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Adsorption strains in porous silicon
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X-ray-diffraction observations of strains induced by vapor adsorption are reported for porous silicon single-
crystal samples. Two types of porous silioggnandp™) with very different pore structure are investigated. A
low-pressure contraction is observed prtype samples with spherical pores of about 3-nm diameter. In
p*-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 hanometer-size cavities. The softening of the elastic constants
observed in porous silicon is discussed in order to explain the magnitude of the observed strains.
[S0163-182696)01548-3

I. INTRODUCTION porous silicon is a unique example of a crystalline porous
material possessing the structural properties of a nearly per-
Fluid-solid interfacial phenomena, which have been studfect single crystal: high-resolution x-ray-diffraction experi-
ied for a long time, are always the subject of much intetest.ments on PSRefs. 17-19 gave detailed information on
Although vapor adsorption is always the standard charactestrain variations induced by various effects such as
ization technique for porous materidlssome interesting ©Xidatiorf®and Ge filling?* Recently we also reported x-ray
questions remain unsolvédAnother active research field Observations of PS strains induced by alkane wettingd
deals with intermolecular forces, which can be investigated/apor adsorptiofi:
with a surface force apparatfigdsorption and wetting phe- N Sec. Il of this paper, we give a description of our x-ray
nomena are due to the action of molecular interactions beneasurements of PS strains induced by pentane vapor ad-
tween a fluid and an adsorbent, which usually is consideregorption. In Sec. Ill, we review previous explanations of ad-
to be rigid. However, it is clear that the adsorbent is alsoSorption strain in other materials, and then in Sec. IV we
submitted to the action of the molecular forces, and thafliscuss our results for PS in relation to these works. Finally
some substrate deformation must exist, as indeed revealed By Sec. V we evaluate the effects of the softening of the
numerous observations of adsorption strains. The first repoflastic constants of PS on adsorption strains.
of these effects in a solid material is usually attributed to
Meehan in 1927, for the adsorption of €@ charcoaF in Il. EXPERIMENTAL STUDY OF ADSORPTION STRAINS
the following years many observations of adsorption strains
were reported, in particular by the Bangham group, also in
charcoaf and by Yates in porous silicaThese classical Porous silicon is obtained by the electrolysis of a single-
results were reviewed by Yatem 1960, and by Sereda and crystal silicon wafer in a HF solution producing a thin po-
Feldmaf in 1967. Since that time, few new results on ad-rous layer on the wafer surfaééthe porosity and the pore
sorption strains have been published: on the experimentahorphology depend on wafer doping, HF concentration, and
side, we can mention the work of Dashal® on vapor ad-  current density; the porous layer thickness, usually iruiire
sorption in graphite, and of Thibault, fean, and Pue¢fion  range, is proportional to the electrical charge. For our work,
He adsorption in silica aerogel; there were also some relatedS layers with two boron doping levels, both of At
works on strain measurements in porous media during watehickness, have been fabricated(@01) silicon wafers under
freezing! or gel drying’® On the theoretical side, we can dark conditions. The heavily dopgul-type samples were
mention studies by Erickssbh and Ash, Everett, and fabricated on a wafer of 0.00-cm resistivity, under electro-
Radke!* which will be developed below as a starting point chemical conditions giving a layer of 80% porosislectro-
for the discussion of our experimental results. lyte composition: 15% HF, 35% water, and 50% ethanol; the
In this paper, we report measurements of adsorptiomurrent density is 80 mA/ct The lightly dopedp-type
strains in porous silicolPS, a material which, after the samples were prepared on wafers d)%®m resistivity, with
recent discovery of room-temperature Iluminescenceonditions corresponding to 70% porosiglectrolyte com-
phenomend® has been the subject of much interest, asposition: 25% HF, 25% water, and 50% ethanol, and a cur-
shown by several conference proceeditfy&urthermore, rent density of 20 mA/cR). It is well knowrf>?® that these

A. Properties of porous silicon
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two types of PS samples exhibit different pore morphologies:

p*-type porous silicon has an anisotropic structure of cylin- ) ) ,

drical pores, of about 10-nm diameter, with axis parallel totionFIG'on't r(]‘:) ;ﬁglgﬁfTﬁecg)rggq:giﬁi'gynvsftgep%':giOsf“riggi'
. . ) . . w

the(001) direction;p-type PS has a rather isotropic structure sample(p” type, porosity of 80%, 1Qum thick during pentane

of spherical pores of about 3-nm diameter. These results :
. : . - Vapor adsorption. The vapor pressitalecreases from the satura-
were first obtained by direct electron microscopy

iond> . o .7 tion vapor pressur®g to P=0. (b) Variation in the lattice param-
o.bsefrva'non Y while more quantitative rgsults ON pOre SiZe gior mismatchAa/a of the samep*-type porous silicon sample
distributions were deduced from nitrogen adsorpt'onduring pentane adsorptid) and desorptiorf¥) as a function of
measurement® as these latter measurements are closely e relative pressurB/Ps.
lated to our work on adsorption strains, we briefly recall
some of these results. Vapor adsorption is the classical tech-

nigue to determine the characteristics of porous materialgample in a vacuum cell with a beryllium window. Pentane
quant|tat|v_ely? the amount c_)f vapor, usually Nat 77 K, vapor was introduced by controlled steps, giving a variable
adsorbed in a porous material, is measured versus the va

por ;
. ) .-pressure between zero and the saturation vapor pressure of
pressure. The schematic shape of an adsorption curve, smﬁ por'p

lar to those obtained ip*-type PSP is shown in Fig. 1: the pentane? =60 kPa. Caution should be taken to prevent con-

most striking feature is the presence of a hysteresis Iootamlnatmn by pump oil, which occurs frequently in vacuum

) . . : Rweasurement@; for our x-ray measurements, contamination
between increasing and decreasing pressure which, as dis-

cussed in Sec. IV C, is related to the capillary Condensatior|1y pump oil gives ”ff :10 an irreversible decrea;e Olf th'e P.S
of the vapor inside the pores. attice parameter, which was suppressed by using liquid ni-

trogen traps between the pump and the vacuum cell.

X-ray data were obtained at room temperature, with the

B. X-ray-diffraction measuremen
y ts 2. Results on g-type samples

1. Experimental setup Rocking curves obtained under various vapor pressures of

X-ray-diffraction experiments were performed with a pentane, for thep*-type porous silicon sample of 80% po-
high-resolution diffractomete{Philips MRD), using a four-  rosity, are plotted in Fig. @); the corresponding variation of
reflection Ge monochromator for the &l line from an  the lattice mismatch parameté&ra/a as a function of the
x-ray tube?® Typical x-ray rocking curves, obtained for a relative pressurd/Py is plotted in Fig. 2b). At P=0, the
p*-type sample by rotations of the sample angle are lattice expansion of the porous silicon layeva/a is
shown in Fig. Za). Around the(004) silicon reflection, two 8.8x10 %, the same value as in air. This initial expansion is
narrow diffraction peaks are detected: or® {s produced attributed to the effect of the hydrogen coverage of the pore
by the silicon substrate, and the othdr) (by the porous surface, as proposed by Sugiyama and NittGhwavith in-
layer. The lattice mismatch parametea/a, in the direction  creasing vapor pressure, there is little variation of the rocking
perpendicular to th€001) sample surface, is directly propor- curve shapes, up tB/P,~0.8-0.9, where the porous peak
tional to the angular splittind\w between the two peaks, broadens and shifts toward the substrate peak, reaching its
according toAa/a=—cotwgAw, Where wg is the Bragg maximum variation atP/P¢~0.9. AroundP~Pg, the po-
angle for the(004) reflectionl’~2° rous peak has shifted back, but has not reached the position
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TABLE I. Experimental and calculated values of the adsorption S
strains for different porous silicon samples. The calculations were )
performed using equatior{$0) and(11) for p- andp*-type porous (L)
silicon samples, respectively. The ratio between experimental and
calculated values is nearly constant.
>
Liquid and  Strain atP=P* (Aa/ax10%) Z PP
surface 2 §
Sample type tension experimental calculated calculated/ = o
and porosity  (mJ/nf) value value experimental 3::
p* 60% cyclohexane 1.2 2.5 2.1 0.8
25 et s e ———
p* 60% pentane 0.7 1.4 2.0 343 344 345 34.6
14 (a) ® angle (degrees)
p* 70% pentane 1 2.5 25 in liquid
14 303 in liqui "
p* 80% heptane 2.8 8.0 2.9 = 25 T
20 = = 2] }
* 80% entane 2 5.6 2.8 kS
S "l % 3 15 {H.{ ;
p* 90% pentane 6.3 225 36 g :1 104 }{
14 g &
p 70% pentane 20 68 34 BT 0]
14 < 5
- -10 T T T T 1

. . . . 2o . . 00 02 04 06 08 1.0
found for full immersion in the liquid? The peak width is b P/PS

also slightly larger, showing the presence of a broadening
induced by inhomogeneous strains. It is necessary to increase
P abovePg (by slightly heating the liquid reservoir above
the temperature of the sample obtain a full wetting of the
PS_sampIe_, with a narrow peak and_a 'afg‘?r S.h'ft' as foun 0 to the saturation vapor pressig. (b) Variation in the lattice
dgrlng full Immersion Of, the sample in the liquid; this puz- parameter mismatcha/a of the samep-type porous silicon
zling phenomenon is discussed below in Sec. IV A. Withgampie during pentane adsorption as a function of the relative pres-
decreasing pressure, i.e., during controlled drying, a straigyrep/pg. The dashes at each point represent the full width at half
hysteresis is clearly observed, as shown in Fifh):2the  maximum of the x-ray rocking curves. The last poi) was ob-
decrease of the lattice parameter occurs at a smaller valugjned after a slight heating of the liquid reservoir. The dashed line
P/Ps~0.8, than for increasing pressure. One can note that a guide for the eyes.

the Aa/a variations occur nearly in the same range as the

Iarge_ variations of ad;orption in the hysteresis loop of Fig. 1of the measurements is reduced by the large broadening of
As discussed below in Sec. IV C, both effects are attributednhe porous peak, the absence of hysteresis has been observed
to capillary condensation. Other measurements, of the roomp several samples. One can also recall that in previous vapor
temperature-induced strain adsorption of various vaporgdsorption measurements prtype samples, similar results
(mainly of pentane and cyclohexaneerformed for various ere observed: in one measurement, only a very small hys-
p'-type PS samples, with porosities between 60% and 90%eresis was observed near saturaffowhile in another mea-
show similar hysteresis cycles, with results given in Table l.gyrement no hysteresis was deted®d.
In conclusion, these results show that adsorption strains
3. Results on p-type samples are clearly visible in PS, and are quite different fof- and
Larger variations are observed fortype PS: Fig. &)  P-type PS samples: ip'-type PS, the strain follows the
shows the pressure variation of the rocking curves for inbehavior of the usual adsorption curve of Fig. 1, and shows a
creasing pressure, while Fig(l exhibits the variation of ~Well-defined hysteresis; ip-type PS, for increasing pres-
the lattice parameter mismatch versus the pentane vapé&Hre, there is a large contraction, followed by an expansion;
pressure. For pressuReincreasing from zero, there is first a an important feature is the absence of hysteresip-type
linear decrease aka/a with a large broadening of the dif- Samples. Finally, botip"- and p-type samples show an un-
fraction peak. Around®/Ps~0.5, the porous layer peak is €xpected delay in strain variations arouRg.
greatly broadened, and is roughly centered around the sub-

1.2

FIG. 3. (@) X-ray rocking curves for thé004) reflection of a
porous silicon samplép type, porosity of 70%, 1@wm thick) dur-
awg pentane vapor adsorption. The vapor presfunecreases from

strate peak, |.ez_§a/a~0. Then for increasing pressure, th_e_ Ill. ADSORPTION STRAINS AND SURFACE

porous peak shifts back, but remains broad; here, also, it is THERMODYNAMICS

necessary to have larger thanPg, to obtain again the nar-

row peak found during immersion in the liquiiNo hyster- Before discussing our experimental results on PS strains,

esis is observed fop-type samples. Although the accuracy we first recall some surface thermodynamics concepts which
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have been used to interpret previous measurements of ad- (a) At high pressurg P/Pg>0.4), there is a contraction
sorption strains in charcoal and in porous silica. In earliewith a pressure hysteresis similar to that observed in Fig. 2
observations of adsorption strain, only an expansjon for p*-type PS, which is attributed to capillary condensation
swelling), was observed® Bangham and co-workét$ound  of the fluid in the pores, as discussed in Sec. IV C.
that the swellings ///, measured by dilatometry, was pro-  (b) At low pressure, there is often a reversible contraction,
portional to the two-dimensional surface pressilikreof an  similar to that of thep-type sample in Fig. 3, called “anoma-
adsorbed fluid film. Basic considerations of surfacelous” by Sereda and Feldmd&rVarious explanations of this
thermodynamicé? first developed for fluid interfaces, show anomalous contraction were already proposed by Haines and
that upon adsorptiori] is equal to the decrease of the sur- Mclntosh in their first paper on contractidh:anisotropic
face energyysg— sy (Where the subscripts SO and SV cor- strain, dissolution of the adsorbate in the adsorbent, and cap-
respond, respectively, to a clean surface under vacuum arary condensation in narrow crevices. Subsequently two
to a surface with an adsorbed layer in thermodynamical equiether explanations were proposed: for charcoal, bridging of
librium with the vapor at pressur). Then, assuming that adsorbate molecules between two closely spaced Wreiscl
the vapor behaves like a perfect gas, one obtains the classidak porous silica, H bonding at specific sites, probably SiOH
Gibbs relation groups, on silica surfaceMore recently, two general expla-
nations of adsorption contraction have been proposed: one
0 by Ericksson'® based on the rigorous thermodynamics of a
plane solid surface, and the other by Ash, Everett, and
] ] ] Radke'* for a fluid confined between two parallel planes.
Wherer is t'he adsorbate excess surfgce quantity. While the (i) In 1969, Ericksson published a thermodynamic analy-
approximation of perfect gas behavior can lead to somgs of adsorption strain taking into account the specific prop-
quantitative deviations, the prediction of an expansion UpoRties of a solid surfack. For a solid surface, the concept of
vapor adsorption cannot be escaped, at least if the concep{§face tension used for a fluid is ambiguous, and one has to
used for a fluid-fluid interface can be extended to a ﬂ“'d'distinguish between the surface free eneygnd the surface

solid interface. The explanations of Bangham andgyegs tensow;; . According to the Shuttelworth relatidh,
co-workers, based on the Gibbs relation, has indeed beefne relation betweery and ;; is given by

used in nearly all the explanations of adsorbent sweliihg.
The main problem is then to determine the pore shapes and
surface area, and to calculate the effect of the elastic con-
stants of the porous medium. Most often drastic simplifica- ) )
tions are used, considering only solid particles with simpleVN€re &; is the Kronecker symbol and, is the surface
geometric shapegsphere or revolution cylindgrand with strain. For a fluid _surface th_ere is no variation of the surface
isotropic elastic constants. The case of a spherical particle &N€rgy as a function of strain, amdis numerically equal to
radiusr and of surface energys is rather simpléaccording 7+ Ericksson showed that, for a solid surface, different be-
to the Laplace relation, the particle is submitted to a comaviors are expected for mobile adsorbed molec(dssin a
pressive pressure fluid fllm) apd for localized adsorptlo(‘as in a solid film.
For a fluid film on a plane solid surface, the change of sur-
AP=2yglr. (2) face stress is equal to the decrease of the surface free energy,
given by Gibbs Eq(1); then, for a smooth solid surface, the
adsorption of a fluid layer can only produce a swelling of the
_ _ adsorbent. On the other hand, localized adsorption of mol-
&=~ APBK==2yd3Kr, © ecules with lateral interactions can lead either to a contrac-
whereK is the bulk modulus of a macroscopic sample. Thetion or to an expansion, according to the values of the inter-
maximum value ofyg is ygo for a clean surface under action parameters. In this case of localized adsorption, which
vacuum, producing the larger initial contraction; with vaporoccurs mainly at low temperature, a statistical mechanical
adsorption,ys decreases, and the particle swells relative tomodel shows that, with increasing pressure, a temperature-
the vacuum state. dependent crossover from contraction to expansion can occur
Since the review by Sereda and Feldfhan 1967, few  for coverages less than a complete monolayer. This treatment
new works on swelling have been published. We can menwas extended by HasléY,to the case of a transition from a
tion the results of Daskt al®® on a material composed of commensurate to an incommensurate crystalline layer, or to
graphite particles with a thick disk shape, and the study ofhe case of melting of a crystalline layer. Indeed, with in-
Scheret! on a model of porous silica with perpendicular creasing pressure, Beaursieal °® observed a discontinuous
cylindrical pores of uniform radius; these two studies give anexpansion at the liquid-solid transition of a CHayer ad-
expansion proportional te/Kr, as in Eq.(3), but with nu-  sorbed on a graphite adsorbent. They explained the observa-
merical coefficients which depend on pore shapes and on th&n of an initial contraction by the heterogeneous adsorption
Poisson ratio of the materials. of the first fractions of a layer in strongly interacting sites,
Although swelling is the only effect expected from Gibbs while the expansion at higher pressure is explained by the
Eq. (1), adsorption induced contractions have been observedsual decrease of the surface energy, produced by the ad-
in many experiments, first in charcdaf>and then in porous sorption of a fluid layer.
silica.* In fact, as for porous silicon, the observation of (i) Another approach of adsorption strain was proposed
adsorption contraction by Haines and Mcintéfshevealed in 1974 by Ash, Everett, and Radkéwho considered the
different behaviors in two pressure ranges: thermodynamic behavior of a fluid confined between two

P
II= Yso— Ysv— RTJ Fd In p
0

Then there is an isotropic strain
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parallel plane walls. In addition to the usual thermodynamichen we consider the origin of the contraction phenomena
parametergentropyS, volumeV, and number of atomhl), observed at low and high pressure, in parts Secs. IV B and
they introduced two supplementary parameters; the wall arely C, respectively.

A and the wall distancl. With these parameters, the varia-

tion of the system energy can be written as A. Swelling of porous silicon

dU=TdS-PdV+ udN+20dA—Afdh (5) 1. Initial expansion of as-formed samples

Before considering adsorption swelling, we first discuss
the origin of the initial expansion of as-formed samples.
Since the work by Barl@t al,'” it has been known that the
lattice parameter gb *-type PS is larger, by a few 16, than

This formulation, which includes the effects of the surface
stresso conjugate to the surface ardaalready considered
by Erickssort® introduces an effect with the existence of a

e et vt Eaioan AL o the BU sifcon substate. Fartpe PS, Young
’ Beale, and Benjamfii found a larger expansion of a few

4
the two walls. In the presence of a low-pressure gas, there10’3. Recently we have discussed the various models pro-

e e, e bt ose o xplin te ntal expansion of B we th
y at the explanation of Sugiyama and Nittdfiayho attrib-

tween the walls. With a liquid between the walls, & more, oy yhis”effect to the presence of hydrogen on the PS sur-

T B o e, itance 1r® fce, i he most probabe. We note that he expansio of
) ’ served in PS is a rather peculiar phenomenon, as usually

gl)? rgﬁtrﬁ?néags WZS”C gfi“nng o nLntL?trearC:i?r?ule:tsio ﬁggﬁéﬁia N small crystalline particles show a contractifrHowever the
BeFr)r and Gubbirt made a dgtailed simulation of the for'ce H coverage results from chemical interactions during PS fab-
Y, rication, producing stable SiH bonds, very different from the

variations betwgen two parallel walls as a funcnpn of thefohysical adsorption of alkanes on silicon considered in this
pressure and distance between the walls. For a distance o %per. Then, following Erickssof for localized chemisorp-

p
._tion an expansion of the substrate can be observed for suit-

few molecular diameters, there is first an attraction increas:
marked by a discontinuous increase of the attraction: finall "Yble values of atomic interactions. This initial expansion of
y : Yps is also in agreement with the calculation of lehal*’ of

at hlgher pressure in the liquid phase, the;re |s.generally the average Si-Si distance in silicon clusters with a surface
repulsion between the walls. These considerations are di-

rectly related to recent measurements of capillary condens coverage of hydroge(however, these clusters are 0o small
ectly ! pifiary % present a crystalline structyréAnother effect which can
tion with a surface force apparatffs.

. ' L incr he initial expansion is the presen f an oxi
The extension of these ideas to adsorption in the morcﬁaC ease the initial expansion is the presence of an oxide

oo yer, a phenomenon which we have studied in detail in the
complex geometry of real porous materials is not easy. AShCase of anodic oxidatiof®
Evergtt, and_Rad&é made a q_u_alltatlve discussion of aq- Heating of a PS sample in vacuum above 350 °C produces
sorption strain, with a competition between the expansion

due to the decrease of surface energy and the contraction d drogen desorption. This thermal annealing produces a con-

N : . ) ction of the lattice parameter by a few Ppwhich may
to the contribution of dispersion forces in the presence OE?rrespond to the usual contraction, due to the effect of the

adsqrption. Recen_tly, progress ha_s been made in t.heort'atic rface energy on a clean crystallite, given by E. With
studies of adsorption in pores of simple shapes, using elthq{:98 GPa(Ref. 49 and ys=1.25 J/n’? determined-from a
a macrggcopm approach _for cwcu!ar_ cyllnd%rar_wd COUC(%G cleaving measu.rement unsder.vacuﬁﬂmne obtains a con-
\;\'ﬁg%ﬁ Qve(ggzéznﬁgﬁg\?gc tgetshcéllz{ﬁﬂbg’sir:gwﬁggge ﬁo traction of 2.6<10 2 for r=3.3 nm. However, the contrac-

' ' ' tions following H desorption were measured in air at room

analysis of adsorption stress has been published so far 't'%mperature, on samples probably already covered by a water

the?ﬁismé)ori;tu?:sgr?t.ation shows that the application of Sur_or a pollution layer. Further measurements under ultrahigh
P . . © app vacuum would be very interesting to determine the real value
face thermodynamics to solid surfaces is far more comple

than for liquids. Several mechanisms can lead to a contra():ézf this contraction.

tion of a porous adsorbent. However, for adsorbed fluid lay-
ers, it seems that a low-pressure contraction can only be ] )
explained by attractive dispersion forces acting on molecules The melting temperature of pentane is 143'and as

adsorbed on walls separated by very short distances. Fégual this melting temperature decreases in a confined
higher pressure, the normal swelling due to the decrease dPlume’** pentane adsorption under ambiant conditions

2. PS swelling in the presence of a fluid

surface energy generally occurs. leads to a fluid film. Then, following Erickssdnfor a solid
particle with a smooth surface covered by a fluid film, one
IV. STRAINS DUE TO THE INTERACTION can only expect an expansion of the adsorbent. Th_e decrease
OF POROUS SILICON WITH A FLUID of the surface energy produced by vapor adsorption, up to

saturation pressure, is given by the Gibbs Hg. A further
In this section we will apply previous considerations of decrease of the surface energy is produced by a full immer-
surface stress for a discussion of our experimental results osion in a fluid, as indeed observed by Bangham and Razouk
the variations of PS strains under the influence of variousn charcoaf* in one of the rare measurements of this effect.
fluids. First, in Sec. IV A, we discuss the usual swelling phe- However, the results obtained for porous silicon are rather
nomena expected from the decrease of the surface energyifferent from the expected continuous swelling: prtype
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samples the main effect is a large contraction at low pressample history. Such contact angles can conveniently be
sure, which will be discussed in Sec. IV B; in tipg-type  used to characterize silicon surface cleanness. In agreement
sample there is mainly a plateau until the contraction due tquith the results of William and Goldmati the interaction of
capillary condensation arourf/ Ps=0.9, discussed in Sec. fluids with silicon wafers covered by an oxide layer thicker
IV C. In both kinds of samples, there is a final expansion forthan a few nm is identical to that of bulk sili€4.In both
a complete wetting. We now consider the value of the swellggses, the presence of OH groups on the oxide surface has a
ing of PS 9xpected from the decrease of surface energy dL{ﬁeat effect on the wetting properties.
to adsorption and wetting. o The surface properties of oxidized silicon are also very
For this we have to consider the variation of the surfac§mnqrtant for vapor adsorption measurements, as shown by
energy of a solid in the presence of a liquid and of its vapory,e recent ellipsometric measurements of Beaglehole and

a problgm first StUdiEd by Bangham and Raz8ufer th? Christensoff on flat silicon surfaces: for water the adsorp-
adsorption swelling of charcoal. They also extended this ap

L > “Mion is small, with only a thin liquid layer &®g; for pentane,
proach to a determination of the contact angle of a liquid “Nhere is first a linear adsorption regime ftP smaller than
a solid following the Young equatidh P 9 s

0.5; closer toPg, there is a large increase of the adsorption
Yev— Y= Ny COD, (6) layer thickness, pointing to a nearly continuous wetting be-
havior. For cyclohexane, Lawniokt al®® even reported the
existence of a wetting transition, i.e., the observation of a
hange from a thin to a thick liquid layer around 20 °C. They
also interpreted the linear variation of low-pressure adsorp-
ion as an evidence for a weak adsorption by small size in-
homogeneous structures. However, the change of surface en-

where 6 is the contact angle and the subscriptd, andv
refer to solid, liquid and vapour respectively. Bangham an
RazouR® pointed out that at thermodynamic equilibrium, the
solid surface outside the liquid drop is covered by a film du
to vapor adsorption; the surface energy in E).is vy, and
not the vacuum surface energy, used above. The surface . .
energy variationy,,— v, iS given by the Gibbs equatiail). ergy in these rgpent expenments_were_ DOt p.resented.
The total variation of the surface energy for immersion of a_ H-covered siliconAfter HF etching, silicon is covered by
clean surface is obtained by adding the contribution of EqsS/x» With properties depending greatly on the pH of the
(1) and(6), giving et'chlng solution and on surface orientatf8rzor the perfect
Si(111) surface, water contact angles from 40° to 90° have
p been measured, depending on surface preparation
Yso~ Vsi= RTJ; I'd Inp+ 7y, cosp. (") conditions® This is mainly due to the modification of the H
bonding possibilities existing with the OH groups of silica
The maximum value is obtained for full wetting with which are suppressed when the silicon atoms are passivated
cos¥=1, the only case which we consider below. Typical by hydrogen. On the other hand, van der Walls interactions
values of these two contributions for crystalline Sigbw-  of alkanes with silicon and silica have, within a factor of 2,
ders were determined by Boyd and LivingsfSrfor water  the same amplitude, although the exact value is unknown
they found the contribution due to vapor adsorption to bedue to the large incertitude for the value on the silica Ha-
about 250 mJ/f with a final wetting contributiony, =73  maker constarf
mJ/nf. For heptane, the corresponding contributions were 40 In conclusion, silicon surfaces, either oxidized or hydro-
and 20 mJ/rfy respectively. The interaction between a solidgenated, often present a finite contact angle with water,
and an alkane is only due to van der Walls interactibns, which corresponds to the behavior of a low-energy surface.
while between water and silica there are also short-rangg, the case of an oxidized surface, this is due to a small
hydrogen bonds betweery@ and the OH groups present at concentration of OH group after high-temperature treat-
the silica surfacé’ In the modemn theory of wetting, these nants SiH-covered surface behaves probably also as a low-
interactions are called Lifshitz—van der Waals and amd-basgnergy surface with little adsorption.

interactions?” respectively. . . . Wetting of PS The surface of fresh as-formed PS is
We now study how these considerations can be applied tPnainIy covered by Sid and is usually considered

adsorption and wetting of bulk silicon, two phenomena 67 . .
which depend greatly on the surface chemistry and roughhydrOphOb'CG' while an oxidized sample will present more

ness of the samples. Traditionally, in silicon technology, oxi—r_wdr()ph'“_C propemes._ Considering only a fresh s_ample, the
dized silicon wafers are considered hydrophilic, while HFIN€ar variation of strain versus vapour pressure i-gpe
etched wafers are considered hydrophdBitiowever, as Sample recalls the I;rzgar adsorption regime of alkanes on
sketched below, recent works show more complex prope,pmdlzed bylk S|I|c9n6. > As both effects are due.only tovan
ties. der Walls interactions, we can use the conclusion of Lawnik
Oxidized silicon A clean silicon surface obtained by et al:* thatis, due to a small adsorption by a surface non-
cleavage or after ultrahigh-vacuum thermal annealing is unbomogeneous at nanometric distances. In this picture of a
stable at room atmosphere, and is quickly covered by a ndow-energy surface the main effect of vapor adsorption oc-
tive oxide layer of about 2 nm thick, while thicker oxides of curs with the growth of a macroscopic liquid film above,
better quality are produced by various oxidation processeproducing a decrease of the surface energy on the order of
(thermal, anodic, chemical, eté® Although these oxidized 1y, . For pentane, with a surface energy=15 mJ/nd, this
surfaces are often considered hydrophilic, i.e., with a watewetting leads to a swelling from 16 to 10 for a silicon
contact angleg=0, finite contact angles between 40° and 70°particle of radius fronr =10—1 nm, a result which is smaller
are often found! with large variations depending on the than the experimental value by about an order of magnitude.
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3. Behavior around saturation vapor pressure waiting time of 12 h was not long enough to reach equilib-

Finally we discuss the unexpected behavior observedum. although, for pressure smaller thg, sample strains

; o ; table after a few minutes.
around the saturation vapor pressig. In principle, with were s ; . .
long-range van der Walls interactions, one would expect a Further studies are needed to clarify the behavior of PS

continuous wetting aPs. However, for the two kinds of adsorption strain arounig; but we note that these phenom-

samples studiedp and p* types, broad diffraction peaks ]?na{_whu:th are easily obsertved in Ir(rjlz?)crosi;r(])plcd%r_ X'lﬁy g'f'
are observed dg with a lattice parameter smaller than for raction strain measurements, would be rather difficuit to de-

complete wettingleven after waiting a dozen houst is tect in usual adsorption measurements, where only the small

necessary to go to higher vapor pressure to obtain an extern (Plume variations .related to the filling of meniscus concavity
liquid film, which is able to equalize the internal pore pres-a the pore end will be measured.
sure giving a narrow peak such as that found for immersion.
Similar wetting anomalies have been observed in the past,
for vapor-saturated charcoal: Bangham and RaZbuk- For low vapor pressure, reversible contractions are ob-
served that a charcoal sample filled with methyl alcohol atserved in PS: a small contraction for-type samples, a
Ps exhibits a supplementary expansion when immersed ifarger one fomp-type samples. As proposed by Ash, Everett,
the liquid. Several explanations of these effects are possibl@nd Radké; this contraction can be due to the van der Walls
(i) One possibility is that folP=Pg, the fluid pressures attraction between two opposite walls which increases when
are not equal in different pores or at least in various subthey are covered by a thin liquid film. Gring and YeloA*
systems of pores: this supposes that nonequilibrium sphericalso considered the effect of van der Waals attractions in
menisci are present, and that there is no internal pressurelation to their measurements of PS strain during drying. As
equilibrium between different pores: the presence of menisailescribed in the book by Israelachvilthe van der Waals
with different curvature can be due to a hysteresis of theattraction depends on the shape and size of the interacting
contact angle, an effect well known for forward and back-objects. To give the order of magnitude of such effects, we
ward motion of a liquid droff on an inhomogeneous sur- can consider the interaction energybetween two thick par-
face. The presence or absence of a transversal pore connedlel plates, separated by a distarttewhich is given by
tivity in as-formed electrochemically produced PS samples i€ = A/127d?, where A=2.7x10"%° J is the Hamaker con-
not well documented; we know of no direct investigation of stant of silicium® then, ford=1 nm,E=7.2 mJ/nf.
pore connectivity; we found only a brief mention of the ab- However to produce a contraction, this attraction must be
sence of internal pore connections in a review p4pefow-  larger than the usual expansion due to the reduction of the
ever, for samples thinned by chemical dissolution, which ocsurface energy given by Eql). In Sec. Il A, we showed
curs with a constant dissolution rate, thin pore walls will bethat for liquids with only a van der Waals interaction, this
easily perforated. effect is often of the order of the surface tension of the lig-
(i) Another possibility could be that the external surfaceuid, which for pentane is around 15 mJrithen in order to
has wetting properties different from those of the internalobserve a contraction at low vapor pressure, the van der
pore surface, or that the growth of a macroscopic thick filmWaals attraction energy should be of a similar value, which
is a discontinuous process occurring only at a finite pressurean occur only with structure size in the nm range.
abovePg. But recent experimerftshave shown that pentane  The observation of such small size features is a difficult
adsorption on a flat Si substrate produces a ttiz% nm) question which has not been completely clarified fetype
film at Pg. However, there are major differences in the PS, as such structures are below the detection limits of clas-
chemistry and morphology of external silicon surfaces, besical measurement techniques: for nitrogen adsorption
tween PS and a bulk silicon wafer: a polished Si substrateneasurements, the resolution is limited ta =1.5 nm, by
has a very smooth surface and is covered by a thin nativéhe tensile strength limit of liquid nitroge® Several elec-
oxide film, of about 2 nm thick; on the other hand, the PStron microscopy observations of PS have been published,
surface is pierced by many pore orifices, and may be rough ahowing features of a few nm size’® but smaller three
the atomic scale; furthermore the PS surface is covered bgimensional objects are very difficult to detect by electron
SiH, and not by Si@. On such a rough surface, the first microscopy. Recently, extended x-ray-absorption fine-
capillary condensations probably occur bel®y in the de-  structure measurements were explained by the existence of
pressions of the external surfa€er around pore orifices. very small particles of crystalline silicon with sizes as small
On the other hand, the wetting of surface ridges will be moreas 1.3 nnt.” Then, supposing that pores and silicon crystal-
difficult, and will occur only at a finite pressure abol?g.  lites have similar sizes in the nm range, one can expect that
Similar delays are expected from the work of Schrader andhe contraction observed ip-type PS may be related to the
Weiss? on the nucleation of a liquid drop on a flat solid effects of attractive van der Waals interactions.
surface. The role of crevices or of small cavities, which are pref-
(i) Another possibility is that an equilibrium state was erential structures for vapor adsorption, has often been men-
not reached aPs. Indeed a long time of one week has beentioned to explain the existence of a contraction qualitatively.
reported for the complete adsorption of pentane vapor byor the larger size, as developed below in Sec. IV C, a con-
charcoal atPs.”” Recently, time-dependent studies of wet-fined liquid is separated from the vapor phase by a concave
ting on smooth surfaces have been performed with x-rayneniscus, which according to the Laplace relafigq. (2)]
reflectometry”® after a small temperature perturbation theproduces a negative pressure in the liquid which leads to a
return to equilibrium follows an exponential variation with contraction of the adsorbent. For smaller sizes, of the order
time constants larger than one day. It is then possible that owf a few molecular diameters, a sharp meniscus does not

B. Low-pressure contraction of porous silicon
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exist? but the contraction effect due to the attractive disperthe pore walls, CohdA® proposed that . =r,—t. Later, it
sion forces between the adsorbed molecules and the walls @fas understood that such a liquid film layer can be stabilized

a small cavity is probably always present. only under the effect of an attractive potential from the pore
walls, 883 and that the layer thickness is also dependent on
C. Capillary condensation at high pressure the vapor pressure. Recently computer simulations of menis-

cus nucleation in narrow pores were performed for molecules

interacting with Lennard-Jones potentialit was found that
The existence of an adsorption hysteresis is an oldhe capillary condensation hysteresis due to meniscus nucle-

problem’®-8%always under active investigatidrit has been ation depends greatly on the pore geoméstif or cylinders

known for a long time that adsorption hysteresis is associatednd on the shape of pore ends, either open or closed.

with capillary condensation inside the pores: under thermo-

dynamic conditions, where the vapor is stable in a large vol- 2. Application to porous silicon

ume, the liquid phase can condense in a confined volume, p-+ type Due to a larger pore size and maybe to a more
and is then separated from the vapor phase by a meniscus. A3mogeneous structure, the hysteresis cycle is more dis-
shown. in Fig. 1, there is a hysteresis be_t\{veen th_e fllllng an‘i’inctly observed in p*-type materials, for adsorption
emptying of a porous structure. The origin of this capillary measurement& as well as for the x-ray strain measurements
condensation hysteresis can be attributed to two kinds qfeported in this paper. For the'-type PS sample, the de-
phenomena: _ _ crease of the lattice mismatcha/a observed in Fig. @)
~ (i) Percolation of the vapor phaseuring evaporation  corresponds to the steep rising parts of the schematic adsorp-
inside a statistical network of por8swhere a continuous tion loop of Fig. 1, in a range where the menisci are moving
gas-liquid interface penetrates inside the pores. _inside the pores. The minimum afa/a for desorption is

(i) The instability of an %Qsorbed_ layer in a single cylin- 4r6undPe/P.=0.81, which, according to the Kelvin equa-
drical pore with open end¥;**under Increasing vapor pres- tion (8), corresponds to a pore radius of 6.0 fassuming
sure, the thin liquid Iaye.r adsorbed |.n_S|de a cyI|ndr|caI_ POr€y—0 and neglecting the thickness of the adsorbed Jayer
becomes unstable, leading to pore filling, with nucleation ofrpis value is in fair agreement with those obtained using
a spherical meniscus. In the following, we will consider only girect adsorption measuremedis,small anglé® and
the instability in a single pore. diffuse*® x-ray scattering measurements. For adsorption, the

When the liquid and vapour phases3 inside a cylindrica_lmodiﬁed Kelvin equation(9) gives P*/P,=0.90, in good
pore, are separated by a concave spherical meniscus of radiggreement with the experimental value of 0.89. This result

rs, there is a negative pressure in the liquid given by Laplacgeems to agree with Cohan’s model, but as the basis of this
equation, leading to a contraction of the adsoriéfitThe  ogel is rather dubious, the agreement is probably fortu-
equilibrium radiusr 5 of a spherical liquid meniscus, in con- jiq,s.
tact with a vapor at pressufe and temperaturd, is given b type For p-type samples, the pore radius estimation is
by the Kelvin relatior more uncertain; one can roughly estim®& P;=0.5, which

p 2y cqrres_ponds to a pore radius of 1.8 nm, al_so_in agreement
In(—) =V (8)  With nitrogen adsorption result§.However this is close to

Ps rsRT the limit of adsorption measurements due to the finite tensile
whereu is the molar volume of the liquid. When there is a Stréngth of adsorbed liquids>“®Another remarkable prop-
complete wetting of the porous material by the liquid, i.e., 6"y of adsorption in very small size structure is its revers-
when the contact anglé is zero, the stability limit of the Piity. It is a well-known experimental faéithat adsorption
meniscus, under decreasing pressure, occurs at a préssure CUrves, as shown in Fig. 1, are reversible at low pressure, and
where the meniscus radius is equal to the pore radius, ; that the capillary hysteresis loop is obsgrved only _for
the pore radius, can then be determined from the shape ofP/Ps>0.4. Furthermore completely reversible adsorption
the adsorption curve using the Kelvin equation. On the othefurves are observed in materials with pores in the nm range:
hand, for increasing pressure, there is a delay for the nucldor example, reversible adsorption strain similar to those of
ation of a spherical meniscus inside a cylindrical pore withP~yP€ PS have been observed for pressures between zero
open ends, which leads to a pressure hysteresis, as proposgf! Ps in microporous carborf. Indeed, in a tightly con-
by Foster8@ In a more quantitative way, Coh&% consid- fined pore, the m_ten;aual meniscus between liquid and gas
ered that for increasing pressure, the vapor is in equilibriunptates cannot exidf” An explanation for this absence of
with a cylindrical meniscus of curvaturerl/(which is dif- ~ hySteresis is that the liquid cannot support the high tensile
ferent from the curvature / of a spherg This leads to a  Stréss which would be produced by a meniscus of small

1. Capillary condensation in porous materials

modified Kelvin equation radius’® Another possible explanation for the absence of a
meniscus in small size pores is that the distance between two
P — vy walls is a thermodynamic parameter which modifies the
In(P_s) rRT (9)  phase diagram, giving a confinement induced critical pdint;

then, for small pore size, there is a continuous transition
First, Cohan considered that the meniscus nucleates at l@etween gas and liquid states, and there is no hysteresis re-
pressureP™, wherer  =r ,; with this simple hypothesis, the lated to the nucleation of a meniscus. An even simpler ex-
instability values of InP/P,), for increasing and decreasing planation for the absence of hysteresis is that the pores have
pressure, are related by a factor 2. However to take intalead ends with conical shapes, so that the meniscus is easily
account the presence of an adsorbed layer of thickness nucleated without hysteresis in the cone affex.
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To conclude, complex effects can be expected from the The macroscopic elastic constants must be used for cap-
van der Waals interactions of adsorbed molecules with dlary strains during drying, as shown by Scherer in the case
solid surface, presenting a complex shape in the moleculasf gel drying!?> The maximum capillary stres& P occurs
size range. Then there is competition between the contractiowhen the menisci enter the pores, and is given in first ap-
produced by molecules confined in a small volume and th@roximation by the Laplace equation. Then one can assume
usual swelling due to the decrease of surface energy. Fdhat Eg.(3) is valid with K replaced by the macroscopic
p-type materials at low pressure, the contraction effect isnodulus of porous silicork,, which is related to the
rather large. Fop ™ -type materials with larger pores of a few Young's modulusE, by K,=E /3 (1-2v) [v is the Poisson
nm diameter, only a small contraction can be observed at lowoefficient for which only one estimation was given for PS
pressure. On the other hand, at higher pressure, the contra®ef. 17: v~0.1]. Therefore the strain is roughly given by
tion produced by capillary condensation is clearly observed

in p*-type PS, with a distinct hysteresis between increasing —AP  —2yy(1-2v)

and decreasing pressure. The absence of adsorption hyster- =3k~ 'E (10
esis forp-type PS can also probably be related to a pore size P P

in the nm range. From Eq.(10), it appears clear why adsorption strains are

larger forp-type samples than fqr* type: the average pore
sizer is smaller(about 1.5 and 6 nm fop andp™ types,
V. EFFECT OF ELASTIC CONSTANT SOFTENING respectively and theE, value is lower than those ab "
ON ADSORPTION STRAIN IN POROUS SILICON type.
The amplitude of the adsorption strains results from a Concerningp ‘-type layers for which the Young's modu-
o i dus follows the Gibson and Ashby relatirE = E¢(1—P)?
competition between the phenomena at the origin of th ] y p~ Esi ,
stress(reduction of surface stress, attraction due to disperfhen one obtains
sion forces, capillary stresses, ¢tand the opposing elastic

stiffness of the porous material, which would be different at e~ —2yv(1-2v) (11)
different spatial scales. rEg(1—P)?

(i) On the crystallite scale, the swelling is produced by a
variation of the surface energy as given by Eg), with the For pentanéy,,~14 mJ/nf) and for ap*-type sample of
bulk value of the elastic constants. 80% porosityfi.e., whenr~6 nm and(1—P)=0.2], one ob-

(i) On the macroscopic scale, the response of a porousins &§Aa/a)~5.6x10"*. This calculated value has a good
material submitted to a macroscopic deformation is related torder of magnitude, but is higher than the experimental one:
the average macroscopic elastic constants of the porous mat P/Ps=0.9 on Fig. 2b), where &Aa/a)~2x10"% A
dia, which is generally smaller than the bulk vafife. more accurate calculation would require a more precise

(iii) On the pore scale, attractive dispersion forces exisstructural information.
between pore walls, and the corresponding deformation is Similar experiments have been performed either with pen-
mainly due to shear strains, occurring mainly in the less rigidane or other liquidglike cyclohexane for whichy,,, =25
parts of the porous structure; the adsorption strains deperdd/nf) and for a series op*-type samples of porosity
not only on the elastic constants of the material but also of®=60%, 70%, 80%, and 90%. The experimental results,
pore shape and siZge., the local architecture of the mate- given in Table I, reveal that the observed capillary strains
rial), which would need a complex evaluation. have a dependence versys, andP which is in reasonable

In this section we make some estimation of adsorptioragreement with Eqg10) and(11). The experimental values
strains of porous silicon in a macroscopic porous sample. lare lower than the calculated ones, but the ratio between
is well known that porous materials have smaller macrothem is nearly the samgetween 2.0 and 3)6even if the
scopic elastic constants than bulk materfdi$his is also the  strains amplitude cover a range of nearly two orders of mag-
case for PS, as found in previous determinations of elastiaitude. Moreover it appears that the less stiff PS layees,
constants using x-ray diffractidhor acoustic techniquéS. p* type with 90% of porosity and thp type oneé have the
A recent systematic investigatithof PS Young’s modulus  strongest ratio value, indicating that this ratio depends on the
E, has been performed by means of the nanoindentatioporous structure.
technique, mainly forp™-type PS samples in a porosity For the adsorption strain gi-type samples, one can at-
range between 36% and 90%. The results obtained usingmpt a calculation using Eg.10) with r=1.5 nm and
these three different techniques are in reasonable agreemegy=2.2 GPa for 70% porosit} Although the existence of a
(when the comparison is possihl@he nanoindentation re- meniscus is dubious for this small size, one obtains
sults show thatE, (for p*-type PS samplésis close to s~68x10 4 also higher than the observed value which is
Eg(1— P)?, whereEg=166 GPaRef. 49 is the bulk silicon  roughly 20X 107 [see Fig. &)]. One observes, moreover,
Young’'s modulus value, an® is the porosity. This qua- that the x-ray rocking curves broaden fotype samples due
dratic dependence is in agreement with the model of Gibsoto the inhomogeneous capillary stresses, as shown by Fig.
and Ashby, developed for cellular materi&fsMoreover it ~ 3(b), where the full width at half maximum is represented.
was shown that th&, value for ap-type sample was lower It is worth noting that these inhomogeneous stresses in-
(by a factor of 5 for the same porosity of 70¥Ref. 90 than  duced by capillary effects during drying can be quite large,
those ofp™ type. The origin of this difference is probably and can even produce a cracking of the porous layer when
related to the smaller pore and crystallite sizespitype  the porosity or thickness are too lartfeWe have recently
samples. studied the mechanisms involved in the cracking of PS
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layers®® The best way to suppress capillary cracking is tothose observed previously in very different porous materials
use hypercritical drying, with a pressure larger than the criti{charcoal and porous silica
cal pressure of the pore flifftlor (in a more easy but less (i) The systematic observations of a contraction followed
efficient way by using a drying liquid with a lower surface by an expansion could have a common origin which can only
tension®® Freeze drying has also been recently used for pobe found in the competition between the expansion due to a
rous silicon, leading to encouraging resdft®ecause of the decrease of surface energy and the contraction due to disper-
peculiar properties of P8ts nearly perfect crystallinity, for sion forces attractions in very small cavities, following the
instance the study of the PS drying can be viewed as aproposition of Ash, Everett, and RadkeThere is a final
model to obtain a better understanding of the drying of po-expansion for complete wetting.
rous materials. (i) Capillary condensation induces a contraction in the
large pores, with a hysteresis between increasing and de-
VI. CONCLUSION creasing pressure, which can produce a cracking of the po-
) ) rous layer in the weaker structures. The softening of the elas-
In this work we reported the observation of pentane adyjc constants characteristic of porous materials enhance the
sorption strains in porous silicon layers. Due to the Si”9|e‘magnitude of these deformations.
crystal properties of porous silicon, high-resolution x-ray-  stydies of these effects in various porous materials enable
diffraction measurements allow a direct measurement of thgg g test the validity of the proposed explanations, and to
average lattice parameter of the porous layer. Two differengoyide additional information on the somewhat neglected
behaviors are observed: inpatype sample with a small iso-  gypject of adsorption strains. Due to its good crystalline
tropic pore structure, there is a reversible low-pressure COMproperties, the variety and the easy control of its porous

i i + i 4 ;
traction followed by an expansion. Ip™ samples with &  strycture, porous silicon can be very useful for such studies.
larger cylindrical pore structure, the low-pressure contraction
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