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Adsorption strains in porous silicon

G. Dolino, D. Bellet, and C. Faivre
Laboratoire de Spectrome´trie Physique, Universite´ J. Fourier Grenoble I–CNRS (UMR 5588), Boıˆte Postale 87,

38402 Saint-Martin-d’He`res Cedex, France
~Received 5 August 1996!

X-ray-diffraction observations of strains induced by vapor adsorption are reported for porous silicon single-
crystal samples. Two types of porous silicon~p andp1! with very different pore structure are investigated. A
low-pressure contraction is observed inp-type samples with spherical pores of about 3-nm diameter. In
p1-type samples, where the pores are cylindrical with a larger diameter of about 10 nm, a minimum of the
lattice parameter versus the vapor pressure is observed when capillary condensation occurs with a distinct
hysteresis between increasing and decreasing vapor pressure. Finally, an expansion is observed for complete
wetting. These results are discussed for the different pressure ranges in relation to previous experimental and
theoretical studies on adsorption strains. The analogous features observed for very different materials could
have a common origin. The expansion is easily explained by the decrease of surface energy due to adsorption
and wetting. It appears that the low-pressure contraction is partially related to the attractive van der Waals
interactions induced by vapor adsorption in nanometer-size cavities. The softening of the elastic constants
observed in porous silicon is discussed in order to explain the magnitude of the observed strains.
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I. INTRODUCTION

Fluid-solid interfacial phenomena, which have been st
ied for a long time, are always the subject of much intere1

Although vapor adsorption is always the standard charac
ization technique for porous materials,2 some interesting
questions remain unsolved.3 Another active research fiel
deals with intermolecular forces, which can be investiga
with a surface force apparatus.4 Adsorption and wetting phe
nomena are due to the action of molecular interactions
tween a fluid and an adsorbent, which usually is conside
to be rigid. However, it is clear that the adsorbent is a
submitted to the action of the molecular forces, and t
some substrate deformation must exist, as indeed reveale
numerous observations of adsorption strains. The first re
of these effects in a solid material is usually attributed
Meehan in 1927, for the adsorption of CO2 in charcoal;5 in
the following years many observations of adsorption stra
were reported, in particular by the Bangham group, also
charcoal,6 and by Yates in porous silica.7 These classica
results were reviewed by Yates7 in 1960, and by Sereda an
Feldman8 in 1967. Since that time, few new results on a
sorption strains have been published: on the experime
side, we can mention the work of Dashet al.9 on vapor ad-
sorption in graphite, and of Thibault, Pre´jean, and Puech10 on
He adsorption in silica aerogel; there were also some rel
works on strain measurements in porous media during w
freezing11 or gel drying.12 On the theoretical side, we ca
mention studies by Ericksson13 and Ash, Everett, and
Radke,14 which will be developed below as a starting poi
for the discussion of our experimental results.

In this paper, we report measurements of adsorp
strains in porous silicon~PS!, a material which, after the
recent discovery of room-temperature luminesce
phenomena,15 has been the subject of much interest,
shown by several conference proceedings.16 Furthermore,
540163-1829/96/54~24!/17919~11!/$10.00
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porous silicon is a unique example of a crystalline poro
material possessing the structural properties of a nearly
fect single crystal: high-resolution x-ray-diffraction expe
ments on PS~Refs. 17–19! gave detailed information on
strain variations induced by various effects such
oxidation20 and Ge filling.21 Recently we also reported x-ra
observations of PS strains induced by alkane wetting22 and
vapor adsorption.23

In Sec. II of this paper, we give a description of our x-r
measurements of PS strains induced by pentane vapor
sorption. In Sec. III, we review previous explanations of a
sorption strain in other materials, and then in Sec. IV
discuss our results for PS in relation to these works. Fina
in Sec. V we evaluate the effects of the softening of t
elastic constants of PS on adsorption strains.

II. EXPERIMENTAL STUDY OF ADSORPTION STRAINS

A. Properties of porous silicon

Porous silicon is obtained by the electrolysis of a sing
crystal silicon wafer in a HF solution producing a thin p
rous layer on the wafer surface:24 the porosity and the pore
morphology depend on wafer doping, HF concentration, a
current density; the porous layer thickness, usually in themm
range, is proportional to the electrical charge. For our wo
PS layers with two boron doping levels, both of 10-mm
thickness, have been fabricated on~001! silicon wafers under
dark conditions. The heavily dopedp1-type samples were
fabricated on a wafer of 0.01-V cm resistivity, under electro-
chemical conditions giving a layer of 80% porosity~electro-
lyte composition: 15% HF, 35% water, and 50% ethanol;
current density is 80 mA/cm2!. The lightly dopedp-type
samples were prepared on wafers of 5-V cm resistivity, with
conditions corresponding to 70% porosity~electrolyte com-
position: 25% HF, 25% water, and 50% ethanol, and a c
rent density of 20 mA/cm2!. It is well known25,26 that these
17 919 © 1996 The American Physical Society
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17 920 54G. DOLINO, D. BELLET, AND C. FAIVRE
two types of PS samples exhibit different pore morpholog
p1-type porous silicon has an anisotropic structure of cy
drical pores, of about 10-nm diameter, with axis parallel
the ^001& direction;p-type PS has a rather isotropic structu
of spherical pores of about 3-nm diameter. These res
were first obtained by direct electron microsco
observations,25 while more quantitative results on pore si
distributions were deduced from nitrogen adsorpt
measurements;26 as these latter measurements are closely
lated to our work on adsorption strains, we briefly rec
some of these results. Vapor adsorption is the classical t
nique to determine the characteristics of porous mater
quantitatively:2 the amount of vapor, usually N2 at 77 K,
adsorbed in a porous material, is measured versus the v
pressure. The schematic shape of an adsorption curve,
lar to those obtained inp1-type PS,26 is shown in Fig. 1: the
most striking feature is the presence of a hysteresis l
between increasing and decreasing pressure which, as
cussed in Sec. IV C, is related to the capillary condensa
of the vapor inside the pores.

B. X-ray-diffraction measurements

1. Experimental setup

X-ray-diffraction experiments were performed with
high-resolution diffractometer~Philips MRD!, using a four-
reflection Ge monochromator for the CuKa1 line from an
x-ray tube.20 Typical x-ray rocking curves, obtained for
p1-type sample by rotations of the sample anglev, are
shown in Fig. 2~a!. Around the~004! silicon reflection, two
narrow diffraction peaks are detected: one (S) is produced
by the silicon substrate, and the other (L) by the porous
layer. The lattice mismatch parameterDa/a, in the direction
perpendicular to the~001! sample surface, is directly propo
tional to the angular splittingDv between the two peaks
according toDa/a52cotvBDv, where vB is the Bragg
angle for the~004! reflection.17–20

FIG. 1. Schematic representation of the isotherm adsorp
~amount of adsorbed fluid vs the vapor pressure relative to the s
ration vapor pressure! for a p1-type porous silicon sample: a hys
teresis loop between increasing and decreasing vapor pressu
clearly evidenced at high pressure values.
:
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X-ray data were obtained at room temperature, with
sample in a vacuum cell with a beryllium window. Penta
vapor was introduced by controlled steps, giving a varia
pressure between zero and the saturation vapor pressu
pentanePS560 kPa. Caution should be taken to prevent co
tamination by pump oil, which occurs frequently in vacuu
measurements;27 for our x-ray measurements, contaminatio
by pump oil gives rise to an irreversible decrease of the
lattice parameter, which was suppressed by using liquid
trogen traps between the pump and the vacuum cell.

2. Results on p1-type samples

Rocking curves obtained under various vapor pressure
pentane, for thep1-type porous silicon sample of 80% po
rosity, are plotted in Fig. 2~a!; the corresponding variation o
the lattice mismatch parameterDa/a as a function of the
relative pressureP/Ps is plotted in Fig. 2~b!. At P50, the
lattice expansion of the porous silicon layerDa/a is
8.831024, the same value as in air. This initial expansion
attributed to the effect of the hydrogen coverage of the p
surface, as proposed by Sugiyama and Nittono.28 With in-
creasing vapor pressure, there is little variation of the rock
curve shapes, up toP/Ps'0.8–0.9, where the porous pea
broadens and shifts toward the substrate peak, reachin
maximum variation atP/PS'0.9. AroundP'PS , the po-
rous peak has shifted back, but has not reached the pos

n
tu-

is

FIG. 2. ~a! X-ray rocking curves~intensity vs the angle of rota
tion v of the sample! for the ~004! reflection of a porous silicon
sample~p1 type, porosity of 80%, 10mm thick! during pentane
vapor adsorption. The vapor pressureP decreases from the satura
tion vapor pressurePS to P50. ~b! Variation in the lattice param-
eter mismatchDa/a of the samep1-type porous silicon sample
during pentane adsorption~m! and desorption~.! as a function of
the relative pressureP/PS .
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54 17 921ADSORPTION STRAINS IN POROUS SILICON
found for full immersion in the liquid.22 The peak width is
also slightly larger, showing the presence of a broaden
induced by inhomogeneous strains. It is necessary to incr
P abovePS ~by slightly heating the liquid reservoir abov
the temperature of the sample! to obtain a full wetting of the
PS sample, with a narrow peak and a larger shift, as fo
during full immersion of the sample in the liquid; this pu
zling phenomenon is discussed below in Sec. IV A. W
decreasing pressure, i.e., during controlled drying, a st
hysteresis is clearly observed, as shown in Fig. 2~b!: the
decrease of the lattice parameter occurs at a smaller va
P/PS'0.8, than for increasing pressure. One can note
the Da/a variations occur nearly in the same range as
large variations of adsorption in the hysteresis loop of Fig
As discussed below in Sec. IV C, both effects are attribu
to capillary condensation. Other measurements, of the ro
temperature-induced strain adsorption of various vap
~mainly of pentane and cyclohexane! performed for various
p1-type PS samples, with porosities between 60% and 9
show similar hysteresis cycles, with results given in Table

3. Results on p-type samples

Larger variations are observed forp-type PS: Fig. 3~a!
shows the pressure variation of the rocking curves for
creasing pressure, while Fig. 3~b! exhibits the variation of
the lattice parameter mismatch versus the pentane v
pressure. For pressureP increasing from zero, there is first
linear decrease ofDa/a with a large broadening of the dif
fraction peak. AroundP/PS'0.5, the porous layer peak i
greatly broadened, and is roughly centered around the
strate peak, i.e.,Da/a'0. Then for increasing pressure, th
porous peak shifts back, but remains broad; here, also,
necessary to haveP larger thanPS , to obtain again the nar
row peak found during immersion in the liquid.22 No hyster-
esis is observed forp-type samples. Although the accurac

TABLE I. Experimental and calculated values of the adsorpt
strains for different porous silicon samples. The calculations w
performed using equations~10! and~11! for p- andp1-type porous
silicon samples, respectively. The ratio between experimental
calculated values is nearly constant.

Sample type
and porosity

Liquid and
surface
tension
~mJ/m2!

Strain atP5P* (Da/a3104)

experimental
value

calculated
value

calculated/
experimental

p1 60% cyclohexane
25

1.2 2.5 2.1

p1 60% pentane
14

0.7 1.4 2.0

p1 70% pentane
14

1 2.5 2.5

p1 80% heptane
20

2.8 8.0 2.9

p1 80% pentane
14

2 5.6 2.8

p1 90% pentane
14

6.3 22.5 3.6

p 70% pentane
14

20 68 3.4
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of the measurements is reduced by the large broadening
the porous peak, the absence of hysteresis has been obse
in several samples. One can also recall that in previous va
adsorption measurements onp-type samples, similar results
were observed: in one measurement, only a very small h
teresis was observed near saturation,26 while in another mea-
surement no hysteresis was detected.29

In conclusion, these results show that adsorption stra
are clearly visible in PS, and are quite different forp1- and
p-type PS samples: inp1-type PS, the strain follows the
behavior of the usual adsorption curve of Fig. 1, and show
well-defined hysteresis; inp-type PS, for increasing pres-
sure, there is a large contraction, followed by an expansio
an important feature is the absence of hysteresis inp-type
samples. Finally, bothp1- andp-type samples show an un-
expected delay in strain variations aroundPS .

III. ADSORPTION STRAINS AND SURFACE
THERMODYNAMICS

Before discussing our experimental results on PS strai
we first recall some surface thermodynamics concepts wh

e

nd

FIG. 3. ~a! X-ray rocking curves for the~004! reflection of a
porous silicon sample~p type, porosity of 70%, 10mm thick! dur-
ing pentane vapor adsorption. The vapor pressureP increases from
P50 to the saturation vapor pressurePS . ~b! Variation in the lattice
parameter mismatchDa/a of the samep-type porous silicon
sample during pentane adsorption as a function of the relative p
sureP/PS . The dashes at each point represent the full width at h
maximum of the x-ray rocking curves. The last point~d! was ob-
tained after a slight heating of the liquid reservoir. The dashed li
is a guide for the eyes.
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have been used to interpret previous measurements o
sorption strains in charcoal and in porous silica. In ear
observations of adsorption strain, only an expansion~or
swelling!, was observed:7,8 Bangham and co-workers6 found
that the swellingd l / l , measured by dilatometry, was pro
portional to the two-dimensional surface pressureP of an
adsorbed fluid film. Basic considerations of surfa
thermodynamics,30 first developed for fluid interfaces, sho
that upon adsorption,P is equal to the decrease of the su
face energygSO2gSV ~where the subscripts SO and SV co
respond, respectively, to a clean surface under vacuum
to a surface with an adsorbed layer in thermodynamical e
librium with the vapor at pressureP!. Then, assuming tha
the vapor behaves like a perfect gas, one obtains the clas
Gibbs relation

P5gSO2gSV5RTE
0

p

Gd ln p ~1!

whereG is the adsorbate excess surface quantity. While
approximation of perfect gas behavior can lead to so
quantitative deviations, the prediction of an expansion up
vapor adsorption cannot be escaped, at least if the conc
used for a fluid-fluid interface can be extended to a flu
solid interface. The explanations of Bangham a
co-workers,6 based on the Gibbs relation, has indeed be
used in nearly all the explanations of adsorbent swelling7,8

The main problem is then to determine the pore shapes
surface area, and to calculate the effect of the elastic c
stants of the porous medium. Most often drastic simplifi
tions are used, considering only solid particles with sim
geometric shapes~sphere or revolution cylinder! and with
isotropic elastic constants. The case of a spherical particl
radiusr and of surface energygS is rather simple:

7 according
to the Laplace relation, the particle is submitted to a co
pressive pressure

DP52gS /r . ~2!

Then there is an isotropic strain«,

«52DP/3K522gS/3Kr , ~3!

whereK is the bulk modulus of a macroscopic sample. T
maximum value ofgS is gSO for a clean surface unde
vacuum, producing the larger initial contraction; with vap
adsorption,gS decreases, and the particle swells relative
the vacuum state.

Since the review by Sereda and Feldman8 in 1967, few
new works on swelling have been published. We can m
tion the results of Dashet al.9~a! on a material composed o
graphite particles with a thick disk shape, and the study
Scherer31 on a model of porous silica with perpendicul
cylindrical pores of uniform radius; these two studies give
expansion proportional tog/Kr , as in Eq.~3!, but with nu-
merical coefficients which depend on pore shapes and on
Poisson ratio of the materials.

Although swelling is the only effect expected from Gib
Eq. ~1!, adsorption induced contractions have been obser
in many experiments, first in charcoal32,33and then in porous
silica.7,34 In fact, as for porous silicon, the observation
adsorption contraction by Haines and McIntosh32 revealed
different behaviors in two pressure ranges:
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~a! At high pressure~P/PS.0.4!, there is a contraction
with a pressure hysteresis similar to that observed in Fig
for p1-type PS, which is attributed to capillary condensati
of the fluid in the pores, as discussed in Sec. IV C.

~b! At low pressure, there is often a reversible contracti
similar to that of thep-type sample in Fig. 3, called ‘‘anoma
lous’’ by Sereda and Feldman.8 Various explanations of this
anomalous contraction were already proposed by Haines
McIntosh in their first paper on contraction:32 anisotropic
strain, dissolution of the adsorbate in the adsorbent, and
illary condensation in narrow crevices. Subsequently t
other explanations were proposed: for charcoal, bridging
adsorbate molecules between two closely spaced walls;35 and
for porous silica, H bonding at specific sites, probably SiO
groups, on silica surface.7 More recently, two general expla
nations of adsorption contraction have been proposed:
by Ericksson,13 based on the rigorous thermodynamics o
plane solid surface, and the other by Ash, Everett, a
Radke,14 for a fluid confined between two parallel planes.

~i! In 1969, Ericksson published a thermodynamic ana
sis of adsorption strain taking into account the specific pr
erties of a solid surface.13 For a solid surface, the concept o
surface tension used for a fluid is ambiguous, and one ha
distinguish between the surface free energyg and the surface
stress tensorsi j . According to the Shuttelworth relation,36

the relation betweeng andsi j is given by

s i j5gd i j1dg/d« i j , ~4!

where di j is the Kronecker symbol and«i j is the surface
strain. For a fluid surface there is no variation of the surfa
energy as a function of strain, ands is numerically equal to
g. Ericksson showed that, for a solid surface, different b
haviors are expected for mobile adsorbed molecules~as in a
fluid film! and for localized adsorption~as in a solid film!.
For a fluid film on a plane solid surface, the change of s
face stress is equal to the decrease of the surface free en
given by Gibbs Eq.~1!; then, for a smooth solid surface, th
adsorption of a fluid layer can only produce a swelling of t
adsorbent. On the other hand, localized adsorption of m
ecules with lateral interactions can lead either to a contr
tion or to an expansion, according to the values of the in
action parameters. In this case of localized adsorption, wh
occurs mainly at low temperature, a statistical mechan
model shows that, with increasing pressure, a temperat
dependent crossover from contraction to expansion can o
for coverages less than a complete monolayer. This treatm
was extended by Hasley,37 to the case of a transition from
commensurate to an incommensurate crystalline layer, o
the case of melting of a crystalline layer. Indeed, with
creasing pressure, Beaumeet al.9~b! observed a discontinuou
expansion at the liquid-solid transition of a CH4 layer ad-
sorbed on a graphite adsorbent. They explained the obse
tion of an initial contraction by the heterogeneous adsorpt
of the first fractions of a layer in strongly interacting site
while the expansion at higher pressure is explained by
usual decrease of the surface energy, produced by the
sorption of a fluid layer.

~ii ! Another approach of adsorption strain was propos
in 1974 by Ash, Everett, and Radke,14 who considered the
thermodynamic behavior of a fluid confined between t
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54 17 923ADSORPTION STRAINS IN POROUS SILICON
parallel plane walls. In addition to the usual thermodynam
parameters~entropyS, volumeV, and number of atomsN!,
they introduced two supplementary parameters; the wall a
A and the wall distanceh. With these parameters, the vari
tion of the system energy can be written as

dU5TdS2PdV1mdN12sdA2Afdh. ~5!

This formulation, which includes the effects of the surfa
stresss conjugate to the surface areaA already considered
by Ericksson,13 introduces an effect with the existence of
force f conjugate to the distanceh between the two walls. In
vacuum, the forcef is the van der Walls attraction betwee
the two walls.4 In the presence of a low-pressure gas, th
are thin adsorbed layers on the two walls; the dispers
forces between these two layers increase the attraction
tween the walls. With a liquid between the walls, a mo
complex behavior is observed: at a large distance ther
again an attraction; but for short distance~of a few molecular
diameters! an oscillating interaction is observed
experiments4 as well as in computer simulations.38 Balbuena,
Berry, and Gubbins39 made a detailed simulation of the forc
variations between two parallel walls as a function of t
pressure and distance between the walls. For a distance
few molecular diameters, there is first an attraction incre
ing with the pressure; then there is a capillary condensat
marked by a discontinuous increase of the attraction; fina
at higher pressure in the liquid phase, there is general
repulsion between the walls. These considerations are
rectly related to recent measurements of capillary conde
tion with a surface force apparatus.40

The extension of these ideas to adsorption in the m
complex geometry of real porous materials is not easy. A
Everett, and Radke14 made a qualitative discussion of a
sorption strain, with a competition between the expans
due to the decrease of surface energy and the contraction
to the contribution of dispersion forces in the presence
adsorption. Recently, progress has been made in theore
studies of adsorption in pores of simple shapes, using ei
a macroscopic approach for circular cylinders41 and concave
wedges,42 or a microscopic description, also in cylinders43

and in wedges.44 However, to the authors’ knowledge, n
analysis of adsorption stress has been published so fa
these two situations.

This brief presentation shows that the application of s
face thermodynamics to solid surfaces is far more comp
than for liquids. Several mechanisms can lead to a cont
tion of a porous adsorbent. However, for adsorbed fluid l
ers, it seems that a low-pressure contraction can only
explained by attractive dispersion forces acting on molecu
adsorbed on walls separated by very short distances.
higher pressure, the normal swelling due to the decreas
surface energy generally occurs.

IV. STRAINS DUE TO THE INTERACTION
OF POROUS SILICON WITH A FLUID

In this section we will apply previous considerations
surface stress for a discussion of our experimental result
the variations of PS strains under the influence of vari
fluids. First, in Sec. IV A, we discuss the usual swelling ph
nomena expected from the decrease of the surface en
c
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then we consider the origin of the contraction phenome
observed at low and high pressure, in parts Secs. IV B
IV C, respectively.

A. Swelling of porous silicon

1. Initial expansion of as-formed samples

Before considering adsorption swelling, we first discu
the origin of the initial expansion of as-formed sample
Since the work by Barlaet al.,17 it has been known that the
lattice parameter ofp1-type PS is larger, by a few 1024, than
that of the bulk silicon substrate. Forp-type PS, Young,
Beale, and Benjamin45 found a larger expansion of a few
1023. Recently we have discussed the various models p
posed to explain the initial expansion of PS,19 and we think
that the explanation of Sugiyama and Nittono,28 who attrib-
uted this effect to the presence of hydrogen on the PS
face, is the most probable. We note that the expansion
served in PS is a rather peculiar phenomenon, as usu
small crystalline particles show a contraction.46 However the
H coverage results from chemical interactions during PS f
rication, producing stable SiH bonds, very different from t
physical adsorption of alkanes on silicon considered in t
paper. Then, following Ericksson,13 for localized chemisorp-
tion an expansion of the substrate can be observed for
able values of atomic interactions. This initial expansion
PS is also in agreement with the calculation of Itohet al.47 of
the average Si-Si distance in silicon clusters with a surf
coverage of hydrogen~however, these clusters are too sm
to present a crystalline structure!. Another effect which can
increase the initial expansion is the presence of an ox
layer, a phenomenon which we have studied in detail in
case of anodic oxidation.48

Heating of a PS sample in vacuum above 350 °C produ
hydrogen desorption. This thermal annealing produces a c
traction of the lattice parameter by a few 1023, which may
correspond to the usual contraction, due to the effect of
surface energy on a clean crystallite, given by Eq.~3!. With
K598 GPa~Ref. 49! andgS51.25 J/m2 determined from a
cleaving measurement under vacuum,50 one obtains a con-
traction of 2.631023 for r53.3 nm. However, the contrac
tions following H desorption were measured in air at roo
temperature, on samples probably already covered by a w
or a pollution layer. Further measurements under ultrah
vacuum would be very interesting to determine the real va
of this contraction.

2. PS swelling in the presence of a fluid

The melting temperature of pentane is 143 K,51 and as
usual this melting temperature decreases in a confi
volume,52,53 pentane adsorption under ambiant conditio
leads to a fluid film. Then, following Ericksson,13 for a solid
particle with a smooth surface covered by a fluid film, o
can only expect an expansion of the adsorbent. The decr
of the surface energy produced by vapor adsorption, up
saturation pressure, is given by the Gibbs Eq.~1!. A further
decrease of the surface energy is produced by a full imm
sion in a fluid, as indeed observed by Bangham and Raz
in charcoal,54 in one of the rare measurements of this effe

However, the results obtained for porous silicon are rat
different from the expected continuous swelling: inp-type
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17 924 54G. DOLINO, D. BELLET, AND C. FAIVRE
samples the main effect is a large contraction at low pr
sure, which will be discussed in Sec. IV B; in thep1-type
sample there is mainly a plateau until the contraction due
capillary condensation aroundP/PS50.9, discussed in Sec
IV C. In both kinds of samples, there is a final expansion
a complete wetting. We now consider the value of the sw
ing of PS expected from the decrease of surface energy
to adsorption and wetting.

For this we have to consider the variation of the surfa
energy of a solid in the presence of a liquid and of its vap
a problem first studied by Bangham and Razouk55 for the
adsorption swelling of charcoal. They also extended this
proach to a determination of the contact angle of a liquid
a solid following the Young equation30

gsv2gsl5glvcosu, ~6!

whereu is the contact angle and the subscriptss, l , andv
refer to solid, liquid and vapour respectively. Bangham a
Razouk55 pointed out that at thermodynamic equilibrium, th
solid surface outside the liquid drop is covered by a film d
to vapor adsorption; the surface energy in Eq.~6! is gsv and
not the vacuum surface energygso used above. The surfac
energy variationgso2gsv is given by the Gibbs equation~1!.
The total variation of the surface energy for immersion o
clean surface is obtained by adding the contribution of E
~1! and ~6!, giving

gso2gsl5RTE
0

p

Gd lnp1g lvcosu. ~7!

The maximum value is obtained for full wetting wit
cosu51, the only case which we consider below. Typic
values of these two contributions for crystalline SiO2 pow-
ders were determined by Boyd and Livingston:56 for water
they found the contribution due to vapor adsorption to
about 250 mJ/m2, with a final wetting contributionglv573
mJ/m2. For heptane, the corresponding contributions were
and 20 mJ/m2, respectively. The interaction between a so
and an alkane is only due to van der Walls interaction4

while between water and silica there are also short-ra
hydrogen bonds between H2O and the OH groups present
the silica surface.57 In the modern theory of wetting, thes
interactions are called Lifshitz–van der Waals and acid-b
interactions,58 respectively.

We now study how these considerations can be applie
adsorption and wetting of bulk silicon, two phenome
which depend greatly on the surface chemistry and rou
ness of the samples. Traditionally, in silicon technology, o
dized silicon wafers are considered hydrophilic, while H
etched wafers are considered hydrophobic.59 However, as
sketched below, recent works show more complex prop
ties.

Oxidized silicon. A clean silicon surface obtained b
cleavage or after ultrahigh-vacuum thermal annealing is
stable at room atmosphere, and is quickly covered by a
tive oxide layer of about 2 nm thick, while thicker oxides
better quality are produced by various oxidation proces
~thermal, anodic, chemical, etc.!.60 Although these oxidized
surfaces are often considered hydrophilic, i.e., with a wa
contact angleu50, finite contact angles between 40° and 7
are often found,61 with large variations depending on th
s-
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sample history. Such contact angles can conveniently
used to characterize silicon surface cleanness. In agree
with the results of William and Goldman,59 the interaction of
fluids with silicon wafers covered by an oxide layer thick
than a few nm is identical to that of bulk silica.57 In both
cases, the presence of OH groups on the oxide surface h
great effect on the wetting properties.

The surface properties of oxidized silicon are also ve
important for vapor adsorption measurements, as shown
the recent ellipsometric measurements of Beaglehole
Christenson62 on flat silicon surfaces: for water the adsor
tion is small, with only a thin liquid layer atPS ; for pentane,
there is first a linear adsorption regime forP/PS smaller than
0.5; closer toPS , there is a large increase of the adsorpti
layer thickness, pointing to a nearly continuous wetting b
havior. For cyclohexane, Lawnicket al.63 even reported the
existence of a wetting transition, i.e., the observation o
change from a thin to a thick liquid layer around 20 °C. Th
also interpreted the linear variation of low-pressure adso
tion as an evidence for a weak adsorption by small size
homogeneous structures. However, the change of surface
ergy in these recent experiments were not presented.

H-covered silicon. After HF etching, silicon is covered by
SiHx , with properties depending greatly on the pH of t
etching solution and on surface orientation.64 For the perfect
Si~111! surface, water contact angles from 40° to 90° ha
been measured, depending on surface prepara
conditions.65 This is mainly due to the modification of the H
bonding possibilities existing with the OH groups of silic
which are suppressed when the silicon atoms are passiv
by hydrogen. On the other hand, van der Walls interacti
of alkanes with silicon and silica have, within a factor of
the same amplitude, although the exact value is unkno
due to the large incertitude for the value on the silica H
maker constant.66

In conclusion, silicon surfaces, either oxidized or hydr
genated, often present a finite contact angle with wa
which corresponds to the behavior of a low-energy surfa
In the case of an oxidized surface, this is due to a sm
concentration of OH group after high-temperature tre
ments. SiH-covered surface behaves probably also as a
energy surface with little adsorption.

Wetting of PS. The surface of fresh as-formed PS
mainly covered by SiHx and is usually considered
hydrophobic,67 while an oxidized sample will present mor
hydrophilic properties. Considering only a fresh sample,
linear variation of strain versus vapour pressure in ap-type
sample recalls the linear adsorption regime of alkanes
oxidized bulk silicon.62,63As both effects are due only to va
der Walls interactions, we can use the conclusion of Law
et al.:63 that is, due to a small adsorption by a surface no
homogeneous at nanometric distances. In this picture o
low-energy surface the main effect of vapor adsorption
curs with the growth of a macroscopic liquid film abovePS ,
producing a decrease of the surface energy on the orde
glv . For pentane, with a surface energyglv515 mJ/m2, this
wetting leads to a swelling from 1025 to 1024 for a silicon
particle of radius fromr510–1 nm, a result which is smalle
than the experimental value by about an order of magnitu
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3. Behavior around saturation vapor pressure

Finally we discuss the unexpected behavior obser
around the saturation vapor pressurePS . In principle, with
long-range van der Walls interactions, one would expec
continuous wetting atPS . However, for the two kinds of
samples studied~p and p1 types!, broad diffraction peaks
are observed atPS with a lattice parameter smaller than fo
complete wetting~even after waiting a dozen hours!; it is
necessary to go to higher vapor pressure to obtain an exte
liquid film, which is able to equalize the internal pore pre
sure giving a narrow peak such as that found for immers
Similar wetting anomalies have been observed in the p
for vapor-saturated charcoal: Bangham and Razouk54 ob-
served that a charcoal sample filled with methyl alcoho
PS exhibits a supplementary expansion when immersed
the liquid. Several explanations of these effects are poss

~i! One possibility is that forP5PS , the fluid pressures
are not equal in different pores or at least in various s
systems of pores: this supposes that nonequilibrium sphe
menisci are present, and that there is no internal pres
equilibrium between different pores: the presence of men
with different curvature can be due to a hysteresis of
contact angle, an effect well known for forward and bac
ward motion of a liquid drop68 on an inhomogeneous su
face. The presence or absence of a transversal pore co
tivity in as-formed electrochemically produced PS sample
not well documented; we know of no direct investigation
pore connectivity; we found only a brief mention of the a
sence of internal pore connections in a review paper.69 How-
ever, for samples thinned by chemical dissolution, which
curs with a constant dissolution rate, thin pore walls will
easily perforated.

~ii ! Another possibility could be that the external surfa
has wetting properties different from those of the inter
pore surface, or that the growth of a macroscopic thick fi
is a discontinuous process occurring only at a finite press
abovePS . But recent experiments

62 have shown that pentan
adsorption on a flat Si substrate produces a thick~25 nm!
film at PS . However, there are major differences in t
chemistry and morphology of external silicon surfaces,
tween PS and a bulk silicon wafer: a polished Si subst
has a very smooth surface and is covered by a thin na
oxide film, of about 2 nm thick; on the other hand, the
surface is pierced by many pore orifices, and may be roug
the atomic scale; furthermore the PS surface is covered
SiHx and not by SiO2. On such a rough surface, the fir
capillary condensations probably occur belowPS in the de-
pressions of the external surface70 or around pore orifices
On the other hand, the wetting of surface ridges will be m
difficult, and will occur only at a finite pressure abovePS .
Similar delays are expected from the work of Schrader
Weiss71 on the nucleation of a liquid drop on a flat sol
surface.

~iii ! Another possibility is that an equilibrium state wa
not reached atPS . Indeed a long time of one week has be
reported for the complete adsorption of pentane vapor
charcoal atPS .

72 Recently, time-dependent studies of we
ting on smooth surfaces have been performed with x-
reflectometry:73 after a small temperature perturbation t
return to equilibrium follows an exponential variation wi
time constants larger than one day. It is then possible that
d
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waiting time of 12 h was not long enough to reach equil
rium, although, for pressure smaller thanPS , sample strains
were stable after a few minutes.

Further studies are needed to clarify the behavior of
adsorption strain aroundPS ; but we note that these phenom
ena, which are easily observed in macroscopic or X-ray
fraction strain measurements, would be rather difficult to
tect in usual adsorption measurements, where only the s
volume variations related to the filling of meniscus concav
at the pore end will be measured.

B. Low-pressure contraction of porous silicon

For low vapor pressure, reversible contractions are
served in PS: a small contraction forp1-type samples, a
larger one forp-type samples. As proposed by Ash, Evere
and Radke,14 this contraction can be due to the van der Wa
attraction between two opposite walls which increases w
they are covered by a thin liquid film. Gru¨ning and Yelon74

also considered the effect of van der Waals attractions
relation to their measurements of PS strain during drying.
described in the book by Israelachvili,4 the van der Waals
attraction depends on the shape and size of the interac
objects. To give the order of magnitude of such effects,
can consider the interaction energyE between two thick par-
allel plates, separated by a distanced, which is given by
E5A/12pd2, whereA52.7310219 J is the Hamaker con
stant of silicium;64 then, ford51 nm,E57.2 mJ/m2.

However to produce a contraction, this attraction must
larger than the usual expansion due to the reduction of
surface energy given by Eq.~1!. In Sec. III A, we showed
that for liquids with only a van der Waals interaction, th
effect is often of the order of the surface tension of the l
uid, which for pentane is around 15 mJ/m2. Then in order to
observe a contraction at low vapor pressure, the van
Waals attraction energy should be of a similar value, wh
can occur only with structure size in the nm range.

The observation of such small size features is a diffic
question which has not been completely clarified forp-type
PS, as such structures are below the detection limits of c
sical measurement techniques: for nitrogen adsorp
measurements,27 the resolution is limited tor51.5 nm, by
the tensile strength limit of liquid nitrogen.2,75 Several elec-
tron microscopy observations of PS have been publish
showing features of a few nm size;25,76 but smaller three
dimensional objects are very difficult to detect by electr
microscopy. Recently, extended x-ray-absorption fin
structure measurements were explained by the existenc
very small particles of crystalline silicon with sizes as sm
as 1.3 nm.77 Then, supposing that pores and silicon cryst
lites have similar sizes in the nm range, one can expect
the contraction observed inp-type PS may be related to th
effects of attractive van der Waals interactions.

The role of crevices or of small cavities, which are pre
erential structures for vapor adsorption, has often been m
tioned to explain the existence of a contraction qualitative
For the larger size, as developed below in Sec. IV C, a c
fined liquid is separated from the vapor phase by a conc
meniscus, which according to the Laplace relation@Eq. ~2!#
produces a negative pressure in the liquid which leads
contraction of the adsorbent. For smaller sizes, of the or
of a few molecular diameters, a sharp meniscus does
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exist,2 but the contraction effect due to the attractive disp
sion forces between the adsorbed molecules and the wa
a small cavity is probably always present.

C. Capillary condensation at high pressure

1. Capillary condensation in porous materials

The existence of an adsorption hysteresis is an
problem,78–80always under active investigation.3 It has been
known for a long time that adsorption hysteresis is associa
with capillary condensation inside the pores: under therm
dynamic conditions, where the vapor is stable in a large v
ume, the liquid phase can condense in a confined volu
and is then separated from the vapor phase by a meniscu
shown in Fig. 1, there is a hysteresis between the filling
emptying of a porous structure. The origin of this capilla
condensation hysteresis can be attributed to two kinds
phenomena:

~i! Percolation of the vapor phase~during evaporation!
inside a statistical network of pores,81 where a continuous
gas-liquid interface penetrates inside the pores.

~ii ! The instability of an adsorbed layer in a single cyli
drical pore with open ends;82,83under increasing vapor pres
sure, the thin liquid layer adsorbed inside a cylindrical po
becomes unstable, leading to pore filling, with nucleation
a spherical meniscus. In the following, we will consider on
the instability in a single pore.

When the liquid and vapour phases, inside a cylindri
pore, are separated by a concave spherical meniscus of r
r s , there is a negative pressure in the liquid given by Lapl
equation, leading to a contraction of the adsorbent.8,12 The
equilibrium radiusr s of a spherical liquid meniscus, in con
tact with a vapor at pressureP and temperatureT, is given
by the Kelvin relation30

lnS PPs
D5

22vgLV

r sRT
, ~8!

wherev is the molar volume of the liquid. When there is
complete wetting of the porous material by the liquid, i.
when the contact angleu is zero, the stability limit of the
meniscus, under decreasing pressure, occurs at a pressuP°,
where the meniscus radiusr s is equal to the pore radiusr p ;
the pore radiusr p can then be determined from the shape
the adsorption curve using the Kelvin equation. On the ot
hand, for increasing pressure, there is a delay for the nu
ation of a spherical meniscus inside a cylindrical pore w
open ends, which leads to a pressure hysteresis, as prop
by Foster.78~a! In a more quantitative way, Cohan79~a! consid-
ered that for increasing pressure, the vapor is in equilibri
with a cylindrical meniscus of curvature 1/r c ~which is dif-
ferent from the curvature 2/r s of a sphere!. This leads to a
modified Kelvin equation

lnS PPs
D5

2vgLV

r cRT
~9!

First, Cohan considered that the meniscus nucleates
pressureP* , wherer c5r p ; with this simple hypothesis, the
instability values of ln(P/Ps), for increasing and decreasin
pressure, are related by a factor 2. However to take
account the presence of an adsorbed layer of thicknesst on
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the pore walls, Cohan79~b! proposed thatr c5r p2t. Later, it
was understood that such a liquid film layer can be stabili
only under the effect of an attractive potential from the po
walls,78~b!,83 and that the layer thickness is also dependent
the vapor pressure. Recently computer simulations of me
cus nucleation in narrow pores were performed for molecu
interacting with Lennard-Jones potential:84 it was found that
the capillary condensation hysteresis due to meniscus nu
ation depends greatly on the pore geometry~slit or cylinders!
and on the shape of pore ends, either open or closed.

2. Application to porous silicon

p1 type. Due to a larger pore size and maybe to a mo
homogeneous structure, the hysteresis cycle is more
tinctly observed in p1-type materials, for adsorption
measurements26 as well as for the x-ray strain measuremen
reported in this paper. For thep1-type PS sample, the de
crease of the lattice mismatchDa/a observed in Fig. 2~b!
corresponds to the steep rising parts of the schematic ads
tion loop of Fig. 1, in a range where the menisci are mov
inside the pores. The minimum ofDa/a for desorption is
aroundP°/Ps50.81, which, according to the Kelvin equa
tion ~8!, corresponds to a pore radius of 6.0 nm~assuming
u50 and neglecting the thickness of the adsorbed lay!.
This value is in fair agreement with those obtained us
direct adsorption measurements,26 small angle,85 and
diffuse18 x-ray scattering measurements. For adsorption,
modified Kelvin equation~9! gives P* /Ps50.90, in good
agreement with the experimental value of 0.89. This res
seems to agree with Cohan’s model, but as the basis of
model is rather dubious, the agreement is probably fo
itous.

p type. For p-type samples, the pore radius estimation
more uncertain; one can roughly estimateP°/Ps50.5, which
corresponds to a pore radius of 1.8 nm, also in agreem
with nitrogen adsorption results.26 However this is close to
the limit of adsorption measurements due to the finite ten
strength of adsorbed liquids.2,26,48Another remarkable prop
erty of adsorption in very small size structure is its reve
ibility. It is a well-known experimental fact2 that adsorption
curves, as shown in Fig. 1, are reversible at low pressure,
that the capillary hysteresis loop is observed only
P/Ps.0.4. Furthermore completely reversible adsorpti
curves are observed in materials with pores in the nm ran
for example, reversible adsorption strain similar to those
p-type PS have been observed for pressures between
and Ps in microporous carbons.86 Indeed, in a tightly con-
fined pore, the interfacial meniscus between liquid and
states cannot exist.3,87 An explanation for this absence o
hysteresis is that the liquid cannot support the high ten
stress which would be produced by a meniscus of sm
radius.75 Another possible explanation for the absence o
meniscus in small size pores is that the distance between
walls is a thermodynamic parameter which modifies
phase diagram, giving a confinement induced critical poin87

then, for small pore size, there is a continuous transit
between gas and liquid states, and there is no hysteresi
lated to the nucleation of a meniscus. An even simpler
planation for the absence of hysteresis is that the pores h
dead ends with conical shapes, so that the meniscus is e
nucleated without hysteresis in the cone apex.80
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To conclude, complex effects can be expected from
van der Waals interactions of adsorbed molecules wit
solid surface, presenting a complex shape in the molec
size range. Then there is competition between the contrac
produced by molecules confined in a small volume and
usual swelling due to the decrease of surface energy.
p-type materials at low pressure, the contraction effec
rather large. Forp1-type materials with larger pores of a fe
nm diameter, only a small contraction can be observed at
pressure. On the other hand, at higher pressure, the con
tion produced by capillary condensation is clearly obser
in p1-type PS, with a distinct hysteresis between increas
and decreasing pressure. The absence of adsorption hy
esis forp-type PS can also probably be related to a pore s
in the nm range.

V. EFFECT OF ELASTIC CONSTANT SOFTENING
ON ADSORPTION STRAIN IN POROUS SILICON

The amplitude of the adsorption strains results from
competition between the phenomena at the origin of
stress~reduction of surface stress, attraction due to disp
sion forces, capillary stresses, etc.! and the opposing elasti
stiffness of the porous material, which would be different
different spatial scales.

~i! On the crystallite scale, the swelling is produced by
variation of the surface energy as given by Eq.~3!, with the
bulk value of the elastic constants.

~ii ! On the macroscopic scale, the response of a por
material submitted to a macroscopic deformation is relate
the average macroscopic elastic constants of the porous
dia, which is generally smaller than the bulk value.88

~iii ! On the pore scale, attractive dispersion forces e
between pore walls, and the corresponding deformatio
mainly due to shear strains, occurring mainly in the less ri
parts of the porous structure; the adsorption strains dep
not only on the elastic constants of the material but also
pore shape and size~i.e., the local architecture of the mate
rial!, which would need a complex evaluation.

In this section we make some estimation of adsorpt
strains of porous silicon in a macroscopic porous sample
is well known that porous materials have smaller mac
scopic elastic constants than bulk materials.88 This is also the
case for PS, as found in previous determinations of ela
constants using x-ray diffraction17 or acoustic techniques.89

A recent systematic investigation90 of PS Young’s modulus
Ep has been performed by means of the nanoindenta
technique, mainly forp1-type PS samples in a porosit
range between 36% and 90%. The results obtained u
these three different techniques are in reasonable agree
~when the comparison is possible!. The nanoindentation re
sults show thatEp ~for p1-type PS samples! is close to
ESi~12P!2, whereESi5166 GPa~Ref. 49! is the bulk silicon
Young’s modulus value, andP is the porosity. This qua-
dratic dependence is in agreement with the model of Gib
and Ashby, developed for cellular materials.88 Moreover it
was shown that theEp value for ap-type sample was lowe
~by a factor of 5 for the same porosity of 70%! ~Ref. 90! than
those ofp1 type. The origin of this difference is probabl
related to the smaller pore and crystallite sizes inp-type
samples.
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The macroscopic elastic constants must be used for
illary strains during drying, as shown by Scherer in the ca
of gel drying.12 The maximum capillary stressDP occurs
when the menisci enter the pores, and is given in first
proximation by the Laplace equation. Then one can assu
that Eq. ~3! is valid with K replaced by the macroscopi
modulus of porous siliconKp , which is related to the
Young’s modulusEp by Kp5Ep/3 ~122n! @n is the Poisson
coefficient for which only one estimation was given for P
~Ref. 17!: n'0.1#. Therefore the strain« is roughly given by

«'
2DP

3Kp
'

22gLV~122n!

rEp
. ~10!

From Eq.~10!, it appears clear why adsorption strains a
larger forp-type samples than forp1 type: the average pore
size r is smaller~about 1.5 and 6 nm forp and p1 types,
respectively! and theEp value is lower than those ofp1

type.
Concerningp1-type layers for which the Young’s modu

lus follows the Gibson and Ashby relation90Ep5ESi~12P!2,
then one obtains

«'
22gLV~122n!

rESi~12P!2
. ~11!

For pentane~gLV'14 mJ/m2! and for ap1-type sample of
80% porosity@i.e., whenr'6 nm and~12P!50.2#, one ob-
tainsd(Da/a)'5.631024. This calculated value has a goo
order of magnitude, but is higher than the experimental o
at P/PS50.9 on Fig. 2~b!, where d(Da/a)'231024. A
more accurate calculation would require a more prec
structural information.

Similar experiments have been performed either with p
tane or other liquids~like cyclohexane for whichgLV525
mJ/m2! and for a series ofp1-type samples of porosity
P560%, 70%, 80%, and 90%. The experimental resu
given in Table I, reveal that the observed capillary stra
have a dependence versusgLV andP which is in reasonable
agreement with Eqs.~10! and~11!. The experimental values
are lower than the calculated ones, but the ratio betw
them is nearly the same~between 2.0 and 3.6!, even if the
strains amplitude cover a range of nearly two orders of m
nitude. Moreover it appears that the less stiff PS layers~i.e.,
p1 type with 90% of porosity and thep type one! have the
strongest ratio value, indicating that this ratio depends on
porous structure.

For the adsorption strain ofp-type samples, one can a
tempt a calculation using Eq.~10! with r'1.5 nm and
Ep52.2 GPa for 70% porosity.90 Although the existence of a
meniscus is dubious for this small size, one obta
«'6831024, also higher than the observed value which
roughly 2031024 @see Fig. 3~b!#. One observes, moreove
that the x-ray rocking curves broaden forp-type samples due
to the inhomogeneous capillary stresses, as shown by
3~b!, where the full width at half maximum is represented

It is worth noting that these inhomogeneous stresses
duced by capillary effects during drying can be quite larg
and can even produce a cracking of the porous layer w
the porosity or thickness are too large.91 We have recently
studied the mechanisms involved in the cracking of
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layers.92 The best way to suppress capillary cracking is
use hypercritical drying, with a pressure larger than the c
cal pressure of the pore fluid91 or ~in a more easy but les
efficient way! by using a drying liquid with a lower surfac
tension.92 Freeze drying has also been recently used for
rous silicon, leading to encouraging results.93 Because of the
peculiar properties of PS~its nearly perfect crystallinity, for
instance! the study of the PS drying can be viewed as
model to obtain a better understanding of the drying of
rous materials.

VI. CONCLUSION

In this work we reported the observation of pentane
sorption strains in porous silicon layers. Due to the sing
crystal properties of porous silicon, high-resolution x-ra
diffraction measurements allow a direct measurement of
average lattice parameter of the porous layer. Two differ
behaviors are observed: in ap-type sample with a small iso
tropic pore structure, there is a reversible low-pressure c
traction followed by an expansion. Inp1 samples with a
larger cylindrical pore structure, the low-pressure contract
is quite a bit smaller, but is followed at higher pressure
contraction with a hysteresis associated with capillary c
densation and with meniscus nucleation. In both cases, t
is a final expansion for complete wetting. Further inform
tion on inhomogeneous internal strains can be obtained f
the broadening of the diffraction peaks. The two kinds
adsorption strains observed in porous silicon are simila
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those observed previously in very different porous mater
~charcoal and porous silica!.

~i! The systematic observations of a contraction follow
by an expansion could have a common origin which can o
be found in the competition between the expansion due
decrease of surface energy and the contraction due to dis
sion forces attractions in very small cavities, following th
proposition of Ash, Everett, and Radke.14 There is a final
expansion for complete wetting.

~ii ! Capillary condensation induces a contraction in t
large pores, with a hysteresis between increasing and
creasing pressure, which can produce a cracking of the
rous layer in the weaker structures. The softening of the e
tic constants characteristic of porous materials enhance
magnitude of these deformations.

Studies of these effects in various porous materials en
us to test the validity of the proposed explanations, and
provide additional information on the somewhat neglec
subject of adsorption strains. Due to its good crystall
properties, the variety and the easy control of its poro
structure, porous silicon can be very useful for such stud
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