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PHOTOEFFECT PECULIARITIES
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The effects of increase in photoconductivity in ecroporous silicon structures have been exam-
ined as a function of the distance between cylimiacropores. The ratio of macroporous silicon photo
conductivity to bulk silicon one has been foundthieve a maximum at the distance between macro-
pores equal to the double thickness of the Shiztyler what corresponds to the experimental resilke
relaxation time of photoconductivity for macroposasilicon structures was found to be defined by the
light modulation of the barrier on macropore sumiacwhereas its relaxation to occur according to the
logarithmic law. If T>180 K, the temperature depende of the relaxation time of photoconductivity is
defined by a thermo-emission mechanism of the cutransport in the space charge region and below
100 K the relaxation time is controlled by the meses of tunnel current flow.

INTRODUCTION

Macroporous silicon structures, unlike those
of micro- and mesoporous one, are a material
having a system of cylindrical air channels ar-
ranged in parallel one to another and normally to
the substrate surface. Such structures are charac-
terized by a large effective surface area what has
a considerable effect on optical, electro-physical,
and photo-electrical properties of the material.
Macroporous silicon is promising for use in the
infra-red spectral range owing to the optical ab-
sorption enhance [1], the photoconductivity en-
hance in the spectral range of the band-to-band
light excitation [2], and to the possibility to
measure additional photoconductivity bands [3].
The electron conductivity, concentration, and
mobility as dependent on the macropore size and
period have been studied for two-layer structures
of "macroporous silicon—silicon" [4]. Both the
microstructure of the macropore surfaces and the
built-in electric field were found to depend on
the parameters of the electrochemical process:
the initial voltage and the current density [5]. At
the same time, the sign of the main maximum in
electroreflection spectra and the dependence of
its amplitude on the static bias correspond to the
formation of inversion (Schottky) layers at the
macropore surfaces. That is why the conducti-
vity and photoconductivity of the macroporous
silicon structures are defined in this article as
dependent on the distance between cylindrical
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macropores, the Shottky layers at the macropore
surfaces being taking into account. The photo-
conductivity relaxation time and its temperature
dependence for macroporous silicon structures
have been studied experimentally and analyzed
theoretically. The analysis was carried out taking
into account the mechanism of current transport
through a barrier in the space charge region at
the macropore surfaceBhe models of “frozen”

or barrier photoconductivity considered previ-
ously in [6-8] were mathematically based, as a
rule, on a linear model; i. e. the variation of the
surface band bending under illumination was
believed to be less thd/e the photoconduc-
tivity being depending linearly on the illumina-
tion intensity. In this work, we examine the case
when the variation of the surface band bending
under illumination is larger thaqr/e

METHODOLOGY

Specimens were made up of silicon plates
characterized by the [100] orientation and the
n-type of conductivity i, = 10"°>cm®). The
method of electrochemical etching at illuminat-
ing the back side of a silicon substrate of the
thicknessd = 4006-450 um [9, 10] was used to
form cylindrical macropores of the depth=
140+150 pm with diameterD, = 2+9 ym and
concentratiorNe = (0.5:2)[10° cmi®. The ohmic
contacts In/single-crystalline n-Si  and
In/macroporous-Si with a transient resistance



L.A. Karachevtseva, V.F. Onyshchenko, A.V. Sachenko

of 4+10 Q@n? were fabricated by thermal
deposition of indium in a planar 4-probe con-
figuration; the distance between the contacts
was of 4 mm [4].

The photoconductivity spectra were meas-
ured at wavelengthd = 0.8-1.5 um that in-
cluded the band-to-band light excitation. The
relaxation of photoconductivity in the samples

Table 1. Macroporous silicon parameters

of macroporous and single-crystalline silicon

(see Table 1) was measured provided light fell
normally to the surface, the contacts were
screened, and the nonequilibrium charge carriers
were pulse-excited with a GaAs laser diode with
a 40 ns pulse duration and the wavelength of
0.88 um. The laser pulse intensity at measure-
ments was of TOphoton/(criis).

N H, um h., um D , um aD , um p,, Qcm n 10 em.
1 450 140 2 25 4.6 0.23
2 400 150 3 15 1.17 25
3 400 150 9 1 0.44 18
4 450 Si single crystal 38 0.22

DEPENDENCE OF CONDUCTIVITY AND
PHOTOCONDUCTIVITY ON PORE GE-
OMETRY IN MACROPOROUS SILICON

STRUCTURES

To find the dark conductivity and photocon-
ductivity, we consider macroporous silicon with
a regular structure of cylinder macropores with a
perioda (Fig. 1).The elementary cell consists of
macropores with diametdd, and the distance
between porea — D, (Fig. 1, inset). The ratio of
the cylinder macropore surface area to that of
the crystal surface is equal to:

S, _ 7D, +2w)?
2a? '

S

That takes into account the Schottky layers
of thicknessw around a macropore. Herg, is
the area of the elementary surface cell limited to
lines between the centers of macropores, &nd
is the part ofS occupied by macropores inclu-
ding the Shottky layer. The thickness of the
Shottky layer on the macropore surface is de-
termined by the formula from [11]:

nO

0T j @

5 05
w=0.18 T 10 j 2In(
Here, T is the absolute temperatune, and

1)

300 n,

n;(T) are the equilibrium electron concentra-

tions in silicon matrix and the intrinsic charge
carrier concentration in silicon, respectively. The
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Shottky layer thicknesses are equal o =
0.9+1.15pm at T = 7#300K (ny = 10° cm®)
for the examined macroporous silicon structures
and determine the dark resistance of silicon ma-
trix for the structures with the distance between
macroporest— D, = 0.6-3.6 pum.

The dark resistance of a structure with regular
cylinder macropores was determined as two series
resistances of the silicon matrix (1) with area

S, — Sp and thicknesh, and of the silicon substrate
(2) with areaS, and thicknessl —h . This gives:

d-h h 1
d d—hl_n(Dp+ZEVV)2
2@°
whereRy is the dark resistance of a crystal

without pores. According to (3), the resistance of
the crystal increases in the presence of macro-
pores more rapidly when there are Shottky lay-
ers around pores wittv — Dy/2.

Under the conditions estimated earlier, the
ratio of the photoconductivity of the macropor-
ous silicon structure with highly depleted or in-
versed surface potential to that of the bulk sili-
con is proportional to the ratio of the total pore

surface areeSSp to the structure surface arga
S B ﬂnDp

sp

S @

» (3)

, a—Dp22W.

(4)
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Fig.1. Two-dimensional macroporous sili-
con photonic structure with cylin-
drical macropores and its elemen-
tary cell consisted of four neighbor-
ing pores.

This ratio amounts to the value of-3M0
for the macroporous silicon structures under
study. When the distance between macropores is

45

a-Dp,um

Fig.2. Ratio of macroporous silicon photoconductivity

to bulk silicon photoconductivity versus dis-
tance between pores: (1) theoretical calculations

for D, = 2um, ny = 10° cm?, (2) experimental
data and (3) theoretical calculations for macro-
porous silicon structure with,= 0.5-6 ym, a —

D, = 0.65 4um, ny = 10°cm®.

comes thinner, and the ratio of the macroporous

silicon photoconductivityo ,,, to that of the

less than double thickness of a Shottky layer Pulk silicond ,, diminishes:
(a-D, < 2w), the resulted depleted layer be-
7hD,
Gohp a’ ,for a-D_=2w
O ohb ) 7hD, a-D, i ®)
P 2 ,for a-D_<2w
a 2w P

The sharp decrease in this ratio is due to the
overlapping of Shottky layers and a decrease of the
conductivity modulation under illumination. The
dependences of the ratio (5) on the distance be-

tween poresa—D, are shown in Fig. 2 with a

maximum value of 44 Whera—Dp =2w. It

should be noted that the equation (5) is valid when
macroporous silicon becomes excited uniformly
along the full depth of macropores. The maximum
value of the photoconductivity ratio experimen-
tally measured is of 32 (Fig. 2) for silicon optica
absorption depth of 50m (the absorption coeffi-
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cient is of 2-10cm™ for A = 0.95um) ata- D, =

2 um what corresponds to the double thickness of
a Shottky layer. The experimental data are in a
good agreement with the theoretical calculations.

According to the model examined, the main
contribution to the macroporous silicon photo-
conductivity is made by illumination-induced
modulations of the Shottky layer conductivity.
Here, the Shottky layer thickness is less than that
in darkness and corresponds to the additional
electron conductivity. In the case of conductivity
inversion, the Gibbs excess of electrons under
illumination is given by:
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T 10%
300 n,

Ny
n,(T)

AN =0.182 EI.O"‘(

J 1Vl

where Ayg= degs /KT is a change in the dimen-
sionless surface potential under the illumination.
The value Ayg is found from the electro-

neutrality equation that includes a surface level
charge, a non-equilibrium holes charge and a
charge of completely ionized donors in the Shot-
tky layer under illumination. The surface states
were approximated by two discrete surface lev-
els [12]. Thus, the ratio of macroporous silicon
photoconductivity to bulk silicon dark conduc-
tivity is determined by a formula:

AN nth a-D,
a2

p m _
O 10y =€UK

Ry, (1)

2W

where, U, is the electron mobility and is a

coefficient considerably less than unity which
takes into account the fact that Shottky layers
do not fill completely the space between

pores. The ratioo,,” /g,"is logarithmically

dependent oAyg, and the photosensitivity of

the crystal with pores is larger than that of
bulk silicon.

, a.u.
o
o

ph

Photoconductivityg
o
N

o
i

o
o
o

Fig. 3. Experimental (circles) and theoretical
(curves) dependences of photoconduc-
tivity relaxation in macroporous silicon
specimen 1 at various temperatures: 80
(1), 100 @), 160 @), 220 @), 240 H),
and 300 K §).
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PHOTOCONDUCTIVITY RELAXATION
TIME IN MACROPOROUS SILICON
STRUCTURES

The experimental plots of the photoconductiv-
ity relaxation (Fig. 3) in macroporous silicon can-
not be approximated by an exponential law. The
characteristic relaxation times of photoconductiv-
ity in macroporous silicon are of hundreds of mi-
croseconds at room temperature and tens of milli-
seconds at < 200 K what are almost an order of
magnitude larger than that in single-crystalline
silicon.

Fig. 4 (curvesl-3) shows the temperature de-
pendence of the photoconductivity relaxation
time 7 in macroporous silicon. Within the tem-
perature range of 18300 K, ther,; temperature
dependence has an activation character with the
activation energy value of (0.80.1 eV). At
T<100 K, thery value becomes practically inde-
pendent on the temperature. The temperature de-
pendence of the relaxation time of photoconduc-
tivity in single-crystalline silicon (Fig. 4, cund
is characterized by a lower activation energy (less
than 0.08 eV), and it correlates to the temperature
dependence of the capture cross-section for a re-
pulsive centre [13].
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Fig. 4. Temperature dependences of the photo-
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conductivity relaxation time s for
macroporous silicon specimens 1), (2
(2, 3 @ from Table, the single-
crystalline one(4) and the calculated
non-ideality factoysfor specimen Z5).
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The previous results [14] on the current-
voltage characteristics of the barrier contact "in-
dium—macroporous silicon" not subjected to illu-
mination are evidence of the realization of both
thermoemission and tunnel mechanisms of the
current transport by charge carriers. The ther-
moemission one has the activation energy of
about 0.25 eV and dominates witfirr 186-300
K what correlates with the data on the tempera-
ture dependence of the photocarrier lifetime (Fig.
4, curvesl-3). Hence, the activation temperature
dependence of the photocarrier lifetime in macro-
porous silicon structures is controlled by the po-
tential barrier in the subsurface region of macro-
pores. It is connected with the fact that the barri
decreases the recombination between photoelec-
trons in the silicon matrix and holes at the silico
surface. At the temperatufec100 K, the lifetime
of  photocarriers  becomes  temperature-
independent (Fig. 4). According to [14], &t=
77+100 K, the non-ideality factgf for nonlinear
current-voltage characteristics grows from 1.5 to
5 with lowering temperature what is typical for
the tunnel mechanism of current transport.

THEORETICAL ANALYSIS OF THE
PHOTOCONDUCTIVITY RELAXATION IN
MACROPOROUS SILICON STRUCTURES

According to the above results, the photocon-
ductivity relaxation in macroporous silicon struc-
tures has some specific features as compared with
that in single-crystalline silicon. The origin of
those features is that, owing to the developed sur-
face of macropores, light-generated electron-hole
pairs are brought mainly into the space charge
region at the macropore surface, which is for n-Si
a potential well for holes and a potential barrier
for electrons [11]. While analyzing the photocon-
ductivity relaxation in macroporous silicon, the
fact is to be taken into account that the barrier
height egs decreases under illumination and in-
creases during the process of photoconductivity
relaxation. This phenomenon should result in a
non-exponential character of relaxation (Fig. 3)
and in the growth of the effective lifetime value
as compared with that in single-crystalline silicon
according to experimental results (Fig. 4).

To simulate the photoconductivity kinetics, let
us consider the macroporous silicon structure with
cylindrical macropores presented in the inset in
Fig. 1. When falling perpendicularly to the macro-
porous silicon surface (parallel to cylindrical
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macropores), the light is absorbed by silicon lo-
cated between macropores. In accordance with
experimental data [4, 6, 11], let us assume that, i
the space charge region adjacent to the surface of
cylindrical pores, there exist equilibrium band
bendings which correspond to the inversion of
conductivity. The photoconductivity relaxation in
macroporous silicon was estimated, taking into ac-
count the assumption that the photoconductivity is
controlled by nonequilibrium electromdN which
partially fill the equilibrium Schottky layer, i. e
aph = q:unAN ' (8)

Let the kinetic equation for finding the law of
photoconductivity relaxation be written down in
the form

dAN _

F__jr(t)' )

The quantityj.(t) is a recombination flux
through the macroporous surface determined
from the current-voltage characteristics of a sur-
face barrier (like those for Schottky contact or
p—rjunction) provided that the circuit is broken:

. J Ay (t)
t)y=— —==2 -1,
=% exf 20

Here J; is the saturation current surface den-
sity, Bis the coefficient of non-ideality of current-
voltage characteristics, anly(t) is the change
in the surface potential after illumination. When
substituting Eg. (10) into Eg.(9), we obtain
for Ayg(t) >1 a logarithmic relaxation law:

(10)

AN(t) O2Lyn, x )
x(\[Yo =y/Yo ~ Ly, (t =0) + BIn(L+t/7,))

;= ko o _Ays(t—O)j_ 0

I\ Yo 14

Here Lp is the Debye screening length, =
egs/KT is the dimensionless equilibrium band
bending on the macropore surface. The magni-
tude of the effective photoconductivity relaxation
time (7)) necessary to reduce the photoconductiv-
ity by half is determined from the equation
VYo = Yo~ By, (t=0)+ BIn(L+7,/7,) 1

(Yo =¥ —By.(t=0) 2
Let us analyze the temperature dependence of

the effective time s in macroporous silicon.
Within the range of high enough temperatures,

13
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where the thermoemission mechanism of current
flow dominates £ = 1), the quantity
I, ~exp((E, — Ay (t=0)/kT), and 7 value

grows exponentially with the temperature de-
crease. The situation is not changed essentially in
the intermediate temperature region, where the
recombination mechanism of the current

flow dominates, i.e. when =2 and
T, ~exp(E, /2kT) . The rate of thers growth

becomes slower as compared with those in the
case considered above. Fundamental modifications
occur at the low enough temperatures, when the
tunnel mechanism of the current flow becomes

dominant. In this cas@ = &; /KT, whereg; is

the characteristic tunnel energy. Therefore, the
ratio Ay, (t =0)/ B is equal toln(J,/Js) where

Jon is the surface density of photogeneration cur-
rent and should not depend on the temperature, if
the quantityls is temperature independent. That is
why the lifetime of photocarrierg; would be ei-
ther independent or weakly dependent on the tem-
perature in the low-temperature range when the
tunnel mechanism of current dominates.

By fitting the theoretical dependences of the
photoconductivity relaxation (11) to experimental
ones (Fig. 3), the magnitudes of the surface poten-
tial in darkness, yo, and under illumina-
tion,y, — Ay, (t = 0), were determined. In particu-

lar, the dimensionlesg-value atT = 300 K is ap-
proximately equal toy§| = 12, which corresponds
to the equilibrium surface band bending of about
0.31 eV and to the experimental temperature de-
pendence of the photoconductivity relaxation time
T With the activation energi, = 0.31+ 0.01 eV
(Fig. 4, curves 1-3). In Fig. 4 (curve 5) the terape
ture dependence of tifactor is depicted, which is
obtained after (13) and the experimental data from
(Fig. 3). The figure demonstrates that the depend-
ence corresponds to the thermoemission mechanism
of current flow 3= 1) atT = 186-300 K and to the
tunnel one §> 2) at T <100 K in analogy to the
experimental temperature dependences.

CONCLUSIONS

The effects of the photoconductivity in-
crease in the periodical macroporous silicon
structures have been examined as dependent on
the distance between macropores, an inversion of
conductivity at the macropore — silicon interface
(Shottky layer) being taken into account. The ra-
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tio of macroporous silicon photoconductivity to
bulk silicon photoconductivity has been shown to
achieve a maximum at the distance between
macropores equal to two thicknesses of Shottky
layer what corresponds to the experimental data.
The increase in photosensitivity is due to thedarg
macropore total surface area and the existence of
Shottky layers in macropore subsurface region.
The photoconductivity kinetics in macropor-
ous silicon has been found experimentally to have
a nonexponential law of relaxation. Within the
rangeT = 180-300 K, the temperature depend-
ence of the photoconductivity relaxation time has
an activation character with the activation energy
of 0.3:0.01eV and does not depend on the tem-
perature atT < 100 K. The character of the
photoconductivity relaxation in macroporous sili-
con has been analyzed theoretically as dependent
on the mechanism of current flow through the
subsurface region of space charge. The effective
relaxation time of photoconductivity has been
found to be controlled by the light modulation of
the barrier on the macropore surfaces whereas the
relaxation itself follows the logarithmic law. The
temperature dependence of the photoconductivity
relaxation time is determined by the thermo-
emission mechanism of the current flow through
the subsurface space charge region at T>180 K,
and, below 100 Kby the tunnel processes of cur-
rent flow. In the last case, the tunnel probahility
the photocarrier lifetime, and cross-section of
photocarrier capture do not depend on the tem-
perature. The dimensionlegsvalue is about 12
at room temperature what corresponds to the
equilibrium surface band bending of about 0.31
eV and correalte with the data on activation en-
ergy E, of the experimental temperature depend-
ence of the photocarrier lifetime.
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OcobsuBocCTi poTOEPEKTY B CTPYKTYPAX MAKPONOPUCTOI0 KPEMHII0

JLLA. KapaueBueBa, B.®. Onumenko A.B. Cauenko

Inemumym ¢hizuxu nanienposionuxie im. B.€. Jlawkapvoea Hayionanohoi akademii Hayk Ykpainu,

npocn. Hayku, 41, Kuie 03028,Vxpaina, lakar@isp.kiev.ua

Hocniosceni epexmu niosuwgennst pomonpogionocmi 6 CmpyKmypax MaKponopucmo20 KpeMHuiio 8 3a1elcHOCmi
810 GIOCMAHI MIJC YUNTHOPUYHUMU MaKponopamu. Bcmanoeneno, wo 6i0HOWeHHs: (homonpogioHOCmi MAKPONopuc-
mMo2o KpeMHilo 00 POMOnpoGiOHOCMI MOHOKPUCMANIUHO20 KPEMHIIO 00CALAE MAKCUMYMY NPU BIOCMAHI MIdC nopa-
Mu, siKka 0opieHioe 06om moswunam wapy [Llommxi, wo eionosidae pezynomamam ekcnepumenmy. Yac peraxcayii
@omonposionocmi cmpykmyp MaKxponopucmoz20 Kpemuilo 8UsHAUacmuscs MOOYIAYIEI0 C8imaoM bap'epy Ha noeepxHi
Maxponop, a it peraxcayis iddysaemuvcsa 3a aocapugpmiunum 3axonom. Ipu T>180K memnepamypua 3aresxicnicmo
uacy peraxcayii homonpogionocmi UHAUAEMbCI MEPMOEMICIIHUM MEXAHIZMOM NPOXOONCEHH cmpyMy 8 oOracmi
npocmopoeo2o 3apady, a npu T<100K - mynervnumu npoyecamu cmpymonepeHocy.

Ocobennoctu porodddexta B CTPYKTypax MAKPONMOPHUCTOI0 KPEeMHHUS

JILA. KapaueBueBa, B.®. Onumenko, A.B. Cauenko

Huemumym ¢usuxu nonynposoonukos um. B.E. Jlawkapesa Hayuonanvhou axademuu Hayk Ykpaunl,
npocn. Hayxu, 41,Kuee 03028,Vkpauna, lakar@isp.kiev.ua

Hccneoosanvt 3¢pgpexmor nogvlueruss homonpogooumMocmu 8 CIMpyKmypax Makponopucmoz2o KpemHus 6 3a6u-
CUMOCIU OM PACCTNOAHUSL MeHCOY YUTUHOPULECKUMU MAKPONOpamu. Ycmanosneno, 4mo omuouieHue pomonpogo-
OUMOCIU MAKPONOPUCIIOZ0 KPEMHUSL K (POMONPOBOOUMOCU MOHOKPUCALIUYECKO20 KPEMHUs docmuzdem MaK-
CUMYMA NPU PACCMOSTHUU MeHCOY NOPAMU, PABHOM 08YM moawunam cios LLlommku 6 coomeemcmeuu ¢ pesyroma-
mamu dKcnepumenma. Bpems penaxcayuu pomonpogooumocmu cmpykmyp mMakponopucmozo Kpemuus onpeoens-
emcs MoOysyuell C6emom bapvepa Ha NOBEPXHOCMU MAKPONOP, A ee PelaKcayusi npoucxooum no jozapupmuie-
cxomy 3axony. Ipu T>180.K memnepamyprnas 3a6ucumocms epemenu peiaxcayuu pomonpoeooumMocmu onpeoes-
emcs. mepMOIMUCCUOHHbIM MeXAHUBMOM NPOXOAHCOeHUs MOKA 6 obaacmu NnpocmpaHcmeeHHO20 3apAod, d npu
7<100K - myHnenvbHbiMU NpOYeccamu moKonepeHocd.
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