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Free charge carriers in mesoporous silicon
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Free charge carriers in mesoporougr8eso-P$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 (@legsmeso-PS up to the half
of the doping level of the heavily boron-doppd-Si substrate f~5x 10 cm™3) from which the meso-PS
was made. Considering the valuepénd the dc electrical conductivity, the hole mobility is determined as
about 5x10 % and 510 % cn? V! s ! for as-prepared meso-PS and meso-PS filled with a polar dielec-
tric liquid, respectively. The activation energy is larger éothan 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 dependencesofindp on the dielectric constant of the ambience of the Si nanocrystals.
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[. INTRODUCTION repulsion. Other interpretations of the low value ®fare
based on hypotheses of hydrogen passivation of doping im-
The existence of free charge carriers in porous semicorpurities inside the Si nanocrystallitt®f location of doping
ductors or semiconductor nanocrystals is a complex problemgtoms at the surface of the nanowifesr, of complete com-
which concerns questions as carrier localization, compensgensation by surface stafes.
tion, and binding energy of charge carriers in nanocrystals The concentratiorifree-hole concentratiop) and mobil-
with a dielectrically modified ambience. The importance ofity w of free carriers determine the value @f A low value
the dielectric confinement for the binding energy of hydro-of u was estimated from ambipolar diffusion measurements
genic impurities and excitons in semiconductor nanostrucin meso-PS (10*—10"° cn? V™! s71) (Ref. 11 and ex-
tures was discussed for the first ime by Keldyshowever, cludes the argument of full compensation~{10° cm™3).
the experimental proof of the pure dielectric confinementConvincing data op are practically not available for meso-
i.e., the dependence of the free-carrier concentration on theS. There is only one publication giving values for the free-
dielectric constant of the ambience of the semiconductoelectron concentration and Hall mobility in meso-PS formed
nanocrystal is complicated due to the complexity of the probfrom heavily dopedch-type Sil* But these results cannot be
lem. Mesoporous silicoimeso-P$ may serve as a model applied to conventional meso-PS formed froh-Si due to
system to investigate free charge carriers in porous semicowvery different morphology and sizes of the Si
ductors for three main reasons. nanostructure®>
(i) Meso-PS consists of interconnected Si nanowicks The measurement of the free-carrier concentration by in-
ameters 6—10 npf Such structures are optimal for studying frared (IR) spectroscopy is a standard method for bulk semi-
dielectric effects since the quantum confinement does natonductors. It can be also applied to meso-PS if taking into
strongly modify their electronic staté$. account that the length of interaction of free charge carriers
(i) Meso-PS is formed from heavily dopguttype Si  with electromagnetic waves of the middle IR range is of the
(p™-Si) and the doping impurities are not removed duringorder of 1 nm, i.e., much lower than the characteristic dimen-
the electrochemical formation process. sions of the interconnected Si nanowires. The IR absorption
(i) The huge internal surfacéarea of the order of by free carries is a second-order proc¥sthe contribution
100 nt/cn?) (Ref. 7) can be well passivated for Si surfaces, of which should be detected as a background of the IR ab-
which gives the opportunity to separate processes related sorption by chemical bonds at the huge internal surface.
surface states from those being related to dielectric effectsThei®’ simulated the IR reflectance spectrum of meso-PS
The absence of free charge carriers in meso-PS has be@srmed from strongly degeneratedp®-Si (p=1.1
suggested in numerous worksee, for example, Refs. 5, 6, x10?° cm™3) using the Drude model and a reducpdf
8, and 9 regarding its very low electrical dc conductivity. ~ 2.3x10'® cm™3. Direct evidence of the IR free-carrier ab-
Actually, o in meso-PS is typically in the range between sorption in meso-PS has been recently repofied.
10 %and 10 Q"1 cm™?, which is much lower than for the ~ The electronic properties of porous silicon are very sensi-
p*-Si substrate ¢~10P-10° Q! cm )% The low tive to different gasé€ 22 and polar liquid$®?*2*Various
value of o cannot be explained by carrier depletion due tomechanisms of adsorption-induced modification of the pho-
the quantum-confinement effect as for nanoporous Sioluminescence of nano-PS were repofte®f and the influ-
(nano-P$&213According to Lehmanet alX°the low value  ence of polar liquids on excitonic states in Si nanocrystals
of o in meso-PS is caused by charged-surface traps constricivas shown by the anticorrelation of the photoluminescence
ing conductive pathways in the silicon skeleton by Coulombefficiency and dielectric function of polar liqufd:?® One
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should expect a similar influence of the dielectric ambient on E ™ Sin, scissor SiH_stretching
the impurity binding energy in meso-PS as on the exciton 100; I }
binding energy in nano-PS due to the similarity of the elec- ¢ :

trostatic problem for an exciton and an impurity atom inside _Z

Si nanocrystals. On the other hand, adsorbed or condensex ' £ S_OHTWSW -
molecules change the electronic states at the internal surfac_ :

of meso-PS. For example, a strong increase of meso-PS § 10°F si-0-8i st,e,chingﬁ,ﬂ“

was observed after absorption of MQ@electron-acceptor ® W"'
molecules? which can be related to the strong increase of & 10k :

nsmi

18
p. i
The current paper is aimed at determining the concentra-& 10*
tion of free carriers in meso-PS and to show the role of"™ E )
different adsorbed and condensed molecules inside the pore

----- p*-8i (115 um, p=5 10"% cm™)
meso-PS (62 pym, NO, adsorption)
meso-PS (62 pm, as prepared)

[ SiH, wagging
N N 1 N 1

The effect of dielectric confinement is separated from 10 1000 2000 'soloo' T 4000
surface-related effects. The independent investigatiop of Wavenumber (cm™)

(infrared free-carrier absorptipando (dc electrical conduc-

tivity of Au/meso-PSp*-Si structurepis used to estimatg FIG. 1. IR transmittance spectra of @ -Si wafer and as-

in meso-PS under different conditions. prepared free-standing meso-PS films in vacuum and after adsorp-

tion of NO, molecules pNOZ~O.1 mbar).

Il. EXPERIMENTAL DETAILS . . . .
densation of vapor of the investigated organic liquids in the

Meso-PS layers were formed from™-Si wafers(100)  pores always took place at the vapor pres§treP, and was
(boron dopedp~15 m Q cm) by electrochemical anod- avoided at the partial pressure< P./5, whereP, is the satu-
ization in HF-based solutiofiHF(48%):ethanok=1:1] at a  ration pressure of corresponding dielectrics.
current density of 50 mA/ch The free-standing meso-PS
films were obtained by lifting during a short electropolishing
step at a current density of 500 mA/énAfter fabrication . IR FREE-CARRIER ABSORPTION
the samples were shortly rinsed in water and dried in N
flow. The porosity was about 50%. The thicknessanged
from 10 to 75 um depending on the anodization time. Ac-  Typical IR transmittanceT) spectra are shown in Fig. 1
cording to analysis of Raman speérthe mean diameter of for as-prepared meso-PS, meso-PS after adsorption gf NO
the Si nanocrystalépproximated by a model of cylindrical molecules, and for thp™-Si substrate. The logarithmic scale
wires) was about 7—9 nm. of T is chosen to show simultaneously both vibrational

Free-standing meso-PS films were investigated by Fourigimodes of surface bonds and features related to the IR free-
transform infrared(FTIR) spectroscopy using a Bomem carrier absorption in meso-PS. The Sj-btretching modes
DA-3 FTIR spectrometer in transmission mode. The mea{2050-2200 cm'), Si-H, scissors mode, and Sizivag-
surements were performed in the spectral range fronging modes(620~715 cm*) are dominating and traces of
500 cm! to 4500 cm?! at different temperatures. oxides (Si-O-Si stretching modes at 1070-1190 Cc

Current-voltage -V) measurements were carried out on (Ref. 17 are absent in as-prepared meso-PS. Small absorp-
Au/meso-PSp*-Si structures. The Au contactd00 nm  tion due to the Si-O-Si and O-tretching modes appears in
thick) were evaporated on meso-PS layers via a mask omeso-PS after adsorption of N@nolecules, which can be
2 mn? area. The Ohmic back contact to tipg-Si was related to well-known oxidative activity of N Further,
made by InGa alloy. Thé-V characteristics were measured water molecules are able to stick to oxidized Si bonds due to
with a HP4140B digital pA meter in a narrow potential rangetheir hydrophilic nature. At the same time, BiGpeciegvi-
around 0 V to avoid any injection effect. The 30—0m  brational modes at 818 cm, 1230 cm?!, and
thick meso-PS layers were used to eliminate an influence at340 cm!) (Ref. 22 are not clearly observed due to their
the Schottky barrier at the Au/meso-PS interface for the desmall amount at the meso-PS surface.
termination ofo.?® The |-V measurements were performed  The strong decrease of the transmittancp 0fSi towards
in a vacuum chamber in different environmettacuum, air, the lower frequency belongs to the IR absorption by free
vapors of organic liquidsat different temperatures. The de- charge carriergholeg. The spectral-dependent background
pendence ofr on the presence of adsorbed or condensedf the transmittance of as-prepared mesofRS, the spec-
organic molecules was studied for the organic substancegsum of T excluding contributions of the Fabry-Perot inter-
with different static dielectric constants: ethanol, cyclohex-ference and surface-vibrational bahdscreases by ten times
ane, trichloroethane, and isobutylmethylketon. The condenin the spectral range from 2000 crhto 500 cmi! (see
sation of the molecules inside the pores was controlled byrig. 1). This continuous decrease ©fwith decreasing fre-
the reflectance measurement of meso-PS using a probe beauency gives evidence for the free-carrier absorption in
of a He:Ne laser(633 nm. The reflection coefficient of meso-PS? The decrease oF at lower frequencies becomes
meso-PS increased when the molecule condensation oviuch more pronounced for meso-PS with adsorbed mol-
curred. According to the reflectance measurements the comcules of NQ being acceptors of electrons on semicon-

A. The concentration of free carriers

085314-2



FREE CHARGE CARRIERS IN MESOPOROUS SILICON PHYSICAL REVIEW& 085314

[ — - with the electric field of the IR radiation for one period of its
ot ToRSes f’aﬂ;ngZ"agso,pﬁon) oscillation. This dimension can be estimatedLasv\/c ,
i Imzzg:gg E:;”;rlapf::;;)xide> where v1=10" cm/s is the thermal velocity and=3
i - X 10% cm/s is the speed of light. For=3—10 um one
getsL=1-3 nm, which is smaller than the size of nano-
crystals in the meso-PS investigated. In this case, surface
[ scattering is not significant for the free-carrier absorption.
L e From the Drude model viewpoint it means that the value of
o in meso-PS is close to that ip*-Si. Note, 7 in meso-PS
should decrease with decreasing size of the Si nanocrystal
because the role of surface scattering increases. But the
shortening ofr may not be dramatitabout 2.5 times shorter
than 7 for the substrateeven for the nanocrystals of 3 nm
diameter’ Therefore the value of in meso-PS cannot be
used to characterize its dc mobility, which is strongly sup-
FIG. 2. IR absorption spectra gi*-Si substrate and free- Pressed comparing with the substrdte.

standing meso-PS films with different surface treatment. The value ofp in Si nanocrystals of the meso-PS layer
can be estimated from the comparison ofdtwith «; of the

+ oo ; .
5, p™-Si substrate at a given wavelength. Assuming meso-PS as
ductor surface®> This fact demonstrates that the free holesan effective medium and following the Drude model, the

are just responsible for the IR free-carrier absorption in ) o Y i~

meso-PS and the value @f increases with adsorption of absorption coefficient of the meso-PS layerpf\“r/n,

acceptorlike molecules. wheref is the fill factor(i.e., f=1—r, wherer is the poros-
The absorption coefficient should be analyzed in order ity) andn is the refractive index. The value af is 3.4 for

to determine the value gf in meso-PS. The value af is  ¢-Si and about 2.Xeffective medium approximation foi

proportional to[ —In(T)J/d if not taking into account the =0.5)(Ref. 30 or 1.8—2.0(analysis of interference fringes

spectral dependence of the reflection coefficRnR can be  for as-prepared meso-PS. According to the data shown in

obtained for meso-PS if neglecting interference fringes andfig. 2 one can obtairp=6x10" cm™2 for as-prepared

the contribution of chemical bondR of meso-PS is practi- meso-PS. The value gf increases to (24)x 10" cm3

cally constant in the middle-IR spectral range and amounts téor the sample with native oxide. The free-carrier concentra-

0.15-0.2, which is in good agreement with the effective tion is about (1-2)x10"® cm 2 for the as-prepared

medium approximatiot! (R of bulk Si, 0.3; porosity, 50%  meso-PS with adsorbed NQOnolecules. There may be two

Note, the contribution of free carries Bis more significant possible reasons for different values fin meso-PS:(i)

for the p*-Si sample since the wavelength corresponding tdnfluence of surface states artid) increase of the binding

the plasma frequency is about 1@m for p=5  energy of boron acceptors.

x 10 cm 3. The absorption coefficient gf*-Si can be

calculated asxg;=[In(T,/T,)}/(d;—d,), whereT, andT, are B. On the role of surface states

the transmittances for the wafers of thicknesdesand d,, The densit :

. y of surface states near midgap ) Bt hydro-
respectlvely.. Thg spectral depgndence [efIn(T)]/d for genated Si surfaces ranges between °10and
meso-PS with differently conditioned surfaces amgl for — j512 a\-1 o2 depending on the kind of hydrogenatidh.

p*-Si are plotted in Fig. 2as increases with increasing For example, the lowest values of;Were reached on elec-
wavelength by_the power law with an exponent of 2. SUCI'Itrochemically hydrogenated Si surfacég.he density of sur-
spectral behavior can be interpreted in the frame of the clas o giates” determines the concentration of defects in
sical Drude _model, which assumes a constant scattering tm]%eso-PSrange of 18°-10 cm™3). The surface states may
for free carriersr. For sufficiently high freqLJency of IR ra- have, with respect to their origin, donorlike or acceptorlike
diation, namely,w>7"* one get3a~p)\27-/n,~vvhere)\ IS or amphoteric character. Amphoteric defects are usually re-
the wavelength of IR radiation in vacuum andis the re- lated to Si dangling bonds at intrinsically backbonded Si
fractive index. The quantum description of the IR free-carrieratoms, which dominate at the Si/Si@nterfacé® or in the
absorption gives exponents of 1.5, 2.5, and 3 for scatteringulk of hydrogenated amorphous silic8tA high concentra-
with acoustic phonons, optical phonons, and ionized impurition of amphoteric surface states will pin the Fermi level of
ties, respectively® The constant exponent of 2 for tiag(\) meso-PS near midgap, and free-carrier IR absorption will be
dependence gives evidences for a superposition of differer@bsent in this case. Donorlike surface states will trap holes
scattering mechanisms without domination of one of themfrom the Si nanocrystallites arwill be low.

Excluding the contributions of the vibrational bands of sur- The value ofp is quite low in as-prepared meso-PS. This
face chemical bonds, the absorption spectra of meso-PS ai®not surprising since donorlike states are dominating at hy-
also characterized by the power law with an exponent ofirogenated silicon surfacdsThe concentration of donorlike
about 2. The similarity of the free-carrier absorption mechasurface states is relatively high and the low valug gbints
nism in meso-PS and ip*-Si can be understood if taking to trapping of holes at surface states. The origin of the do-
into account a small dimension where a free hole interactsorlike states at hydrogenated Si surfaces has been related to

2 3 4 5 6 7 8910 20
Wavelength (um)
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. FIG. 4. IR transmittance spectra of free-standing meso-PS film
500 cm in air (@) and in condensed ethanol vapés. The dashed lines fit
. . . . . the backgrounds of the spectra for Drude-like free-carrier absorp-
0 1000 2000 3000 4000 5000 tion with p=10"" cm™* (a) andp=3x10'® cm? (b).
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(broad OH stretching mode around 3500 ¢m  OH, scis-

FIG. 3. IR absorbtion spectra of free-standing meso-PS aftegor mode at 1650 ci) becomes more pronounced. The
adsorption of N@ molecules pyo,~0.1 mbars) following oxida-  strong decrease @f with ongoing initial oxidation is caused
tion in atmosphere of wet oxyge8 mbarg. The arrows mark some by increasing the concentration of adsorbed water molecules
vibrational modes. and/or by the development of surface states acting as com-

, ) pensating defects. We remark that the concentrations of the
water moleculeswater molecules are donorlik®, which itterent surface states depend sensitively on the procedure
are adsorbed at surface defetts. of oxidation. Therefore, the values pfcan be quite different

Molecules of NQ act as strong acceptors of electrons aty; gjightly oxidized meso-PS under different experimental
semiconductor surfacéS.As shown above, the value @  onditions.

increases dramatically after adsorption of Nolecules on

as-prepared meso-PS. We relate the effect of, Rlecule

on p mostly to the activation of the originally present boron C. Effect of dielectric ambience

impurities, due to destruction of the bound states of holes at The effect of dielectric ambience for the free-carrier con-

boron acceptors by the electric fields of NOadicals on  centration in Si nanocrystals was examined by filling of the
surfaces of Si nanocrystals. The strength of the electric f'el‘il)ores in meso-PS with ethanol. The latter was chosen be-
of the NG, radical can be estimated bw/ec(d”> as cause liquid ethanol has a large dielectric constant of
~10° Viem for d=7 nm ande.s=4.5. Such strong elec- =25 and its condensation in the pores increases significantly
tric fields can ionize boron impurities in Si nanocrystals andihe effective dielectric constant,;; of meso-PS. Another

p will reach the doping level of the"-Si substrate. The important peculiarity of ethanol molecules is their relatively
ionization mechanism is a tunneling through a barrier reyeak IR absorption in the spectral range of 500—2000 tm
duced by the electric field of the NOradical. This ioniza-  in comparison to many other polar organic liquids. Figure 4
tion mechanism is similar to the Zener-effect fom junc-  shows the IR transmittance spectra for the natively oxidized
tions. **** The other possibility, i.e., doping of the meso-PS meso-PS film in aif@ and in condensed ethan). It is

by adsorbed N@molecules itself, cannot be ruled out. But, important to note that the effect of the ethanol condensation
one should keep in mind that the tremendous increase of on the transmittance was reversible for many filling-drying
(Ref. 22 andp (our experimentsdue to adsorption of NO  cycles. The ethanol condensation leads to a strong decrease
molecules is observed only for meso-PS but not for nano-P&f the IR transmittance at the lower frequencies. We point
formed on slightly dopeg-Si. Therefore, the formation of out that adsorption of ethanol molecules at a semiconductor
NO, radicals does not necessarily lead to the generation dfurface leads to the creation of donorlike surface stites,
free holes. which should reduce the free-hole concentratiop-type Si.

In order to demonstrate the role of surface states, the a®ut the strong increase @ in the meso-PS after condensa-
prepared samples with adsorbed Nfolecules were oxi- tion of ethanol shows the importance of the dielectric effect
dized in wet atmosphere at low pressure. The results of thior the activation of boron acceptors in meso-PS. The dashed
FTIR measurements are presented in Fig. 3. The absorptidimes in Fig. 4 fit the background of the spectraTofccord-
by free carriers decreases with the development of the oxing to the Drude model of free-carrier absorption. From the
dation processgrowth of the Si-O-Si absorption bandand  model, the free-hole concentration in the meso-PS in air is
the IR absorption bands of physiosorbed water moleculeabout 137 cm 2 while the sample with condensed
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FIG. 5. DC electrical conductivity of Au/meso-R8/-Si struc- 2_'5 3_'0 3_'5 4_'0 4_'5
ture in different ambience. 1000/T (K'1)
ethanol is characterized by~ 10'® cm 3. A more accurate FIG. 6. Arrhenius plot of the dc electrical conductivity of

determination o in meso-PS after ethanol condensation isAu/meso-PS$*-Si structure (circles in vacuum. The free-hole
complicated by the contribution of the absorption bands ofoncentrationgstarg are evaluated from the IR transmittance spec-
ethanol molecules in the pores. tra of free-standing meso-PS film.

IV. DC CONDUCTIVITY The role of surface sta_tes for_the changer_oeﬂfter filling N
the pores of meso-PS with a dielectric liquid can be mini-

Figure 5 shows typical conductivity-voltage characteris-mized if comparing the values of the dc electric conductivity
tics for the Au/meso-P$/"-Si structures in different ambi- with adsorbed §,) or condensed dielectric molecules)(
ences. Injection- or ionization-related phenomena can be néerhe difference between, and o is demonstrated in Fig. 5
glected for these measurements, which were carried out #r adsorbed and condensed ethanol. The electrical conduc-
very small applied voltage(electric field smaller than tivity increases strongly after condensation of ethanol inside
10° V/cm). It should be noted that the measurements af  the pores. Similar results on the increase of the electrical
large applied voltage, when the electric field in meso-PS wagonductivity of meso-PS in the ambience with a large dielec-
larger than 16 V/cm, did not distinguish between the ef- tric constant were also obtained for other polar liquids: cy-
fects of adsorption and condensation of polar molecules itlohexane £,=2.0), trichloroethane g4=3.4), and isobu-
meso-PS? The value ofo is (4-5)x 10 7Q~* cm™*and  tylmethylketon ¢4=13.1). The respective dependence for
about 10°Q~% cm™! for meso-PS in air and in vacuum, the ratio ofo/ o is shown in Fig. 7(solid circles. The error
respectively. The pronounced increaserdbr the evacuated bars correspond to the measurements on different samples.
meso-PS can be explained by a decreasing density of corThe ratio o/ o, increases monotonically withy. This fact
pensating surface defects related to adsorbed water matan be only understood if considering an increase @ffand
ecules. The value oft (so-called dc hole mobilityin as- 4 in meso-PS after filling the pores with a dielectric liquid.
prepared meso-PS is aboutx30 % cn? V™! s with
respect to the values @f and o. This value is much lower
than the hole mobility in crystalline Si but close to the hole i
drift mobility, which was measured recently in nano-PS by 100 £
the time-of-flight techniqué’

The temperature dependencevois plotted in Fig. 6. The o
conductivity is thermally activated with the activation energy 2
of E,=0.3 eV. This value oE, is noticeably smaller than ©
that reported for meso-PS in &irand for nano-PS H,
=0.5 eV)(Ref. 8 and demonstrates that the Fermi level can
be shifted towards the valence band in meso-PS. The values 1F
of p obtained for a small temperature range by FTIR mea- o 10 20 30 20
surements are also plotted in Fig. 6 for the free-standing €
meso-PS in vacuum. The activation energypa$ about 0.1

eV, which is much smaller thak, for o. This points to a FIG. 7. Dependences of the normalized dc conductivity of
thermally activated mobility witiE, about 0.2 eV. We re- meso-PS with condensed molecules of dielectfiiscles and the
mark, that the activation energy of the hole drift mobility in calculated changes of the free-hole concentratiioe) on the am-
nano-PS of low porosity is estimated to bé.2—0.25 e\?’  bient dielectric constant.
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increasinges/eq;. For the Si cylindrical wires of 7 nm
diameter the calculated dependence of the acceptor binding
energyE, on the dielectric constant of the ambient liquigl

is shown in Fig. 8(solid line). The value ofE, decreases
from 105 meV to 30 meV wherey increases from 1
(vacuum to 25 (ethano] and E,=45 meV for 4=11.9
when no mirror charges contribute td(z). The value of

{10 Ep,=105 meV forey=1 is in good agreement with the
temperature-dependent FTIR measurements for meso-PS in
vacuum (see Fig. 8. It should be noted that for meso-PS

120 125

100

80

60

E, (meV)
€eif

40

20

0 . . s s . . filled with condensed polar dielectrics the valuesgfcan be
5 10 18 20 25 30 influenced by the free-carrier screening, which will addition-
€4 ally decreasds, than it is shown in Fig. 8.

o ) The values ofg, can be different from those shown in
~ FIG. 8. Calculated binding energy of a boron accepmlid iy g if an impurity is located far from the axis of a semi-
Ilpe) in .a cylindrical Si wire with diameter of 7 nm and eﬁgctlve conductor cylinder. However the influence of the impurity
dielectric constgnt of_the meso-PS of 50% porosigshed ling position onE, may not be strong because of two effects
versus the ambient dielectric constant. counteracting each other. On the one hand, the mirror charge
effect will be more stronger when the impurity position is far
from the cylinder axig.On the other hand, if an impurity is

The influence of polar liquids op in meso-PS can be located in the near-surface region of the cylindgg, will

estimated for a hydrogenic-acceptor impurity in the center oflecrease since the ground state must satisfy the boundary
a Si nanocrystal. The Si nanocrystal is approximated as asonditions, i.e., be zero on the surfadeFor the surface
infinite cylinder with diameted=7 nm. Becauselis much location of the impurity, its & state is forbidden while the
larger than the Si lattice constant, the dielectric constant in2p state is allowed and hené&g, will be four times smaller.
side the cylinder iz:s=11.9 like for bulk Si*® The cylinder ~ Simultaneous treatment of these counteracting effects is a
is surrounded by a dielectric medium with the effectivecomplicated theoretical problem. The solution for a hydro-
dielectric constante.¢;, which can be calculated using genic impurity located on flat infinite surface of Si crystal

V. DIELECTRIC CONFINEMENT IN MESO-PS

the following expression: gives E, which is near two times smaller than that for the
bulk Si, i.e., the mirror charge effect induces a two times
(1=1F)(eq—eers) (egt28eff) increase of,, for the 2p-ground-state impurity’ Because of

(1) the more important role of the dielectric confinement for
semiconductor wires rather than for flat surfatesge should

The respective dependencesgf((e4) is plotted in Fig. 8 €xpect a more significant increase d&, for the

(dashed lingfor the meso-PS of 50% porosity. The value of 2P-ground-state impurities located on the surface of wire.
€011 iINCreases from 4.5 in vacuum or aird=1) to 18 in the The ratio between concentrations of free holes in meso-PS

ambience of condensed ethane} € 25). with condensedp) and adsorbedp;) molecules can be ob-

In cylindrical coordinates is along the cylinder axjs ~ fained as
the potential energy of a hole moving alom@xis is given

+f(es—eerr)/ (st 286¢1) =0.

by! p/po=exd (Epo—Ep)/KT], ()]
9°  49%(esleer—1) (= where E, and E,, are the binding energies for the boron
U(2)=-_ ER g J coq2¢z) impurities in meso-PS with adsorbed and condensed mol-
S s 0 ecules, respectively. We note, that the expreséiis valid
es (&) o]t if the compensation is not strofftand does not significantly
a er m dé, 3] differ for meso-PS with adsorbed and condensed molecules.

These assumptions are reasonable for our experimental con-
whereq is elementary chargdS, ; andl, ; are the modified ditions, which is proved by concentrations of free carriers
Bessel functions. One can see that the dielectric confinemenerived from the FTIR data. Thus E() can be used to
contributes constructively tdJ(z)|, wheneg>eq+¢, €.9., Si describe both the temperature dependenqeasfd the effect
wires in vacuum. But ifes<e.¢s, €.9., Si wires surrounded of dielectric liquids. Thep/p, ratio calculated according to
by polar dielectric liquid, the valugJ(z)| will decrease, i.e., Eq.(3) for E,p=105 meV is plotted as a solid line in Fig. 7.
the interaction between a charged impurity and a charge cafhe rise of the ratiar/ oy versusey is much stronger than
rier will be weaker. the rise of the calculated ratio @f'p,. This difference can-
The acceptor binding energl,, can be calculated by not be simply explained by a size distribution of the nano-
solving the Schrdinger equation with the potential energy crystals typical for meso-PS singépy,=17 (s4=25), and
given by Eq.(2). The analytical and numericaf solutions  the increase op measured by FTIR for the meso-PS after
of the problem of a hydrogenic impurity in a semiconductorethanol condensatiofsee Fig. 4 is the same within the ac-
wire showed strong increase Bf, with decreasingl or/and  curacy of the measurements. Therefore, one should conclude
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that u increases by up to one order of magnitude after fillingdielectric liquids. The free-carrier IR absorption in meso-PS
the pores with a polar liquid. This gives an upper limit of can be described by the Drude-model and the high possible
w=5x10"2% cm? V1 s 1 values ofp in meso-PS showed that the mechanisms of scat-
The low value ofu and its increase after filling of the tering are comparable for bulg®-Si and meso-PS in the
pores with condensed dielectrics can be understood withigiven spectral range.
the frame of the undulated wire model. The self-image effect The specific action of donorlike or acceptorlike or ampho-
due to differenteg ande 4, which is described by the second teric surface states has been discussed and the effect of the
term in formula (2) induces potential fluctuations for a dielectric ambience op has been demonstrated. The dielec-
charge carrier moving in an undulating wire. The self-imagetric confinement is caused by mirror charge, which arises
contribution to the potential energy of a free hole is roughlywhen the dielectric constant of the semiconductor nanopar-
proportional to €g/e.¢— 1)/d. For instance, a variation af  ticle is different from that of its dielectric surrounding {
from 5 to 9 nm along the Si wire kept in a media wih;¢ #&g4) and which leads to an increase or decrease of the bind-
=4.5(meso-PS in vacuum or in aiwill give the modulation  ing energy of a charge carrier in the Coulomb potential of
of the potential energy of the order of 0.1 eV. Such potentiaknother one depending on whetheg>ey or eg<eyq,
fluctuations would lead to an activation energy-00.1 eV  respectively-
for u. The comparison between the temperature-dependent The simultaneous investigation of the infrared free-carrier
dc conductivity and free-hole concentration allows us to esabsorption and of the dc electric conductivity allowed us to
timate the activation energy qf to be about 0.2 eV. Note, obtain values for thémacroscopit mobility of free equilib-
that even relatively weak quantum confinemésgtween 20  rium holes in meso-P&f the order of 104 cm? V™1 s71),
and 40 meV in each bapndwhich is expected for such wire We remark that Hall-effect or time-of-flight measurements
diameter$ can additionally increase the localization of the cannot be applied to this material since the values of the
carriers in undulated wires and thus the activation energy ofmobility are too small or the conductivity is too big, respec-
n for meso-PS in vacuum. Dielectric medium wigh>eg  tively. It was shown that the mobility is also affected by the
surrounding Si wires screens the potential fluctuations redielectric confinement, which is important for the screening
lated to the self-image effect and therefoue increases. of potential fluctuations. However, the generally very small
However the carrier localization due to the quantum confinevalues of the mobility cannot be explained within the model
ment may be still present, which together with trapping will of dielectric confinement and hence, other concepts of the
limit the carrier transport in meso-PS. electrical properties of the network of Si hanowires should
be considered.

VI. SUMMARY AND CONCLUSIONS

The existence of equilibrium free charge carriers has been
shown by free-carrier IR absorption for a porous semicon-
ductor in the case of meso-PS, which was electrochemically V.Yu.T. is grateful to the Alexander von Humboldt Foun-
produced from heavily boron dopega’-Si. The concentra- dation for support. M.G.L. thanks the Russian Basic Re-
tion of free holes in meso-PS can be changed over severakarch FoundatiofProject No. 99-02-16664and the Rus-
orders of magnitude up to the order of'8cm 2 by modi-  sian Federal PrograniProject No. 4.11.99 for financial
fication of the surface conditioning or by condensation ofsupport.
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