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Free charge carriers in mesoporous silicon
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Free charge carriers in mesoporous Si~meso-PS! consisting of Si nanocrystals of small dimensions of about
6–10 nm are investigated by the infrared-absorption technique. Adsorption of acceptor molecules or filling the
pores with dielectric liquids are found to increase the concentration of free holes~p! in meso-PS up to the half
of the doping level of the heavily boron-dopedp1-Si substrate (p;531018 cm23) from which the meso-PS
was made. Considering the value ofp and the dc electrical conductivitys, the hole mobility is determined as
about 531024 and 531023 cm2 V21 s21 for as-prepared meso-PS and meso-PS filled with a polar dielec-
tric liquid, respectively. The activation energy is larger fors than forp giving evidence for thermal activation
of the hole mobility. A model of the dielectric confinement for charge carriers and hydrogenic impurities is
applied to explain the dependence ofs andp on the dielectric constant of the ambience of the Si nanocrystals.

DOI: 10.1103/PhysRevB.64.085314 PACS number~s!: 68.08.2p, 82.45.2h, 81.65.2b
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I. INTRODUCTION

The existence of free charge carriers in porous semic
ductors or semiconductor nanocrystals is a complex probl
which concerns questions as carrier localization, compe
tion, and binding energy of charge carriers in nanocrys
with a dielectrically modified ambience. The importance
the dielectric confinement for the binding energy of hyd
genic impurities and excitons in semiconductor nanostr
tures was discussed for the first time by Keldysh.1 However,
the experimental proof of the pure dielectric confineme
i.e., the dependence of the free-carrier concentration on
dielectric constant of the ambience of the semiconduc
nanocrystal is complicated due to the complexity of the pr
lem. Mesoporous silicon~meso-PS! may serve as a mode
system to investigate free charge carriers in porous semi
ductors for three main reasons.

~i! Meso-PS consists of interconnected Si nanowires~di-
ameters 6–10 nm!.2 Such structures are optimal for studyin
dielectric effects since the quantum confinement does
strongly modify their electronic states.3,4

~ii ! Meso-PS is formed from heavily dopedp-type Si
(p1-Si) and the doping impurities are not removed duri
the electrochemical formation process.5,6

~iii ! The huge internal surface~area of the order of
100 m2/cm3) ~Ref. 7! can be well passivated for Si surface
which gives the opportunity to separate processes relate
surface states from those being related to dielectric effec

The absence of free charge carriers in meso-PS has
suggested in numerous works~see, for example, Refs. 5, 6
8, and 9! regarding its very low electrical dc conductivitys.
Actually, s in meso-PS is typically in the range betwe
1024 and 1027V21 cm21, which is much lower than for the
p1-Si substrate (s;102–103 V21 cm21).9–11 The low
value of s cannot be explained by carrier depletion due
the quantum-confinement effect as for nanoporous
~nano-PS!.8,12,13According to Lehmannet al.10 the low value
of s in meso-PS is caused by charged-surface traps cons
ing conductive pathways in the silicon skeleton by Coulo
0163-1829/2001/64~8!/085314~8!/$20.00 64 0853
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repulsion. Other interpretations of the low value ofs are
based on hypotheses of hydrogen passivation of doping
purities inside the Si nanocrystallites,9 of location of doping
atoms at the surface of the nanowires,6 or of complete com-
pensation by surface states.8

The concentration~free-hole concentrationp) and mobil-
ity m of free carriers determine the value ofs. A low value
of m was estimated from ambipolar diffusion measureme
in meso-PS (102421025 cm2 V21 s21) ~Ref. 11! and ex-
cludes the argument of full compensation (p'1010 cm23).
Convincing data ofp are practically not available for meso
PS. There is only one publication giving values for the fre
electron concentration and Hall mobility in meso-PS form
from heavily dopedn-type Si.14 But these results cannot b
applied to conventional meso-PS formed fromp1-Si due to
very different morphology and sizes of the S
nanostructures.15

The measurement of the free-carrier concentration by
frared~IR! spectroscopy is a standard method for bulk se
conductors. It can be also applied to meso-PS if taking i
account that the length of interaction of free charge carr
with electromagnetic waves of the middle IR range is of t
order of 1 nm, i.e., much lower than the characteristic dim
sions of the interconnected Si nanowires. The IR absorp
by free carries is a second-order process,16 the contribution
of which should be detected as a background of the IR
sorption by chemical bonds at the huge internal surfa
Theiß17 simulated the IR reflectance spectrum of meso-
formed from strongly degeneratedp1-Si (p51.1
31020 cm23) using the Drude model and a reducedp of
2.331018 cm23. Direct evidence of the IR free-carrier ab
sorption in meso-PS has been recently reported.18

The electronic properties of porous silicon are very sen
tive to different gases19–22 and polar liquids.20,23,24 Various
mechanisms of adsorption-induced modification of the p
toluminescence of nano-PS were reported24–26and the influ-
ence of polar liquids on excitonic states in Si nanocryst
was shown by the anticorrelation of the photoluminesce
efficiency and dielectric function of polar liquid.25,26 One
©2001 The American Physical Society14-1
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should expect a similar influence of the dielectric ambient
the impurity binding energy in meso-PS as on the exci
binding energy in nano-PS due to the similarity of the el
trostatic problem for an exciton and an impurity atom ins
Si nanocrystals. On the other hand, adsorbed or conde
molecules change the electronic states at the internal su
of meso-PS. For example, a strong increase ofs in meso-PS
was observed after absorption of NO2 ~electron-acceptor!
molecules,22 which can be related to the strong increase
p.18

The current paper is aimed at determining the concen
tion of free carriers in meso-PS and to show the role
different adsorbed and condensed molecules inside the p
The effect of dielectric confinement is separated fro
surface-related effects. The independent investigation op
~infrared free-carrier absorption! ands ~dc electrical conduc-
tivity of Au/meso-PS/p1-Si structures! is used to estimatem
in meso-PS under different conditions.

II. EXPERIMENTAL DETAILS

Meso-PS layers were formed fromp1-Si wafers ~100!
~boron doped,r'15 m V cm) by electrochemical anod
ization in HF-based solution@HF~48%!:ethanol51:1# at a
current density of 50 mA/cm2. The free-standing meso-P
films were obtained by lifting during a short electropolishi
step at a current density of 500 mA/cm2. After fabrication
the samples were shortly rinsed in water and dried in2
flow. The porosity was about 50%. The thicknessd ranged
from 10 to 75 mm depending on the anodization time. A
cording to analysis of Raman spectra27 the mean diameter o
the Si nanocrystals~approximated by a model of cylindrica
wires! was about 7–9 nm.

Free-standing meso-PS films were investigated by Fou
transform infrared~FTIR! spectroscopy using a Bomem
DA-3 FTIR spectrometer in transmission mode. The m
surements were performed in the spectral range fr
500 cm21 to 4500 cm21 at different temperatures.

Current-voltage (I -V) measurements were carried out
Au/meso-PS/p1-Si structures. The Au contacts~100 nm
thick! were evaporated on meso-PS layers via a mask
2 mm2 area. The Ohmic back contact to thep1-Si was
made by InGa alloy. TheI -V characteristics were measure
with a HP4140B digital pA meter in a narrow potential ran
around 0 V to avoid any injection effect. The 30–60mm
thick meso-PS layers were used to eliminate an influenc
the Schottky barrier at the Au/meso-PS interface for the
termination ofs.28 The I -V measurements were performe
in a vacuum chamber in different environments~vacuum, air,
vapors of organic liquids! at different temperatures. The de
pendence ofs on the presence of adsorbed or conden
organic molecules was studied for the organic substan
with different static dielectric constants: ethanol, cyclohe
ane, trichloroethane, and isobutylmethylketon. The cond
sation of the molecules inside the pores was controlled
the reflectance measurement of meso-PS using a probe
of a He:Ne laser~633 nm!. The reflection coefficient of
meso-PS increased when the molecule condensation
curred. According to the reflectance measurements the
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densation of vapor of the investigated organic liquids in
pores always took place at the vapor pressureP5Ps and was
avoided at the partial pressureP,Ps/5, wherePs is the satu-
ration pressure of corresponding dielectrics.

III. IR FREE-CARRIER ABSORPTION

A. The concentration of free carriers

Typical IR transmittance~T! spectra are shown in Fig. 1
for as-prepared meso-PS, meso-PS after adsorption of2
molecules, and for thep1-Si substrate. The logarithmic sca
of T is chosen to show simultaneously both vibration
modes of surface bonds and features related to the IR f
carrier absorption in meso-PS. The Si-Hx stretching modes
~2050–2200 cm21), Si-H2 scissors mode, and Si-Hx wag-
ging modes~620–715 cm21) are dominating and traces o
oxides ~Si-O-Si stretching modes at 1070–1190 cm21)
~Ref. 17! are absent in as-prepared meso-PS. Small abs
tion due to the Si-O-Si and O-H2 stretching modes appears
meso-PS after adsorption of NO2 molecules, which can be
related to well-known oxidative activity of NO2.24 Further,
water molecules are able to stick to oxidized Si bonds du
their hydrophilic nature. At the same time, NO2

2 species~vi-
brational modes at 818 cm21, 1230 cm21, and
1340 cm21) ~Ref. 22! are not clearly observed due to the
small amount at the meso-PS surface.

The strong decrease of the transmittance ofp1-Si towards
the lower frequency belongs to the IR absorption by fr
charge carriers~holes!. The spectral-dependent backgrou
of the transmittance of as-prepared meso-PS~i.e., the spec-
trum of T excluding contributions of the Fabry-Perot inte
ference and surface-vibrational bands! decreases by ten time
in the spectral range from 2000 cm21 to 500 cm21 ~see
Fig. 1!. This continuous decrease ofT with decreasing fre-
quency gives evidence for the free-carrier absorption
meso-PS.29 The decrease ofT at lower frequencies become
much more pronounced for meso-PS with adsorbed m
ecules of NO2 being acceptors of electrons on semico

FIG. 1. IR transmittance spectra of ap1-Si wafer and as-
prepared free-standing meso-PS films in vacuum and after ads
tion of NO2 molecules (pNO2

'0.1 mbar).
4-2
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FREE CHARGE CARRIERS IN MESOPOROUS SILICON PHYSICAL REVIEW B64 085314
ductor surfaces.35 This fact demonstrates that the free ho
are just responsible for the IR free-carrier absorption
meso-PS and the value ofp increases with adsorption o
acceptorlike molecules.

The absorption coefficienta should be analyzed in orde
to determine the value ofp in meso-PS. The value ofa is
proportional to @2 ln(T)#/d if not taking into account the
spectral dependence of the reflection coefficientR. R can be
obtained for meso-PS if neglecting interference fringes
the contribution of chemical bonds.R of meso-PS is practi-
cally constant in the middle-IR spectral range and amount
0.1520.2, which is in good agreement with the effecti
medium approximation30 (R of bulk Si, 0.3; porosity, 50%!.
Note, the contribution of free carries toR is more significant
for the p1-Si sample since the wavelength corresponding
the plasma frequency is about 10mm for p55
31018 cm23. The absorption coefficient ofp1-Si can be
calculated asaSi5@ ln(T1 /T2)#/(d12d2), whereT1 andT2 are
the transmittances for the wafers of thicknessesd1 and d2,
respectively. The spectral dependence of@2 ln(T)#/d for
meso-PS with differently conditioned surfaces andaSi for
p1-Si are plotted in Fig. 2.aSi increases with increasin
wavelength by the power law with an exponent of 2. Su
spectral behavior can be interpreted in the frame of the c
sical Drude model, which assumes a constant scattering
for free carrierst. For sufficiently high frequency of IR ra
diation, namely,v@t21 one getsa;pl2t/ñ, wherel is
the wavelength of IR radiation in vacuum andñ is the re-
fractive index. The quantum description of the IR free-carr
absorption gives exponents of 1.5, 2.5, and 3 for scatte
with acoustic phonons, optical phonons, and ionized imp
ties, respectively.16 The constant exponent of 2 for theaSi(l)
dependence gives evidences for a superposition of diffe
scattering mechanisms without domination of one of the
Excluding the contributions of the vibrational bands of s
face chemical bonds, the absorption spectra of meso-PS
also characterized by the power law with an exponent
about 2. The similarity of the free-carrier absorption mec
nism in meso-PS and inp1-Si can be understood if takin
into account a small dimension where a free hole intera

FIG. 2. IR absorption spectra ofp1-Si substrate and free
standing meso-PS films with different surface treatment.
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with the electric field of the IR radiation for one period of i
oscillation. This dimension can be estimated asL5vTl/c ,
where vT5107 cm/s is the thermal velocity andc53
31010 cm/s is the speed of light. Forl53210 mm one
getsL5123 nm, which is smaller than the size of nan
crystals in the meso-PS investigated. In this case, sur
scattering is not significant for the free-carrier absorptio
From the Drude model viewpoint it means that the value ot
in meso-PS is close to that inp1-Si. Note, t in meso-PS
should decrease with decreasing size of the Si nanocry
because the role of surface scattering increases. But
shortening oft may not be dramatic~about 2.5 times shorte
than t for the substrate! even for the nanocrystals of 3 nm
diameter.17 Therefore the value oft in meso-PS cannot be
used to characterize its dc mobility, which is strongly su
pressed comparing with the substrate.11

The value ofp in Si nanocrystals of the meso-PS lay
can be estimated from the comparison of itsa with aSi of the
p1-Si substrate at a given wavelength. Assuming meso-P
an effective medium and following the Drude model, t
absorption coefficient of the meso-PS layera;p fl2t/ñ,
wheref is the fill factor~i.e., f 512r , wherer is the poros-
ity! and ñ is the refractive index. The value ofñ is 3.4 for
c-Si and about 2.1~effective medium approximation forf
50.5) ~Ref. 30! or 1.822.0 ~analysis of interference fringes!
for as-prepared meso-PS. According to the data shown
Fig. 2 one can obtainp5631016 cm23 for as-prepared
meso-PS. The value ofp increases to (224)31017 cm23

for the sample with native oxide. The free-carrier concent
tion is about (122)31018 cm23 for the as-prepared
meso-PS with adsorbed NO2 molecules. There may be tw
possible reasons for different values ofp in meso-PS:~i!
influence of surface states and~ii ! increase of the binding
energy of boron acceptors.

B. On the role of surface states

The density of surface states near midgap (Di t) at hydro-
genated Si surfaces ranges between 1010 and
1012 eV21 cm22 depending on the kind of hydrogenation.31

For example, the lowest values of Di t were reached on elec
trochemically hydrogenated Si surfaces.32 The density of sur-
face states determines the concentration of defects
meso-PS~range of 1016–1018 cm23). The surface states ma
have, with respect to their origin, donorlike or acceptorli
or amphoteric character. Amphoteric defects are usually
lated to Si dangling bonds at intrinsically backbonded
atoms, which dominate at the Si/SiO2 interface33 or in the
bulk of hydrogenated amorphous silicon.34 A high concentra-
tion of amphoteric surface states will pin the Fermi level
meso-PS near midgap, and free-carrier IR absorption wil
absent in this case. Donorlike surface states will trap ho
from the Si nanocrystallites andp will be low.

The value ofp is quite low in as-prepared meso-PS. Th
is not surprising since donorlike states are dominating at
drogenated silicon surfaces.31 The concentration of donorlike
surface states is relatively high and the low value ofp points
to trapping of holes at surface states. The origin of the
norlike states at hydrogenated Si surfaces has been relat
4-3
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V. YU. TIMOSHENKO et al. PHYSICAL REVIEW B 64 085314
water molecules~water molecules are donorlike35!, which
are adsorbed at surface defects.31

Molecules of NO2 act as strong acceptors of electrons
semiconductor surfaces.35 As shown above, the value ofp
increases dramatically after adsorption of NO2 molecules on
as-prepared meso-PS. We relate the effect of NO2 molecule
on p mostly to the activation of the originally present boro
impurities, due to destruction of the bound states of hole
boron acceptors by the electric fields of NO2

2 radicals on
surfaces of Si nanocrystals. The strength of the electric fi
of the NO2

2 radical can be estimated byq/«e f fd
2 as

;105 V/cm for d57 nm and«e f f54.5. Such strong elec
tric fields can ionize boron impurities in Si nanocrystals a
p will reach the doping level of thep1-Si substrate. The
ionization mechanism is a tunneling through a barrier
duced by the electric field of the NO2

2 radical. This ioniza-
tion mechanism is similar to the Zener-effect forp-n junc-
tions. 16,36 The other possibility, i.e., doping of the meso-P
by adsorbed NO2 molecules itself, cannot be ruled out. Bu
one should keep in mind that the tremendous increase os
~Ref. 22! andp ~our experiments! due to adsorption of NO2
molecules is observed only for meso-PS but not for nano
formed on slightly dopedp-Si. Therefore, the formation o
NO2

2 radicals does not necessarily lead to the generatio
free holes.

In order to demonstrate the role of surface states, the
prepared samples with adsorbed NO2 molecules were oxi-
dized in wet atmosphere at low pressure. The results of
FTIR measurements are presented in Fig. 3. The absorp
by free carriers decreases with the development of the
dation process~growth of the Si-O-Si absorption band!, and
the IR absorption bands of physiosorbed water molecu

FIG. 3. IR absorbtion spectra of free-standing meso-PS a
adsorption of NO2 molecules (pNO2

'0.1 mbars) following oxida-
tion in atmosphere of wet oxygen~3 mbars!. The arrows mark some
vibrational modes.
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~broad OH stretching mode around 3500 cm21, OH2 scis-
sor mode at 1650 cm21) becomes more pronounced. Th
strong decrease ofp with ongoing initial oxidation is caused
by increasing the concentration of adsorbed water molec
and/or by the development of surface states acting as c
pensating defects. We remark that the concentrations of
different surface states depend sensitively on the proce
of oxidation. Therefore, the values ofp can be quite different
for slightly oxidized meso-PS under different experimen
conditions.

C. Effect of dielectric ambience

The effect of dielectric ambience for the free-carrier co
centration in Si nanocrystals was examined by filling of t
pores in meso-PS with ethanol. The latter was chosen
cause liquid ethanol has a large dielectric constant of«d
525 and its condensation in the pores increases significa
the effective dielectric constant«e f f of meso-PS. Another
important peculiarity of ethanol molecules is their relative
weak IR absorption in the spectral range of 500–2000 cm21

in comparison to many other polar organic liquids. Figure
shows the IR transmittance spectra for the natively oxidiz
meso-PS film in air~a! and in condensed ethanol~b!. It is
important to note that the effect of the ethanol condensa
on the transmittance was reversible for many filling-dryi
cycles. The ethanol condensation leads to a strong decr
of the IR transmittance at the lower frequencies. We po
out that adsorption of ethanol molecules at a semicondu
surface leads to the creation of donorlike surface state35

which should reduce the free-hole concentration inp-type Si.
But the strong increase ofp in the meso-PS after condens
tion of ethanol shows the importance of the dielectric eff
for the activation of boron acceptors in meso-PS. The das
lines in Fig. 4 fit the background of the spectra ofT accord-
ing to the Drude model of free-carrier absorption. From t
model, the free-hole concentration in the meso-PS in ai
about 1017 cm23 while the sample with condense

er

FIG. 4. IR transmittance spectra of free-standing meso-PS
in air ~a! and in condensed ethanol vapors~b!. The dashed lines fit
the backgrounds of the spectra for Drude-like free-carrier abs
tion with p51017 cm23 ~a! andp5331018 cm23 ~b!.
4-4
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ethanol is characterized byp;1018 cm23. A more accurate
determination ofp in meso-PS after ethanol condensation
complicated by the contribution of the absorption bands
ethanol molecules in the pores.

IV. DC CONDUCTIVITY

Figure 5 shows typical conductivity-voltage character
tics for the Au/meso-PS/p1-Si structures in different ambi
ences. Injection- or ionization-related phenomena can be
glected for these measurements, which were carried ou
very small applied voltage~electric field smaller than
102 V/cm). It should be noted that the measurements ofs at
large applied voltage, when the electric field in meso-PS w
larger than 104 V/cm, did not distinguish between the e
fects of adsorption and condensation of polar molecule
meso-PS.20 The value ofs is (425)31027V21 cm21 and
about 1025V21 cm21 for meso-PS in air and in vacuum
respectively. The pronounced increase ofs for the evacuated
meso-PS can be explained by a decreasing density of c
pensating surface defects related to adsorbed water
ecules. The value ofm ~so-called dc hole mobility! in as-
prepared meso-PS is about 531024 cm2 V21 s21 with
respect to the values ofp and s. This value is much lower
than the hole mobility in crystalline Si but close to the ho
drift mobility, which was measured recently in nano-PS
the time-of-flight technique.37

The temperature dependence ofs is plotted in Fig. 6. The
conductivity is thermally activated with the activation ener
of EA50.3 eV. This value ofEA is noticeably smaller than
that reported for meso-PS in air21 and for nano-PS (EA
50.5 eV) ~Ref. 8! and demonstrates that the Fermi level c
be shifted towards the valence band in meso-PS. The va
of p obtained for a small temperature range by FTIR m
surements are also plotted in Fig. 6 for the free-stand
meso-PS in vacuum. The activation energy ofp is about 0.1
eV, which is much smaller thanEA for s. This points to a
thermally activated mobility withEA about 0.2 eV. We re-
mark, that the activation energy of the hole drift mobility
nano-PS of low porosity is estimated to be;0.2–0.25 eV.37

FIG. 5. DC electrical conductivity of Au/meso-PS/p1-Si struc-
ture in different ambience.
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The role of surface states for the change ofs after filling
the pores of meso-PS with a dielectric liquid can be mi
mized if comparing the values of the dc electric conductiv
with adsorbed (s0) or condensed dielectric molecules (s).
The difference betweens0 ands is demonstrated in Fig. 5
for adsorbed and condensed ethanol. The electrical con
tivity increases strongly after condensation of ethanol ins
the pores. Similar results on the increase of the electr
conductivity of meso-PS in the ambience with a large diel
tric constant were also obtained for other polar liquids: c
clohexane («d52.0), trichloroethane («d53.4), and isobu-
tylmethylketon («d513.1). The respective dependence f
the ratio ofs/s0 is shown in Fig. 7~solid circles!. The error
bars correspond to the measurements on different sam
The ratios/s0 increases monotonically with«d . This fact
can be only understood if considering an increase ofp or/and
m in meso-PS after filling the pores with a dielectric liqui

FIG. 6. Arrhenius plot of the dc electrical conductivity o
Au/meso-PS/p1-Si structure ~circles! in vacuum. The free-hole
concentrations~stars! are evaluated from the IR transmittance spe
tra of free-standing meso-PS film.

FIG. 7. Dependences of the normalized dc conductivity
meso-PS with condensed molecules of dielectrics~circles! and the
calculated changes of the free-hole concentration~line! on the am-
bient dielectric constant.
4-5
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V. DIELECTRIC CONFINEMENT IN MESO-PS

The influence of polar liquids onp in meso-PS can be
estimated for a hydrogenic-acceptor impurity in the cente
a Si nanocrystal. The Si nanocrystal is approximated as
infinite cylinder with diameterd57 nm. Becausedis much
larger than the Si lattice constant, the dielectric constant
side the cylinder is«S511.9 like for bulk Si.13 The cylinder
is surrounded by a dielectric medium with the effecti
dielectric constant«e f f, which can be calculated usin
the following expression:30

~12 f !~«d2«e f f !/~«d12«e f f!

1 f ~«S2«e f f !/~«S12«e f f!50. ~1!

The respective dependence of«e f f(«d) is plotted in Fig. 8
~dashed line! for the meso-PS of 50% porosity. The value
«e f f increases from 4.5 in vacuum or air («d51) to 18 in the
ambience of condensed ethanol («d525).

In cylindrical coordinates (z is along the cylinder axis!,
the potential energy of a hole moving alongz axis is given
by1

U~z!52
q2

«Suzu
2

4q2~«S /«e f f21!

p«Sd E
0

`

cos~2jz!

3F «S

«e f f

I 1~j!

K1~j!
1

I 0~j!

K0~j!G
21

dj, ~2!

whereq is elementary charge,K0,1 and I 0,1 are the modified
Bessel functions. One can see that the dielectric confinem
contributes constructively touU(z)u, when«S.«e f f , e.g., Si
wires in vacuum. But if«S,«e f f , e.g., Si wires surrounde
by polar dielectric liquid, the valueuU(z)u will decrease, i.e.,
the interaction between a charged impurity and a charge
rier will be weaker.

The acceptor binding energyEb can be calculated by
solving the Schro¨dinger equation with the potential energ
given by Eq.~2!. The analytical1 and numerical38 solutions
of the problem of a hydrogenic impurity in a semiconduc
wire showed strong increase ofEb with decreasingd or/and

FIG. 8. Calculated binding energy of a boron acceptor~solid
line! in a cylindrical Si wire with diameter of 7 nm and effectiv
dielectric constant of the meso-PS of 50% porosity~dashed line!
versus the ambient dielectric constant.
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increasing«S /«e f f . For the Si cylindrical wires of 7 nm
diameter the calculated dependence of the acceptor bin
energyEb on the dielectric constant of the ambient liquid«d
is shown in Fig. 8~solid line!. The value ofEb decreases
from 105 meV to 30 meV when«d increases from 1
~vacuum! to 25 ~ethanol! and Eb545 meV for «d511.9
when no mirror charges contribute toU(z). The value of
Eb5105 meV for «d51 is in good agreement with th
temperature-dependent FTIR measurements for meso-P
vacuum ~see Fig. 6!. It should be noted that for meso-P
filled with condensed polar dielectrics the value ofEb can be
influenced by the free-carrier screening, which will additio
ally decreaseEb than it is shown in Fig. 8.

The values ofEb can be different from those shown i
Fig. 8 if an impurity is located far from the axis of a sem
conductor cylinder. However the influence of the impur
position onEb may not be strong because of two effec
counteracting each other. On the one hand, the mirror ch
effect will be more stronger when the impurity position is f
from the cylinder axis.1 On the other hand, if an impurity is
located in the near-surface region of the cylinder,Eb will
decrease since the ground state must satisfy the boun
conditions, i.e., be zero on the surface.39 For the surface
location of the impurity, its 1s state is forbidden while the
2p state is allowed and henceEb will be four times smaller.
Simultaneous treatment of these counteracting effects
complicated theoretical problem. The solution for a hyd
genic impurity located on flat infinite surface of Si cryst
gives Eb which is near two times smaller than that for th
bulk Si, i.e., the mirror charge effect induces a two tim
increase ofEb for the 2p-ground-state impurity.39 Because of
the more important role of the dielectric confinement f
semiconductor wires rather than for flat surfaces,1 one should
expect a more significant increase ofEb for the
2p-ground-state impurities located on the surface of wire

The ratio between concentrations of free holes in meso
with condensed~p! and adsorbed (p0) molecules can be ob
tained as

p/p05exp@~Eb02Eb!/kT#, ~3!

where Eb0 and Eb are the binding energies for the boro
impurities in meso-PS with adsorbed and condensed m
ecules, respectively. We note, that the expression~3! is valid
if the compensation is not strong40 and does not significantly
differ for meso-PS with adsorbed and condensed molecu
These assumptions are reasonable for our experimental
ditions, which is proved by concentrations of free carrie
derived from the FTIR data. Thus Eq.~3! can be used to
describe both the temperature dependence ofp and the effect
of dielectric liquids. Thep/p0 ratio calculated according to
Eq. ~3! for Eb05105 meV is plotted as a solid line in Fig. 7
The rise of the ratios/s0 versus«d is much stronger than
the rise of the calculated ratio ofp/p0. This difference can-
not be simply explained by a size distribution of the nan
crystals typical for meso-PS sincep/p0517 («d525), and
the increase ofp measured by FTIR for the meso-PS aft
ethanol condensation~see Fig. 4! is the same within the ac
curacy of the measurements. Therefore, one should conc
4-6
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thatm increases by up to one order of magnitude after filli
the pores with a polar liquid. This gives an upper limit
m5531023 cm2 V21 s21.

The low value ofm and its increase after filling of the
pores with condensed dielectrics can be understood wi
the frame of the undulated wire model. The self-image eff
due to different«S and«d , which is described by the secon
term in formula ~2! induces potential fluctuations for
charge carrier moving in an undulating wire. The self-ima
contribution to the potential energy of a free hole is roug
proportional to («S /«e f f21)/d. For instance, a variation ofd
from 5 to 9 nm along the Si wire kept in a media with«e f f
54.5 ~meso-PS in vacuum or in air! will give the modulation
of the potential energy of the order of 0.1 eV. Such poten
fluctuations would lead to an activation energy of;0.1 eV
for m. The comparison between the temperature-depen
dc conductivity and free-hole concentration allows us to
timate the activation energy ofm to be about 0.2 eV. Note
that even relatively weak quantum confinement~between 20
and 40 meV in each band!, which is expected for such wire
diameters4 can additionally increase the localization of th
carriers in undulated wires and thus the activation energ
m for meso-PS in vacuum. Dielectric medium with«d.«S
surrounding Si wires screens the potential fluctuations
lated to the self-image effect and thereforem increases.
However the carrier localization due to the quantum confi
ment may be still present, which together with trapping w
limit the carrier transport in meso-PS.

VI. SUMMARY AND CONCLUSIONS

The existence of equilibrium free charge carriers has b
shown by free-carrier IR absorption for a porous semic
ductor in the case of meso-PS, which was electrochemic
produced from heavily boron dopedp1-Si. The concentra-
tion of free holes in meso-PS can be changed over sev
orders of magnitude up to the order of 1018 cm23 by modi-
fication of the surface conditioning or by condensation
.
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dielectric liquids. The free-carrier IR absorption in meso-
can be described by the Drude-model and the high poss
values ofp in meso-PS showed that the mechanisms of s
tering are comparable for bulkp1-Si and meso-PS in the
given spectral range.

The specific action of donorlike or acceptorlike or amph
teric surface states has been discussed and the effect o
dielectric ambience onp has been demonstrated. The diele
tric confinement is caused by mirror charge, which aris
when the dielectric constant of the semiconductor nanop
ticle is different from that of its dielectric surrounding («S
Þ«d) and which leads to an increase or decrease of the b
ing energy of a charge carrier in the Coulomb potential
another one depending on whether«S.«d or «S,«d ,
respectively.1

The simultaneous investigation of the infrared free-carr
absorption and of the dc electric conductivity allowed us
obtain values for the~macroscopic! mobility of free equilib-
rium holes in meso-PS~of the order of 1024 cm2 V21 s21).
We remark that Hall-effect or time-of-flight measuremen
cannot be applied to this material since the values of
mobility are too small or the conductivity is too big, respe
tively. It was shown that the mobility is also affected by th
dielectric confinement, which is important for the screeni
of potential fluctuations. However, the generally very sm
values of the mobility cannot be explained within the mod
of dielectric confinement and hence, other concepts of
electrical properties of the network of Si nanowires sho
be considered.
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