carriers.  The
macroporous silicon was illuminated with light
of wavelengths 0.95, 1.05 um. The light was
incident perpendicularly to the surface of
macroporous layer. Part of light entered into
macropores and illuminated a single crystal
substrate because the macropore bottom is a
part of the single crystal substrate surface. The
average macropore diameter was 1 pm. The
average distance between the macropore
centers was 2 um which corresponded to the
average concentration of macropores of
2.5:10"cm?  Volume fraction of the
macropores is 0.2. Surface recombination
velocity is 1 m-s”'. The bulk minority carrier
lifetime was 10 pus. The minority carrier
diffusion coefficient in n-silicon was 12 cm-s™.
The steady-state excess minority carrier
concentration in macroporous silicon was
normalized to its maximum value.

We performed calculation and analysis for
three cases. In the first case, we analyzed
macroporous silicon having substrate thickness
of 300 um and depth of macropores from 0 to
200 um. In the second case, we analyzed
macroporous silicon having thickness from
100 to 600 um and 100 um depth of
macropores. In the third case, we investigated
500 um thick macroporous silicon with
macropores depth from 0 to 500 um.
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CALCULATION FOR CASE 1:
THE MACROPORES DEPTH FROM 0
TO 200 um AND THE SUBSTRATE

THICKNESS OF 300 pm

Fig. 2 shows the calculated distribution
functions of the steady-state excess minority
carrier concentration in macroporous silicon at
different pore depths. The curves 1-5
correspond to macropore depths of 0, 10, 50,
100, 150, and 200 um. The substrate thickness
is 300 um. The steady-state excess minority
carrier concentrations decrease exponentially in

1.0
0.8
0.6
g%
0.4
0.2
0.0
0 100 200 300 400 500
Thickness, pm
a
Fig. 2.

single crystal silicon with thickness of 300 um
(see Fig. 2, curves 1). This decrease is caused
by absorption of light in macroporous silicon
(Fig. 2 @) or by diffusion of charge carriers
toward the surface of recombination (Fig. 2 b).
If the macropores with depth of 10 um are
etched in single crystal with thickness of
310 pm, then the steady-state excess minority
carrier concentration is reduced by increasing
the surface of recombination formed with
macropores (see Fig. 2, curves 2).

B |
|

0.8

0.6
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0.4

0.2 !
]
i ]
00 1 | 1 | 1 I 1 | 1
0 100 200 300 400 500
Thickness, um
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The distribution function of the normalized steady-state excess minority carriers concentration #mc in

macroporous silicon. Macroporous silicon is illuminated with light of wavelengths 0.95 (@) and 1.05 pum (b).
The depths of macropores are 0 (1), 10 (2), 50 (3), 100 (4), 150 (5) and 200 um (6). The thickness of single

crystal silicon substrate is 300 pm

We also see maxima of the distribution
functions of steady-state excess minority carrier
concentration. A similar maximum is observed
in a single crystal silicon at high surface
recombination velocity. The second maximum of
the concentration distribution of the steady-state
excess minority carriers appears only when
macroporous silicon is illuminated with light of
wavelength 0.95 um (see Fig. 1 a, curves 3-6).
The maxima of the concentration distribution of
steady-state excess minority carriers are near the
illuminated surfaces, as seen in Fig. 2. These
maxima are due to diffusion of excess charge
carriers either from the regions with higher

concentration into those  with lower
concentration or to the surfaces of
recombination. As seen in Fig.2a, the

ISSN 2079-1704. X®TI12017. T. 8. Ne 3
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concentration of excess charge carriers increases
in the macroporous layer because the excess
charge carriers diffuse from the single crystal
substrate illuminated with light of wavelength
0.95 um into the macroporous layer where their
concentration is lower. The second maximum of
the distribution function of steady-state excess
minority carrier concentration does not appear
when macroporous silicon is illuminated with
light of wavelength 1.05 um because light of this
wavelength is weakly absorbed and generation of
excess carriers in the sample is almost
homogeneous (Fig. 1 b, curves 2—6). In this case,
the main role is played by bulk recombination of
the excess carriers in the single crystal substrate
and recombination of the excess carriers on the
surface macropores in the macroporous layer.
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The space between macropores in the
macroporous layer is characterized by the
effective minority carrier lifetime because in this
case recombination occurs both in the volume
between macropores and on the surface
macropores. The concentration distribution of
excess carriers in the macroporous layer remains
almost unchanged at increasing thickness of the
macroporous layer and constant thickness of the
single crystal substrate (Fig.2 b, curves 4-0).
This is because the diffusion of excess charge
carriers from the single crystal substrate cannot
deliver a greater number of charge carriers.

OO | I | | | | | | | | |
0 100 200 300 400 500 600

Thickness, um
a

CALCULATION FOR CASE 2:
THE MACROPORES DEPTH
OF 100 yum AND THE MACROPOROUS
SILICON THICKNESS FROM 100 TO 600 um

Fig.3 shows the calculated distribution
function of the steady-state excess minority
carrier concentrations in macroporous silicon
illuminated with light of wavelengths 0.95 (a)
and 1.05um (b). The macropores depth is
100 pm. Curves 1-6 correspond to macroporous
silicon with thicknesses of 100, 200, 300, 400,
500, and 600 pm.

]
[
0 100 200 300 400 500 600
Thickness, pm

b

0.0 —

Fig. 3. The distribution function of the normalized steady-state excess minority carriers concentration #ipc in
macroporous silicon of thickness 100 (7), 200 (2), 300 (3), 400 (4), 500 (5), and 600 um (6). Macroporous
silicon is illuminated with light of wavelengths 0.95 (a) and 1.05 pum (b)

The excess minority carrier distributions
shown in Fig. 3 a and Fig. 3 b are very different.
The distribution of excess minority carriers in
macroporous silicon with through pores is
similar to that in single crystal silicon (see
Fig. 3 a, curve 1). But in this case the effective
minority carrier lifetime in macroporous silicon
corresponds to the bulk lifetimes of minority
carriers in single crystal silicon. The distribution
function of excess minority carriers in
macroporous silicon on a single crystal substrate
has another maximum due to additional
generation of excess charge carriers at the
bottom of macropores (see Fig. 3 a, curve 2). If
the thickness of single crystal substrate is more
than 100 um, then the second maximum
decreases because excess charge carriers diffuse
into the macroporous layer and single crystal
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substrate bulk. Figures 2 b and 3 b show that the
concentration of excess minority carriers in the
macroporous layer is much less than that in the
single crystal substrate when macroporous
silicon is illuminated with light of wavelength
1.05 pm. Electromagnetic =~ radiation  of
wavelength 1.05 um is weakly absorbed, so
generation of excess charge carriers weakly
decreases with distance according to the
exponential law. In this case, the concentration
of excess minority carriers is determined by both
the effective minority carrier lifetime in
macroporous silicon and the bulk lifetime of
minority carriers in the single crystal substrate.
The effective minority carrier lifetime in
macroporous silicon is less than the bulk lifetime
of minority carriers in the single crystal substrate
with higher concentration of minority carriers.

ISSN 2079-1704. X®TI12017. T. 8. Ne 3
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We must also take into account diffusion of the
excess charge carriers from the single crystal

substrate into macroporous layer to the
macropores surfaces where recombination
occurs. This diffusion is caused by the

concentration gradient of excess charge carriers
that appears not only by recombination at the
macropores surfaces but also due to illumination
of the single crystal substrate through the
bottoms of macropores. Actually generation of
the excess charge carriers occurs within the
material, and then they diffuse into the
macroporous layer and toward the opposite
surface of the single crystal substrate. The
distribution function of the excess charge carriers
has no other maximum when macroporous
silicon is illuminated with light of wavelength
1.05 um (see Fig.3 b). The maximum is not
observed because generation of excess charge
carriers in macroporous silicon is almost
homogeneous, and illumination of the
macropores bottoms almost does not affect the
homogeneity of generation of excess charge
carriers. If the single crystal substrate thickness
is increased, then the maximum of concentration
of excess minority carriers in the single crystal
substrate initially increases (see Fig.3 a,
curves 1, 2 and Fig. 3 b, curves 1-5) and flattens
out (see Fig.3a, curves2-6 and Fig. 35,
curve 5). The maximum of concentration of
excess minority carriers in the single crystal
substrate will grow because the minority carrier

1.0

0.8 =

0.6 [+
e L9
=]

041

0.2

0.0 —

0 100 200 300

Thickness, um

400 500

a

lifetime in the single crystal substrate is higher
than that in the macroporous layer. The excess
charge carriers generated by illumination of the
pores bottoms diffuse into both the macroporous
layer and less illuminated part of the single
crystal substrate. The latter will increase as the
thickness of the single crystal substrate grows.
The diffusion intensity of the excess charge
carriers is determined by the diffusion rate, so
the maximum of the distribution function of
excess minority carriers remains unchanged if
the thickness of single crystal substrate is more
than 400 pum.

CALCULATION FOR CASE 3:
THE THICKNESS OF MACROPOROUS
SILICON IS 500 um, DEPTHS OF
MACROPORES VARIES FROM 0 TO 500 um

Fig. 4 shows the distribution function of the
normalized steady-state concentration of excess
minority carriers in 500 pm macroporous silicon
with different macropore depths. Macroporous
silicon is illuminated with light of wavelengths
0.95um (see Fig.4a) and 1.05um (see
Fig. 4 b). Curve 9 shows the normalized steady-
state concentration of excess minority carriers in
the depth of macropores. The distribution of the
normalized steady-state concentration of excess
minority carriers in a single crystal with
thickness of 500 um is shown in Fig. 4 (curve 1).

0.0 :
0 100 200 300 400 500
Thickness, um
b

Fig. 4. The distribution function of the normalized steady-state excess minority carriers concentration 7y, in macroporous
silicon with thickness of 500 um. Macroporous silicon is illuminated with light of wavelengths 0.95 (@) and 1.05 um
(b). Depth of macropores is 0 (1), 10 (2), 50 (3), 100 (4), 200 (5), 300 (6), 400 (7), and 500 um (8). Curve 9 shows
the normalized steady-state concentration of excess minority carriers at a macropore depth
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The concentration of excess charge carriers
decreases sharply in the macroporous layer and
the single crystal substrate at macropores depth
of 10 um (see Fig. 4, curves 2).

Figure 4a shows that curves 1 and 2 have the
only maximum. The second maximum of the
concentration of excess minority carriers appears
if the macropores depth is more than 50 um (see
Fig. 4 a, curve 3). The first maximum of the
concentration exists due to generation of excess
charge carriers on the outer surface of the sample
and the effective minority carrier lifetime in
macroporous silicon. The second maximum of
the concentration appears due to generation of
excess charge carriers at the bottom of
macropores. A minimum exists between the
maxima of the concentration of excess carriers; it
appears when the macropore depth is more than
two effective diffusion lengths of charge carriers
in macroporous silicon (see Fig. 4 a, curves 3—7).
The concentration of excess carriers in the
macroporous layer flattens out and does not
change (Fig. 4 a, curves 4-7). If the size of the
macroporous layer or the single crystal substrate
is less than the diffusion length, then the
concentration of excess charge carriers decreases
sharply (Fig. 4, curves 1-3). Figure 4a shows
that the concentration of excess carriers (curve 9)
firstly decreases as the depth of macropores
grows to 250 um, then flattens out and at last
decreases again at the depth of macropores from
350 to 500 um. Fig.4b shows that the
concentration of excess carriers (curve 9) firstly
decreases as the depth of macropores grows to
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100 um, then flattens out and at last decreases
again at the depth of macropores from 300 to
500 um. The concentration of excess minority
carriers is greatly reduced in the macroporous
layer or the single crystal substrate if their
thicknesses are less than the diffusion length (see
Fig. 4, curves 1-3, 8).

CONCLUSIONS

We have calculated and analyzed the
distribution of concentration of excess minority
carriers in macroporous silicon using our
analytical model. The distributions of the
concentration of excess minority carriers are
different at illumination of macroporous silicon
by light of wavelengths 0.95 and 1.05 um.
Firstly one and then another maximum of the
distribution function of excess minority carriers
in  macroporous silicon are observed at
increasing of the macropores depth in
macroporous silicon illuminated with light of
wavelength 0.95 um. The distribution of excess
minority carriers in macroporous silicon with
through pores is similar to that in single crystal
silicon. But in this case the effective minority
carrier lifetime in  macroporous silicon
corresponds to the bulk lifetimes of minority
carriers in single crystal silicon. We have shown
that the effective minority carrier lifetime in
macroporous silicon depends on bulk lifetime
and surface recombination velocity of minority
carriers as well as on pore radius and the
distance between the centers of macropores.
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Effective minority carrier lifetime and distribution of steady-state excess minority carriers in macroporous silicon

EdexTuBHMI Yac :KUTTS HEOCHOBHUX HOCIIB 3apsay i cranioHapHuii po3moain
HA/UINIIKOBMX HEOCHOBHMX HOCIIB 3apsi/ly B MAKPONIOPUCTOMY KpeMHil

B.®. Ounmenko, JI.A. KapaueBueBa

Inemumym ¢hizuxu nanienposionuxie im. B.€. Jlawkapvosa Hayionanohoi akademii Hayk Yrpainu
np. Hayku, 41, Kuis, 03680, Ykpaina, lakar@isp.kiev.ua

Ompumano npocmuil 6upas, wo 6UHAYAE epeKMUGHU 4Yac JCUMMms HEeOCHOBHUX HOCIie 3apsady 6
MAKPONOPUCMOMY KPEeMHII 3 NepioOUdHUM PO3MAULYBAHHAM HECKIHUEHHO 0082UX MAKPONOD 6 3ANe’CHOCMI 8i0
00'eMHO20 uacy scummsi, WEUOKOCMI NOBEPXHEB0I peKOMOIHAYIT HEOCHOBHUX HOCII8 3apsady, padiyca nop i 8il0CMani
Mide yenmpamu maxponop. Lleil eupaz mooice 6ymu 3acmoco8aHO MAKOHC 00 MAKPONOPUCMO2O KDEMHII0 3
BUNAOKOBO PO3NOOLIEHUMU NOPAMU WIAXOM 3AMIHU paodiyca nop i 6i0CMAaHi M YeHmpamu MaKponop ix cepeoHimu
3HaueHHAMU. /[ 3anponoHO8AHOI HAMU AHATIMUYHOI MOOeNi PO3PAX08AHO CMAYIOHAPHUL PO3NOOLN HAOIUUKOBUX
HEeOCHOBHUX HOCIi8 3apady 8 MaKkponopucmomy kKpemuii. Po3paxyHox eukoHmano Ona 8unaoky, Koau K 306HilUHS
NOBEPXHA MAKPONOPUCIMO20 KPEMHIIO, MAK i OHO NOp 0C8IMII0I0mMbCs ceimaom. Buasneno 08a niku 6 cmayioHapHomy
PO3Nn00iNE HAOTUWKOBUX HEOCHOBHUX HOCII8 8 MAKPONOPUCIIOM) KPEeMHIi noOAU3Y NOBEPXOHb, OCBIMIIEHUX CEIMA0M 3
0oeacunoio xeuni 0.95 mxm. ¥V moii srce uac, saxuwjo Makponopucmuili Kpemuii 0C8imuio8ascs C8imuomM 3 008HCUHOIO
xeuni 1.05 mxm mu cnocmepizanu minbku 0OUH MAKCUMYM 6 (DYHKYIL pO3N0OLTY HAOIUUKOBUX HEOCHOGHUX HOCII8
3aps0y, He38aCaAOYU HA me, Wo OHO NOP MAKOIC 0CEIMNI08aAN0Ch ceimaom. Tlokaszano, wo po3noodin HadIUUKOBUX
HEOCHOBHUX HOCII8 3apsAdy 6 MAaKpONOPUCMOMY KpPeMHil 3 HACKPIZHUMU NOPAMU AHANOSIYHULL 00 PO3Nnooiny 8
MOHOKDUCMANIYHOMY KpeMHil. Ane 6 yboMy 6unaoky e@ekmuHull 4ac HCUMmsi HEOCHOBHUX HOCI8 3apsdy 6
epekmusHoMy cepedouIi MAKPONOPUCTNO20 KPeMHilo, sAKe BKIYAE KPeMHill ma No8epXHi0 Nop, 6ionosioac
00'eMHOMY UaCy HCUMMS HEOCHOBHUX HOCIi8 3aps0y 8 MOHOKPUCMALIYHOMY KDEMHII.

Knwowuosi cnosa: epexmusnuil vac scumms HEOCHOBHUX HOCII8 3apsidy, pO3n0OLl HAONUUWKOBUX HEOCHOBHUX
HOCIi8 3aps0y, MAKPpONOPUCUL KPEMHill

P pekTUBHOE BpeMs KU3HH HEOCHOBHBIX HOCUTeJIEH 3apsiia U CTALIMOHAPHOE
pacnpeeeHne U30LITOYHBIX HEOCHOBHBIX HOCHTEIEH 3apsi/ia B MAKPONIOPUCTOM KPeMHUH

B.®. Ounenko, JI.A. KapaueBuena

Hucmumym ¢huzuxu nonynpoeoonuxos um. B.E. Jlawkapésa Hayuonanonoii akademuu nayx Yxpaunol
np. Hayku, 41, Kues, 03680, Yxpauna, lakar@isp.kiev.ua

Ionyyeno npocmoe gvipadicerue, onpedensioujee 3¢hghekmusHoe 8pemsa HU3HU HeOCHOBHBIX Hocumenell 3apsaoa
8 MAKPONOPUCHOM KDEMHUU C NEPUOOULECKUM PACHONONCEHUEM DECKOHEUHO ONUHHBIX MAKPONOP 8 3A8UCUMOCIU OM
00beMHO20 8peMeHU HCU3HU, CKOPOCMU NOBEPXHOCMHOU PeKOMOUHAYUY HeOCHOBHLIX HOcumenell 3apsaod, paouyca
nop U PpAaccmosaHus Mexcoy UeHMpamu MAaKkponop. Omo 8vipadiceHue Modcem Oblmb HPUMEHEHO MakKyice K
MAKPOROPUCIOMY KPEMHUIO CO CIYYAUHO PACNPEOesieHHbIMU NOPAMU NYMeM 3aMeHbl paouyca nop U pacCmosiHusl
MeAHCOy YEHMPAMU MAKPONOp UX CPeOHUMU 3HadeHusmu. [[ns npeonodceHHOU HaAMU aHATIUMUYeckol Mmooenu
PACCUUMAHO CMAyUoOHapHoe pacnpeoeneHue U3OblMmoYHbIX HEOCHOBHbIX HOCUMeNell 8 MAKPONOPUCOM KPEMHUU.
Pacuem svinonnen ons cayuas, xo20a KAK GHEWIHSS NOBEPXHOCHIL MAKPONOPUCHOZ20 KPEMHUS, MaK U OHO NOp
ocsewjaromes ceemom. Buiseneno 0eéa nuxa ¢ cmayuonaprom pacnpeoenenuu u30bImMOYHbIX HEOCHOBHBIX HOCUMeNel
3apsa0a 6 MAKpONOPUCIOM KPEMHUU GONU3U NOBEPXHOCMEl, OCBCUEHHbIX C8emOM ¢ OIuHOU 60Hbl 0.95 mxm. B mo
JHce 8pems, eciu MAKPOROPUCMbINL KPEMHUL 0C8euancs cgemom ¢ OMuHol 6oausl 1.05 mMkm, Mbl HAOIIOOANU TMONBLKO
OOUH MAKCUMYM 8 yHKYUU pacnpedenieHus U30bIMOYHbIX HEOCHOBHBIX HOCUmenell 3apsaod, HeCMOmMPs HA MO, 4mo
OHO nop maxoice ocgeujanocy ceéemom. Ilokazano, umo pacnpedenerue u3ObIMOUHBIX HEOCHOBHBIX HOCUMeNel 3apsaoa
8 MaKpOnOpUCIOM KpPeMHUU CO CKBO3HbIMU NOPAMU AHANOSUYHO PACNPeOeNeHUut0 8 MOHOKPUCTHATIUYECKOM
kpemuuu. Ho 6 amom ciyuae sgpgpexmuenoe epemst HcusHu HEOCHOBHBIX HOCUmMenel 3apsaoa 8 d(hgekmuenoll cpede
MAKpONOPUCMO20 KpeMHUs, KOMOpds 6Kuoddem KpPeMHUll U NOBEpXHOCMb NOp, cOomeemcmeyem o0bEMHOMY
BPEMEHU JHCUZHU HEOCHOBHBIX HOCUMenell 3apiod 8 MOHOKPUCMALIUYECKOM KPEMHUU

Knrwouesvie cnosa: spgpexmusnoe 8pems sHcu3HU HEOCHOBHBIX HOCUMENell 3apsda, pacnpedeietue U30blMmoUHbIX
HEOCHOBHBIX HOCUmeNell 3apsaoa, MAKPONOPUCMbLUL KPEeMHUL
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