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Gas permeability of porous silicon nanostructures
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The gagair and hydrogenflow through porous silicoiPS nanostructures is studied. Being well described
by Darcy’s law, the gas flow measurements allow us to deduce PS permeability values, which are measured to
be 10%-1015m?, corresponding to the 50—70% porosity range. A strong porosity dependence of the PS
intrinsic permeability is found to be in good agreement with Kozeny’s model. The influence of nanoscale
morphology on the porous layer permeability is shown and discussed, taking into account the fractal-like
specific surface of the PS nanostructures. In particular, the liquid permeability of the PS nanostructure is
estimated to be 6410718 m? from the observed Klinkenberg effect for gas flow.
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Because of its very large specific surface valgas to The creeping flow of a single viscous fluid through a po-
1000 n? cm™3) [1], its high reactivity, and its potential com- rous media is described by Darcy’s |4
patibility with silicon-based electronics, porous silictS -
nanostructures are successfully used in gas sensing devices g=-KVp, (1)
[2]. Recently, new gas-based applications of this type prom- = . . .
ised nanostructured material in miniaturized fuel c¢gg ~ Which is a simple linear transport law having exactly the
and gas precombustion microsysteri§ were reported. same_form as Ohm S_)|a_W, Fick’s law, and thg heat conduction
However, in spite of great interest to apply PS in such mi-€quation, and wherg is the flux of the fluid through the
crosystems, gas transport in this porous material is not ygiorous mediaVp is the pressure gradient of the fluid across
studied. In this work, wei) describe gas flow through PS the porous media, and the coefficient of proportionafitis
nanostructure(ii) deduce porosity-dependent gas permeabilthe conventional saturated permeability characterizing fluid
ity of the PS nanostructures, aqid) analyze, in detail, the ~ conductivity through the porous media. We note that the per-
permeability values in the frame of Kozeny's permeability meability so defined depends both on the porous media and
model for porous medigs]. Weak physical interactions be- on the fluid, and varies inversely as the fluid viscosityWe
tween flowing gases and nanoscale structural partlculantleéam therefore, define an intrinsic permeabilityK 1, which

of PS are observed. . . . .
C th d ty, ind dent of the fluid dt
The PS samples studied in this work were produced ac:ﬁieazlﬂjroer?tl_ls media property, independent ot the fluid used to

cording to a standard procedul of electrochemical etch- The prediction of the permeability for various porous me-

ing of monocrystalline (100r-onented  boron-doped dia is a problem of great practical relevance. In general
(0.01Qcm) Si  wafers at current densities of pré great p ) ge '
some functional correlations between the permeability and

40-100 mA crii%. The etching solution was a 1(by vol- other macroscopic properties of the porous media, such as
ume mixture of ethanol and concentrated aqueous hydro- . )SCOpIC propertie porou 13, su
porosity (ratio of the total void volumeP and specific sur-

fluoric acid(48%). Depending on current density, the poros-

ity of the samples varied in the range of 50—70%. In order tgace aredtotal _interstitial surface area to the bulk VOIUT'& .

obtain freestanding PS layers, a shee0.5—1 § anodiza- can be establls_hed. One_ of the most known corre_lat_|0ns is

tion current pulse of about 1 A/d&nensuring an electropol- Pased on the simple capillary theory of Kozef®}. Within

ishing regime, was applied at the end of the etching procesd’® Model, the intrinsic permeability is given [

The thickness of the realized samples was about A0 p3

The dimension of Si nanocrystallites constituting the porous k= PPy 2

layer was estimated by Raman microspectroscopy, using a

method described in detail elsewhefg]. Some samples wherec is the Kozeny coefficient that depends on the geom-

were slightly oxidized at low temperaturés:350 °Q in a  etry of the capillariegc=2 for cylindrical capillariey and 7

dry O, atmosphere during 1 h to slightly modify the surfaceis the turtuosity of the porous mediuf8].

of the Si nanocrystallites by the creation of Si-O bonds. While considering gas flow through a porous medium,
To study gas flow through PS, the freestanding sampleenly the interconnected pores going from one side to another

were mounted in a homemade hermetic cell. Air and hydroef the porous sample participate in the gas conduction, as the

gen passed through the samples due to a pressure gradiel#ad-end pores almost do not contribute to the flow forming

maintained across the sample thickness. The different preshe nonconducting pore space of the medium. Therefore, to

sure gradients in the cell were hydrostatically established binclude the effect of the dead-end pores, the total geometrical

the gas bubbling in a tube containing water columns of dif-porosity, P, is replaced in Eq(2) by effective porosityPe¢s,

ferent heights. The outgoing gas flow rates were measured ljefined as the ratio of the volume of the only conducting

a flowmeter. pores to the total porous sample volume. For high porous

1539-3755/2004/10)/0173014)/$22.50 70017301-1 ©2004 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW EO0, 017301(2004

3-rd order pore 2-nd order pore

FIG. 1. A schematic view of the freestanding
fractal-like porous silicon nanostructure.

materials, the effective porositiP.¢s should approach the Figure 3 shows the intrinsic permeability versus porosity.
geometrical oneR?, and for low porous sampld,<<P, and  In the first-order approximation, the PS permeability values
it has to be taken into account for realistic permeability pre-obtained with air and hydrogen are quite close, indicating
diction. independence on gas nature. The experimental points can be
PS is considered as a fractal-like porous nanostructurquite well fitted by Kozeny’s moddEq. (2)]. Indeed, using
that seems to be close to the nanopores networks observéd,. (2) and taking into account the theoretical porosity de-
by electronic microscopy9]. It is schematically shown in pendence of the PS specific surfeége6(1-P)/d, which is
Fig. 1. The largest first-order pores produce perpendiculaih good agreement with experimental valji¢l and whered
pores with proportionally smaller sizes, each of them generis the mean dimension of the Si nanocrystallites, the experi-
ating the next perpendicular branches and so on. In such mental results are fitte@olid line in Fig. 3 by the following
“low porosity” presentation(Fig. 1), only the first-order relation:
pores are evident to contribute in the gas fid®;< P). For 3
higher porosities, the pores of the higher order become inter- k:AL
connected, an®.¢; begins to approack and finishes to be (1-P)?’
very close toP.
Figure 2a) shows an example of gas flow rates for hydro-
gen and air as a function of the maintained pressure gradie
for a given PS nanostructure. An ideal linear behavior in Pors=0.33-0.93¢+1.6%, with x=(P-0.33/0.67,

3)

where Pg¢s and 7 are expressed in the same manner as pro-
rQtosed by Koponeet al. for another porous mediuifb, 8]

accordance with the Darcy law given by E@&) can be ob- (4)
served. The gas-dependent permeability,of PS can be
therefore obtained from the line slope. Strong nonlinear po- 7=0.81-P)+1 (5)

rosity dependence of the permeability so deduced is given in

Fig. 2b). The permeability to hydrogen is observed to bek is the intrinsic permeability infm?) and A is the fitting
much larger than that to air, due to an important difference ircoefficient equal to 5.% 10726 (m?). The coefficien® is ex-
their viscosity(28.6 uPa s for air and uPas for hydrogen  pressed asA=d?/36c, wherec is a geometrica{shapg pa-
However, from a physical point of view, the understanding oframeter of Kozeny's modglEq. (2)]. Neglecting the weak
the porosity-dependent behavior of intringigas indepen- porosity dependence of the nanocrystallite dimensipand
dend permeabilityk=Ku, of the PS nanostructures, obtained taking its mean value of 16 nm for this porosity rangee

by excluding the gas viscosity, is more important. the insert in Fig. 3 we obtainc~0.014, which is character-
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FIG. 2. (a) The rates of hydrogen and air flows through the freestanding porous silicon layers as functions of applied pressure. The
squared and triangular symbols correspond to two independent consequent measurements in order to check refipatakilipgrme-

ability of porous silicon nanostructures to hydrogen and air as functions of the layer porosity.
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FIG. 4. The influence of low temperature oxidation on gas per-

FIG. 3. The intrinsigtheoretically gas independémermeabil- o .
« Y9 pendarp meability of the porous silicon nanostructures.

ity of the porous silicon as a function of porosity. The data are fitted
according to Kozeny's lawsolid line). The insert(upper left cor-
nen shows dimension&or the same porosity rangef the silicon  be, therefore, steeper for hydrogen than for air, which is cor-
nanocrystallites constituting the porous layer. related to the obtained resuliBig. 3.

Taking an average value of the measured intrinsic perme-
istic for our randomly arranged PS nanostructure, and comgpility corresponding to 67% porosity,~5x 10716 m?, an
pletely different from the case of strongly cylindrical pores average value of applied pressurps= 1300 Pa, a Klinken-

[5] characterized by=2. In our minds, such a difference perg factorb, corresponding to thk, value[10] b= 10° Pa
between our empirically deduced value of the shape paramgng the following relatiorj10]:

eterc, and that used for the case of the regular cylindrical
pores reflects a structural complexity at the nanoscale level b
of the PS morphology. Indeed,) strong percolation of the Ka= k°°<1 +p_) (6)
nanopores(ii) statistical and in-space distribution of their é
dimensions and complex shapes, diid the fractal nature we estimate an absolutgas independenppermeability,k.,,
of the whole porous network and of the structural irregulari-under the very large gas-phase pressure at which condition
ties at nano- and subnanoscale levels determine, in our opithe Klinkenberg effects are negligible to be about 6.4
ion, the observed difference. X 10®m?. A gas is compressed into a liquidlike state at
However, a more careful observation of the experimentap,— o0, andk,, corresponds, therefore, to the permeability of
results(Fig. 3) reveals a weak dependence of the permeabila liquid that completely fills the nanopores of the PS.
ity values on the nature of gas molecules. Indeed, one can In spite of the larger mean-free path due to the Klinken-
see that the PS permeability increase, along with the poro$erg effect, absolutk values are observed to be smaller, in
ity, is slightly steeper when hydrogen is used as a testing gashe case of hydrogen, for a low porosity rar@e<60%). It
rather than air. It can be explained by the Klinkenberg effectan be explained by a possible physical trapping of gas mol-
[10], originally detected with gas flow through capillary ecules in nonconducting dead-end po(i& pores of a high
tubes. Indeed, this effect is well pronounced when the diamerder in Fig. 3. Being lighter and smaller, hydrogen is thus
eter of the capillary tubes approaches the mean-free(path more probable to be trapped, and the corresponding apparent
of the gas molecule. For a majority of gasses at normal conPS permeabilities should be smaller than for air. For
ditions, the mean-free path is well known to be aboutP>60%, the trapping effects are less present, both due to the
100 nm, which is much larger than the characteristic porenuch largerA.s and due to the traps’ disappearance when
diameter in P6=6-8 nm[11]). Thus, in PS nanostructures, P.— P and k values measured with hydrogen molecules
numerous scattering events take place between gas mdlecome, therefore, larger than those estimated by means of
ecules and nanopore walls. Consequently, the pore diametair flow. In this porosity rangéP>60%), only the Klinken-
can be thus considered, in a first-order approximation, as alerg effect dominates. Let us insist, however, that the dis-
effective mean-free pattA¢;) for gas molecules traveling cussed Klinkenberg and trapping effects are relatively weak,
through the porous medium. However, for equal pressureand the porosity-dependent permeability behavior is rela-
and a given porosity, smaller and lighter hydrogen moleculegively well described by Kozeny’s model, independent of the
will be less scatteredarger mean-free pagtthan larger air  gas nature.
molecules(smaller mean-free pattwhen traveling through The existence of the trapping effect is unambiguously
the same PS nanostructure. When the porosity increases, tlemonstrated in Fig. 4. A sliglibow temperaturex<350 ° O
mean-free path for hydrogen molecules should increase moixidation of the freestanding PS samples was performed.
rapidly than for air molecules. Being related AQ;; as[12]  Such a treatment results, surprisingly, in an enhancement of
k~ A%, the permeability dependence on the porosity shouldhe PS intrinsic permeability. Indeed, after the oxidation,
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smaller (higher-ordey dead-end pores are partially or com- usually smaller than 20—25% when the oxidation tempera-
pletely plugged, leading to the partial trap’s disappearanceures do not exceed 350 °C. Taking into account that
while the larger(lower-ordey interconnected gas conductive 20—30% of the silicon atoms are found at the PS specific
porous network, corresponding to tRgy;, is preserved un-  surface, one can conclude that only a monolageraverage
changed. This effect is more pronounced for hydrogen asf silicon oxide can be formed at the silicon nanocrystallites
lighter and smaller molecules, compared to air and, theregyrfaces at temperatures350 °C and it is evident to be not
fore, is more sensible to the traps’ presence/absence. In pafyfficient for the mechanical destruction of the whole PS
ticular, after the first oxidation step corresponding to 240 ociayer.

hydrogen permeability increases while the air permeability *j, conclusion, the gas permeability of nanostructured PS

remains at the same level. It can be explained by the plugy sydied. Gas transport through the PS freestanding layers
ging of the smallest pores trapping only hydrogen, while the.an e well described by Darcy’s law, as for other porous
oxidation at 350 °C leads to the removing of the larger trapynegia. The PS intrinsic permeability dependence on porosity
ping pores, where both hydrogen and air _mqlecules cou.Id bR in good agreement with Kozeny’s model. A weak perme-
enclosed, and consequently, the permeabilities both to air angjjity dependence on the nature of the used gas molecules is
to hydrogen are enhanced. It is important to make that préghserved and explained by random physical interactions

cise during the slight oxidation _procedure at such _Io_V\_/ tem'(KIinkenberg and trapping effegtbetween the traveling gas
peratures, so that no destruction occurs of the initial asyglecules and PS nanoscale morphology.

prepared porous network, which could provoke the

permeability enhancement. Indeed, as it is well known from The authors are grateful to J.-Y. Laurent and C. Roux
a technological point of view, the oxidation of PS at 300 °Cfrom the Departement of Technologies for New Energies
in a dry O, atmosphere is used for the stabilization of the PSDTEN) of the Grenoble Atomic Energy Centf€EA) for
physical properties. The oxidized fraction of silicon atoms isassistance in permeability measurements.
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