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We have performed measurements of boundary hysteresis loops, reversal curves, and subleygeipgrous
silicon, a porous material composed of straight non-interconnected pores. These data show that a strong interaction
mechanism exists between the pores. The pores of porous silicon are non-independent, whereas they are notinterconnected.
This hysteretic behavior is very similar to that observed in porous glass, which consists of cavities connected to each
other by constrictions. This questions the so-called pore blocking/percolation model developed to explain the behavior
of fluid in porous glass. More generally, if we disregard the shape of the boundary hysteresis loops which depends
on the porous material (H1 for MCM-41 and SBA-15, H2 for porous glass artgige porous silicon), the hysteretic
features inside the main loop are qualitatively the same for all these porous systems. This shows that none of these
systems are composed of independent pores. A coupling between the pores is always present whether they are
interconnected or not and whatever the shape of the main loop is.

1. Introduction Consider firstan isolated pore separated from the gas reservoir
by a constriction (or neck), the so-called ink-bottle pore (Figure
1). According to the pore blocking model, the pore body can
empty only when the constriction empties. Thus, the evaporation
- . . i . pressure of the pore body does not depend on its size but only
This type of hysteresis loop, asymmetrical with an evaporation on the size of the constriction and is delayed with regard to its

bran(_:h steeper thap the condensation branch, is gener"?‘”ycondensation pressure, giving rise to a hysteresis phenomenon
considered as the signature of the occurrence of a percolation

. . . . (Figure 1a).

process during the emptying of disordered porous matefial . .
such as porous glass or silica aerogel, which consist of cavities " @n assembly of non-interconnected ink-bottle pores we
connected to one another by constrictions, most of the cavities Should observe a hysteresis loop with condensation and evapora-
having no direct access to the gas reservoir. This is conventionallytion Pranches characteristic of the distributions of the pore size
explained by the pore blocking/percolation model developed by @d Of the neck size, respectively. The global hysteresis loop
MasorF® to reproduce the family of adsorptiemesorption should be the_sum o_f the individual hysteresis loops. In s_uch a
isotherms obtained by Brown in porous gldSghe observation system there is a priori no reason to ob;erve a hystereqs loop
of such a hysteresis in‘ptype porous silicon was unexpected ©f type H2. For example, the hysteresis loop schematically
because this porous material is composed of non-interconnected€Presented in Figure 1b corresponds to a neck size distribution
tubular pores all being in direct contact with the gas reservoir, @S large as that of the pore body in relative terms, the pressure
a morphology very different from that of porous glass or silica P* being _the_ evaporation pressure of the largest ne_ck. If the
aerogel. We have thus questionned the pore blocking/percolation€vaporation is commenced when the porous system is not fully
process to be the cause of the observed hysteresis. filled, none of pores can empty before this pressure is reached

In the present paper we come back to these experiments withand the curves expected, caII.ed primary desorp'tion' scanning
more details than in the letter. In particular, we measure reversalcU"Ves (PDSCs), are schematically represented in Figure 1b.
curves and subloops inside the main loop to confirm what was ~ Consider now an assembly of cavities connected together by
suggested by the asymmetry of the boundary hysteresis loop:constrictions which is the case of disordered porous materials
in porous silicon the pores do not empty independently of one such as porous glass or silica aerogel. Such a morphology is
another but through a cooperative process. These experimenta$0hematica”y represented ininset of Figure 2. Most of the cavities
data are analyzed carefully under the pore blocking/percolation are located within the porous material and have no direct access
model. Let us briefly outline this model. tothe gasreservoir butindirect access through many constrictions

and cavities. Thus, if evaporation is commenced when the porous

* Towhom correspondence should be addressed. E-mail: annie.grosman@SyStem is completely filled, a cavity cannot empty as long as a

In a previous lettet,we have reported on the presence of
hysteresis loop of type H2 (IUPAC classificatfynin the
adsorption-desorption isotherms of gas ififlype porous silicon.

insp.jussieu.fr. continuous vapor path is not created to the cavity from the vapor
(1) Coasne, B.; Grosman, A.; Ortega, C.; Simon,Mlys. Rev. Lett. 2002, reservoir. But, as soon as the pressure is reduced to some critical
88’(355?;23@' S. J.: Sing, K. S. Wadsorption, Surface Area and Porosity: value @* in Figure 2), the porous system begins to empty and
Academic Press: London, 1982; Chapter 3, p 111. many routes are created from the vapor reservoir to the buried
Vol(% Eéﬁf;:e?-g'éfgel%os'g Gas Interface; Dekker, Flood: New York, 1967, pores which result in the emptying of the whole system in a
(4) YRouquermY FY.; RouqueroL J.; Singy Kdg)rp[ion by powde(s& porous Cascade'“ke manner. ThUS, the empty|ng Of a dISOI‘deI'ed pOI‘OUS
solids; Academic Press: San Diego, 1999. material is believed to take place through a percolation process
% S e A B P LY explaining the asymmetrical shape of hysteresis loop (Figure 2).
(7) Brown, A. J.Thesis, Bristol 1963. If now the evaporation process is commenced when the porous
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Figure 4. Pore volume measured on the saturation plateau,of N
adsorption isotherms performed at 77.4® @nd BET surface area

(a) for porous silicon layers prepared under the same electrochemical
conditions as sample A (see Table 1) versus the etching time. The
etching rate is~1 um/min, andSset is 266 n#/g. The surface area

of the Si wafer electrochemically etched equals 15.2.cm

Adsorbed amount

3.1, we discuss whether the irreversibility of the capillary
condensation is due to the presence of constrictions in the porous
material (pore blocking). In Section 3.2, we present and discuss
measurements of PDSCs and subloops between the same pressure
end points within the main loop which is another test of the
Figure 2. Schematic hysteresis loop of type H2 and PDSCs for independence of the pores. These results unambiguously prove
porous glass, an assembly of cavities connected by constrictions agnat there exists a strong interaction mechanism between the

represented in the inset. According to the pore blocking/percolation : ; :
model, evaporation along the PDSCs can occur at pressure highe|_poresdurlngthe evaporation. The relevance of percolation process

thanp*, the evaporation pressure of the system whenitis fully filed " this system is discussed and ruled out.
which is the signature of the occurrence of a percolation process.

Relative pressure

2. Experimental Section
system is not completely filled, a filled cavity can have a
neighboring empty cavity, so that it can empty into this empty hi
cavity, thg desorbed .materlal being carried by a series of ethanol solutions (HF/EtOH). Thus, one obtains samples with a
condensationrevaporation steps to the bulk vagorherefore, porous part supported by a silicon substrate, i.e., with pores closed
the hysteretic behavior of a filled cavity depends on whether the 3 one end Two macroscopic parameters, the porosity and thickness
adjacent cavities are filled or empty and the shape of the obtainedof the porous layers, are measured by weighing with a microbalance
PDSCs are different from that of the boundary evaporation branch. (precision of+0.51g) the samples before (masg) and after ()
In Figure 2, we have represented typical PDSCs observed inthe electrochemical etching and after removal of the porous part in
porous glass. Thus, it is believed that the observation of the NaOH solutions ifx). The porosity is given by the ratiavg —
hysteresis loop of type H2 and of the PDSCs represented in™)/(M. — ms) and the thickness is proportional toy(— mg)/p
Figure 2 is the signature of the occurrence of a percolation processVnere p is the silicon density. The porosity depends on the HF
in disordered porous materials. concentration and the current densifl), (while the thickness is

The present paper is organized as follows. Section 2 presentsContIrOIIecj by the etching time.

the techniques for making the porous silicon samples and : :
(8) Grosman, A.; Ortega, C. I&ructural and Optical properties of Porous

measuring their prOpertieS such as porosity, morphology, por.eSlicon Nanostructures; Amato, G., Delerue, C., Von Bardeleben, H. J., Eds.;
size, etc. Adsorption measurements are also presented. In SectioBordon and Breach Science Publishers: London, 1997; Vol. 5 Chapter 11, p 317.

Mesoporous silicon layers are prepared by anodic dissolution of
ghly boron doped (100) Si single crystal in hydrofluoric acid/
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Table 1. Structural Parameters of Porous Silicon Layers as a Function of the Formation Conditions?

porous J etching thickness pore density Srem Sset
layer (mA/cn?) HF/EtOH time (min) porosity («m) (10" cm2) (m?g) (m?/g)
sample A 20 31 20 51.4% 21.2 37 138 266
sample B 50 1:1 10 70.8% 18.4 1.2 164 285

athe surface area of the Siwafer electrochemically etched is 15.2lveporous layers are prepared fromtgpe (3.10° Q-cm) [100] Si substrates.
the BET surface areas are given in (1/g adsorbent), i.e., (1/g porous layer).

We have prepared several porous layers under the sameboth centered onthe mean value of the pore siZ8 + 6 and~26
electrochemical conditions, i.e., for a given couple of values (HF =+ 14 nm for samples A and B, respectively. The PSD measurements
concentration,))), but with different etching times. Figure 3 shows were found to be reproducible to within 10% about. Note that the
thatAm, = my — my, the mass of the removed silicon atoms, and PSDs corresponding to cylindrical pores having the same perimeter
Amyz=my — mg, which is proportional to the porous layer thickness, value as the polygonal pores are quite similar to those shown in
vary linearly with the etching time. These results indicate that the Figure 5c, indicating that the pore section is rather regular than
chemical and lateral electrochemical etchings of the silicon wall oblong.
surface are negligible compared to the frontal etching and hence The fact that the 2D image (see Figure 5a) perpendicular to the
prove the absence of a porosity gradient. pore axis yields the same porosity as that obtained by weighing

We get complementary information about the formation process which corresponds to the 3D morphology is a strong argument against
by studying the nitrogen adsorption isotherms. Figure 4 shows thatthe presence of numerous constrictions and indicates that the cross
the pore volume, measured on the saturation plateau of the isothermssection area of each pore is almost constant. However, previous
and the surfac&er, deduced from the BET model analy8iare electronic paramagnetic resonance studies bftype porous
proportional to the etching time. Values of the pore volume are |ayerd4have shown the presence of dangling-bonds located on (100),
systematically a few percent{46%) lower than values deduced (110), and (111) Si surfaces at the Si/Si6terfaces. This result
from the weight measurements according\toio/p. This is due to displays the presence 100, {11G, and{111} facets on the Si
the presence of a monolayer of Sikk= 1, 2, or 3) groups onthe  walls, i.e., a roughness at the atomic scale. The presence of these
Si pore wallsi®-*2 undetectable by weighing. These results show facets is not surprising if we consider the polygonal shape of the
that the whole pore volume is accessible for ambient molecules. pores formed in a (100) Si substrate. In Table 1, we give the surface

For this study, two types of porous layers were prepar@um areas calculated from the total pore perimét&ey = IL where
thick, with porosity face values of 50% (sample A) and 70% (sample L is the pore lengthSrey is about two times lower thaBset. Srem
B). Table 1 summarizes the formation condition parameters togetherevidently underestimates the true surface area since it neglects the
with the porosity, thickness, pore density, dhgr values of these  presence of roughness at the scale of a few atoms that we mentionned
layers. above Serprobably overestimates the true surface area because the

Previous transmission electron microscopy (TEM) studies of adsorbate accumulates in the corner of the pores to decrease the
sample A have shown that these media exhibit an ordered porousinterface adsorbate/vapor area.
morphology with tubular pores parallel to one another and  The consistancy in the Si wall thickness and the absence of a
perpendicular to the (100) plan of the Si substfétét has been  horosity gradient indicate that these walls exhibit a high electrical
showrt® by proton energy loss fluctuation measurements that the resijstivity, compared to that of the substrate, which avoid them to
average direction of the pores is identical to withi0.1° of the be further etched. We have shoWw#?that this high resistiviti is
[100] crystal axis. The pores of polygonal cross sections are separatetheither due to the absence of dopant (boron) atoms nor to their
by Si single-crystal walls of apparent constant thickness (see the passivation by hydrogen atoms. The causes of such a high resistivity
TEM plane view in ref 1 for sample A and Figure 5a for sample B).  are not yet very well understood. What we know is that the Si/HF
We have also showthe absence of lateral interconnection between interface plays a fundamental role in this property since the Si walls
the pores. ) ) o ) remain electrically resistive as long as the HF solution is present.

From a numerical treatment of TEM plane views, it is possible Tq render the Si walls electrically conducting, it is necessary to
to estimate the pore size distribution (PSD) of the layer. We make exchange the HF/EtOH solution for a neutral salt (ki@ example)

a binary image of the corresponding negative TEM photograph by sojytion. In these conditions an anodic oxide film can be formed on

adjusting the threshold value to reproduce, as faithfully as possible, the Sj wall surfacé®

the number and shape of the pores. The porous layers are thinned 11,;g gjectrical property of the porous silicon layers can be used

down to 108-200 nm by mechanical polishing and ion milling. The , yyake porous silicon membranes with tubular pores open at both

-LEM plane Viedw isdp%rfor;'ne.d on t.rlll.e bevelled palrt of :]he side ?f ends. Immediately after the porous layer formation, the current density
the crater produced by the ion milling process. It is hence only ¢ reased to a value corresponding to the electropolishing regime,
natural that the obtained binary image does not reproduce exaCtlywithout changing the other experimental conditions. During this

tThr? pcf)rosity ar&d t_ze conlfisltancy in htheb_silico_n wall thi(cj:kﬂess. step, because of the high resistivity of the pore walls, the electric
erefore, we decide to skeletonize the binary image and then 10| jines are focused on the bottom of the pores where the Siwalls
apply a spatial convolution using a kernel matrix (Laplacian matrix 56 gissolved. Consequently, the morphology and sizes of the pores
3 x 3) to thicken uniformly the silicon walls until the porosity of i, yhe norous membrane thus obtained are unchanged compared to
the sample is reproduced. Figure 5b shows the obtained result. Itisy, ,qe of the corresponding porous layer. This is confirmed by studies

noteworthy that the two images of Figure 5a and b are quite o ,qq0ption isotherms which will be presented in other pafefs.
superimposable. The PSD corresponding to cylindrical pores having M rements. The adsorptior-desorption isotherms, scanning
the samehcross_-ks].e(r:]tlon areaas the poly_go_r|1al poresis ShO\:(VI’] n Flgur%urves and subloops have been measured using a i\/licromeritics
Sc together with that obtained by a similar treatment of a TEM ASAP2010 instrument equipped with three pressure transducers with
image of sample A. The PSDs, with large standard deviations, are: ' scales of 1umHg, 10 mmHg, and 1000 mmHg. We can link

(9) Brunauer, S.; Emmett, P. H.; Teller, £.Am. Chem. Soc 1938, 60, 309.

(10) Grosman, A.; Ortega, C.; J.; M. Appl. Phys. 1993, 74, 1992. (14) von Bardeleben, H. J.; Stievenard, D.; Grosman, A.; Ortega, C.; Siejka,
(11) Grosman, A.; Ortega, C. IRroperties of Porous Slicon; Canham, L., J. Phys. Rev. B 1993, 47, 10899.
Ed.; INSPEC Publishers: Ipswich, MA, 1997; Chapter 11, p 328. (15) Ben Chorin, M. IrPropertiesof Porous Slicon; Canham, L., Ed.; INSPEC
(12) Grosman, A.; Ortega, C. Bructural and Optical properties of Porous Publishers: Ipswich, MA, 1997; Chapter 6, p 165.
Slicon Nanostructures, Amato, G., Delerue, C., Von Bardeleben, H. J., Eds.; (16) Grosman, A.; Chamarro, M.; Morazzani, V.; Ortega, C.; Rigo, S.; Siejka,
Gordon and Breach Science Publishers: London, 1997; Vol. 5 Chapter 13, p 375.J.; von Bardeleben, H. J.Luminesc. 1993, 57, 13.
(13) Amsel, G.; d’Artemare, E.; Battistig, G.; Morazzani, V.; Ortegal\acl. (17) Grosman, A.; Ortega, C. To be published.

Instr. Methods B 1997, 122, 99. (18) Grosman, A.; Ortega, C. To be published.
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Figure6. Nitrogen adsorptionisotherm at 77.4 K for porous silicon
samples A and B, which are composed of pores closed at one end.

other on the whole pressure range, which is a first indication that
the evaporation pressures do not depend simply on the individual
pore size, thatis, the pores in porous silicon are not independent.
The second remark concerns the position of the condensation
branches onthe pressure axis compared to other porous materials
(we disregard the evaporation branch, the status of which is
discussed in this paper). For example, the condensation branch
for sample A with pores of 13 nm diameter is roughly located
16 [ j T— qm:lpleﬂ > (c) at the same pressure as SBA-15 material with cylindrical pores
—Sample A of 8—9 nm diametet? the latter value being deduced from neutron
scattering experiments and from mesopore volume determina-
tion.1® The problem has been already pointed out in different
1 papers-20-21The effect may be partly due to the polygonal shape
| E of the pores but also probably to other phenomena. This question
‘—}_ . will be treated in a separate paper.
, Let us come back to our problem: is the evaporation blocked
| by the presence of constrictions at the top of the pores?
i«. . We have seen in the experimental part that a 2D image
0 10 20 30 40 50 perpendicular to the pore axis yields porosity information
Diameter of pores (nm) consistent with that obtained by weighing which corresponds to
Figure 5. (a) Bright field TEM plane view of a porous Si layer, the 3D morphology. Moreover, the TEM plane view, which is
70% porosity (sample B), prepared from'aype (100) Sisubstrate.  hence representative of the whole porous layer, does not show

Observation axis [100]. (b) The corresponding binary image which he presence of constrictions but rather silicon walls of constant

reproduces both the porosity deduced by weighing and the consistancy,.. - . o
in the Si wall thickness. (c) The PSDs, corresponding to cylindrical Yhickness. These two results indicate that, if there are constrictions,

pores having the same cross section area as the polygonal pores, fdiheir spatlal_extensmn along the pore axis should be much smaller
samples A and B. The hatched region represents the overlap of thethan the thickness of the membrane analyzed by the electron
two PSDs. beam, thatis, 100200 nm in our experiment, and that the volume

) ~occupied by the possible constrictions should be much smaller
the classical ASAP2010 apparatus and a homemade cryogeniGhan the pore volume. It is hence conceivable, as stated by
refrigeration system having a specific analysis cell together. This Malanoski and co-worker@that constrictions exist in the pores

cooling system is composed of a compressor module (helium gas .
at 200 bar) connected, via an expander module, to a cryostat Whichthat Ioc_aIIy reduce the pore diameter but only for an extremely
short distance of the total pore length.

allows to perform adsorption studies at constant temperat0el ( - ) o
K) in the range (16 K-ambient). A cell has been made where porous ~ The question is now whether these hyppthetlcal constrictions
Si samples formed on 2-in. Si wafers can be analyzed. The gas usedire concentrated at the top of the pore as itis generally propbsed.

14

12
10

Percentage of pores

= B ok oo @

were nitrogen, krypton, and argon. To answer this question, we have thinned some pieces of sample
) A, mechanically with an abrasive powder made of silicon carbide
3. Results and Interpretations balls of 5um diameter, or chemically using a NaOH®isolution,

3.1. Hysteresis without Pore Blocking. Figure 6 shows the to obtain porous layers of different thicknesses: 18.6, 12.9, and
nitrogen adsorption isotherms at 77.4 K corresponding to samples4.3um. As the NaOH/HO solution cannot enter the pores because
A and B, which are composed of pores closed at one end. Thesedried porous silicon is hydrophobic, the porous layer can be
isotherms present wide and asymmetrycal hysteresis loops ofchemically thinned without changing the pore size except at the
type H2 with an adsorption branch characteristic of a broad PSDtop of pores as it is shown below. The isotherms have been
and a steeper evaporation branch. performed using krypton at 77.4 K which allows to analyze

As a first remark, we see in Figure 6 that the capillary smalleramountof porous material than nitrogen. Figure 7 shows
condensation branches of samples A and B have a commonthe Kr adsorption isotherms for the three abraded samples and
pressure range (0-0.8). This supports our PSD analysis (Figure
5c¢) which shows that the two PSDs overlap: pores of a same 883 ﬁ;ﬂl’:nm:&l AA; gr_te\gﬁrl{ gﬁ?n;;ir: 2032, ZE 2‘}(%52156-6 041603
size have a same condensation pressure. On the other hand, the (21) Coasne, B.; Grosman, A. értégy,as, C.;”'Pe”enq"R. IS, Surf. S
two evaporation branches are clearly disconnected from eachcatal. 2002, 144, 35.
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12— — with N2 gas because krypton behaves as a perfect gas on the
E i E 08 ;5'" o ';""_ whole pressure range P < Po=1.76 mmHgq) of the isotherm
o £ os t ! measurements. It is not the case fordd 77.4 K for which the
E,_ n.s-.E!"" et perfect gas law correction must be known for each pressure
s F0 I of along the plateau to make very precise measurements. Currently,
g O6F o ez W e t N . the same perfect gas law correction factor is used for nitrogen
= s 2 at all pressures to determine the adsorbed amount, which
2 04r il '....*:,-"" ] introduces errors mainly at the highest pressures, precisely on
3 5ol A e | the plateau.
< - ',,g:.'.-‘:-"".:‘“"____.,..-" Figure 8 represents the krypton isotherm at 77.4 K measured

R
p—
| e

oL L h . in a porous layer formed under the same conditions as sample
42 B 42 04 5 08 2 A but 1 um thick in order to enhance the contribution of the top
Relattos: puosswc of the pores with regard to the pore volume. The amount of gas

Figure7. Krypton adsorption isotherms at 77.4 K for sample Aas desorbed between the two arrows in Figur@#§ = 0.6—0.85)

a refgrence and.for the three a_braded samples 18.6, 12.9, and 4'%orresponds to 0.005 &BTP, that is, 1.3% 107 atoms. These

/;rsnstgﬁlsl;ez?ﬁgt.l’vteol);haellsn;rﬁa:]lluzri%g: tgfps(?rrgs gr%%r?ﬁéggzlhsgvrvfggﬁ eolesorbed amounts come from thg cell surface, the external surface

isotherms normalized to the same pore volume. of samples including the top of Si wallls separating the pores, the
formation of menisci at the top of pores, and possibly the emptying
of the top of pores with configurations (b) and (c).

- N T T The surface area of our analysis cell is equati®0 cnf and

= o5k N the geometical surface area of the sample prepared with a 2-in.
o Si wafer is (2x 20—7.5) cn? where 7.5 criiis the surface area

E 04 of pore sections. Typically, the amount of Kr atoms reversibly
E adsorbed on nonporous sofdsetweenP/Py = 0.6 and~0.85

g 03} is equal to one monolayer (0.5 10% atoms/crf). This

2 @ corresponds to the desorption of 1x1 10'7 atoms from the

2 i nonporous surface. The volume of menisci formed at the top of
E o1l pores can be estimated from the pore density (see Table 1) and
< the mean pore diameter: it correspondsth4 x 107 Kr atoms

0, 0 i 3= g by assuming hemispherical menisci. Thus, the totality of the

amount of gas desorbed along the “plateau” (1330 Kr

Figure8. Krypton adsorption isotherm at 77.4 K for a porous layer atoms) originates in the desorption from nonporous surfaces and
formed in the same conditions as sample A butni thick. The n evf’slporatlon from the top of pores (1?5 10 Kr atoms). .
arrows indicate the two pressure end points of the plateau of the  This suggests that the plateau preceding the steep evaporation
hysteresis loop. The inset shows a schematic representation of thredranch is not due to pore blocking effect caused by individual
possible configurations for pores of similar size, all having the same constrictions schematically represented in the inset of Figure 8.
probability. The shading lines, the white regions, and the black  pgre plocking effect was also questionned by Wallacher and
triangles represent the condensed fluid, the vapor and hypOthet'Calco-workersz.z According to these authors the hysteresis loop of
constrictions in the pores, respectively. . . . i
type H2 observed in porous silicon is not due to “local pore

for sample A as a reference, all normalized to the same Sarnpleblocking caused by individual c.onstrict'ions of pore” butis rather

' . the consequence of a strong disorder imposed by “large number
external su.rface. as.sample A, that is, to.the same ”“mb?f 0fofminorvariations"in pore diameter. More recently, it has been
pores. The insetin Figure 7 shows the four isotherms normallzedproposed that any variation in the fluid/wall interaction along

to the same pore volume. -~ . : .
. . . the pore (variations in pore size or shape, density of the porous
Fo.r the samples 12.9 and 4 thick, thinned W'.th a NaOH material, chemical nature of the surface, etc.) can produce the
soluthn, we observe, at the (.an'd ofthe condensayon process, theéame effect®We have already noted in the Experimental Section
emptying of larger pOres. Th|s_ IS due_ fothe chemlc_al d'$SO|Ut.'On that the Si walls contain many facets at a scale of a few atbms
of silicon walls separating neighboring pores, which gives rise which can be considered as a “strong disorder” as defined above
to larger pores at the top of the layer. . o o
- - - . At this stage of the paper, it is too early to take position in
If we dls_regard this superficial layer, the hysteresis loops gavor or agaignst the egplgmations propos)éd in refsp22 and 23
correspondmg_to the ab_raded samples and 0 the as-preparedince we must explain not only the shape of the boundary
fr?énthzteAr:‘sries Ilgizgcgés(gr?g dorir':ylgzrgoiguzh;ﬁisgr?g?etgig i hysteresis loop but also the hysteretic behavior inside the main
. ! L - loop: the status of the hyteresis loop is connected to the problem
to pore blocking effect, the hypothetical constrictions responsible of tEe independence 0f¥he pores. 'IE)his problem is consigered in

for pore blocking are not located at the surface but randomly - - . .
distributed along the pore axis. ?ffts-err]extsectlon.The cause of the hysteresis loop will be discussed

The inset of Figure 8 represents schematically different possible . . . .
g P y P 3.2. Interaction M echanism without Percolation Process.

configurations for pores of similar size, these configurations h f the h is | 2) ob di
having the same probability. Along the “plateau” preceding the The asymmetry of the hysteresis loops (type H ) observed in
*-type porous silicon is a first indication of the existence of an

steep evaporation branch we should observe a decrease of th8 . s . .
adsorbed amount corresponding to the emptying of the top of Interaction mechanism between the pores during the evaporation

the pores with configurations (b) and (c) having diameter higher Process but not a proof.

than the diameter of the largest constriction. 22 Wallachor DK N Koralev D~ Knorr N.- Knorr- Fve. R
We have measured the decrease of the adsorbed amount along, ) 2acher. D Kiinzner, N.; Koralev, D.; Knorr, N.; Knorr, Fys Rev.

the plateau, using krypton at 77.4 K, which is more precise than  (23) Puibasset, I. Chem. Phys. 2007, 127, 154701.
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Figure 10. Hysteresis loop for sample A shown in Figure 6 with
two subloops measured between the same pressure end points
andpg, one (ABA) initiated on the primary filling branch, the other
(CDC) on the primary draining branch. The inset shows the two
subloops for which the right end points A and D are offset to overlap.
The point B accounts for the correction as calculated in Appendix
B. This correction represents less than 8% of the observed lack of
congruence which i¥g — Vc = 1.66 cn?¥ STP.

pore will not empty at arelative pressure higher thawhatever

the position of the reversal point ig% being the pressure above
which no evaporation occurs when the porous system is full of
the dense phase. Therefore, forindependent pores, only desorption
from the pores not yet filled with the dense phase atMb, and

Figure 9. (a) Nitrogen adsorption isotherm at 77.4 K for sample
A shown in Figure 6 with three PDSCs initiated at the reversal

oints My, M, and Ms. E and F are the end points of the boundar S - :
ﬁysteresis Iof)p. In the relative pressure rangl?a{o.m, the adsorbed y quasi-linear variation of the adsorbed amount is expected as that

amount increases pratically linearly wiP, (see eq A4). The observed before capillary condensation occurs but with a lower
corresponding straight line has been continued at relative pressureslope since the number of “empty” pores is lower.

higher than 0.5 to guide the eye. (b) Zoom of (a) in the hysteresis  In Appendix A, we have calculated the PDSCs expected from
loop region. The lines without symbol are the PDSCs calculated asystem of independent pores by e3“maﬁmg(p), the amount

using eq A10 corresponding to the points khd M. The PDSC A " :
starting at M coincides with the “plateau” of the boundary desorption ﬁ; gas desorbed from the pores still "*empty” at a reversal point

branchp* represents the relative pressure above which no evaporation . . . . . .
occurs from the porous system full of the condensed phase as expected Figure 9b is azoom of Figure 9a in the hysteresis loop region.
in the independent pore model. The lines without symbol are the PDSCs, corresponding to the

reversal points Mand Mg, calculated using eq A10. The PDSC
starting at M coincides with the “plateau” of the boundary
To elucidate whether a porous system is composed of desorption branch.
independent pores or not, it is necessary to study the behavior Forthe three PDSCs, these estimates show that the major part
of the system inside the main loop. We have performed two ofthe amount desorbed atthe presgi@mes from evaporation.
different experiments presented below. Qualitatively, one observes that the evaporation pressure of a
First, it is necessary to find which entity in d{bype porous pore depends on the extent to which the porous system is filled.
silicon layer constitutes a domain as defined by Everett in ref The pores in p-type porous silicon do not drain independently
3, either “empty” with a film adsorbed on the pore walls or filled of one another.
with the dense phase. 3.2.2. Subloops. To confirm these results, we have compared
As we have seeninthe Experimental Section, the cross-sectiontwo subloops within the boundary loop between the same limiting
area of each pores is almost constant. Anyhow, the variation of pressures, the one (ABA) initiated on the primary filling branch,
the cross-section area along the pore axis is much lower than thehe other (CDC) on the primary draining branch (see Figure 10).
standard deviation of the PSD (18 6 nm for sample A). The inset of Figure 10 shows the two subloops for which the
Therefore, at a point of the condensation branch, a given poreright points A and D are offset to overlap. For a system composed
fills in a relative pressure rang® much lower tharAp where of independent pores these two subloops should be superim-
Ap = (0.8-0.5),p = 0.5, andp = 0.8 being the pressure end posable, i.e., congruehtyhich is clearly not the case for porous
points of the boundary hysteresis loop of sample A (see Figure Si layers. Note that a correction must be brought to the subloops
6): op < Ap. Thus, along the condensation branch we can to account for the presence of an adsorbed film on the surface
consider that each tubular pore is either filled or “empty” and of the “empty” pores?Indeed, this test can be rigorously applied
constitutes a domain. only for systems composed of two-state microsystems which is
3.2.1. Primary Descending Scanning Curves. We have not the case for adsorption in porous materials: a pore is not
measured a serie of PDSCs, that is, evaporation curves initiatedilled or empty but filled or “empty” with a film on the pore
at reversal points on the primary condensation curve. walls, the thickness of which depends on the pressure. Figures
Figure 9a shows the boundary hysteresis loop corresponding6 and 7 in our previous pagérshow that a certain numben,
to sample A and three PDSCs initiated at the reversal poiats M  of pores remains filled along (CDC) and “empty” along (ABA).
M>, and Ms. According to the independent pore moéalfilled To determine the actual lack of congruence we must estimate

M3, called the “empty” pores in the rest of the text, should be
observed along the PDSCs at pressure higher phaihus, a
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The above results show that the poresetype porous silicon
strongly interact with one another during the evaporation process,
but the interaction mechanism is not percolation.

[
=

4, Discussion

We have shown in the previous sections that the hysteresis
loop of type H2 observed in'ptype porous silicon is not due
to the presence of constrictions in the pores. Moreover, the pores
of this porous material strongly interact with one another during
the evaporation process and the interaction mechanism is not

Adsorbed amount ( em’ STP)

B th = o~ e e

0.6 Y, 0.8 percolation. The pores of porous silicon are coupled even though
Relative pressure they are not connected.
Figure 11. Magnification of the hysteresis |00p region of, N Calculations viamean field densityfunctional theory and Monte

adsorption isotherm performed at 77.4 K for sample A with pores Carlo simulations for a lattice-gas moéfeP® reproduce quali-
closed at one end®) and for the corresponding membrane with  tatively the hysteresis physical features associated with capillary
pores open at both end®), together with two PDSCs shown in  condensation in disordered porous material such as silica gel or
Figure 10. The zone between the two evaporation branches has beeBorous glass, features which are similar to that found-itype

colored in gray. The inset shows a schematic representation of two " . - -
interconnected neighbor pores, one filled with the dense phaseP©roUS silicon. Guided by these calculations, it has been proposed,

(hatched part), the other “empty” covered by an adsorbed film, at in recent papers, that the H2 hysteresis loop observetHtyipe
areversal point on the condensation branch. This intersecting regionporous silicon is the consequence of a strong disorder in each
divid_es the filled pore into two parts. The upper and lower parts of pore imposed by some variations along the pore axis of the pore
the filled pore should empty as a pore open at both ends and a porejiametet? or in the fluid/wall interactior?® The idea is the
closed at one end, respectively, and the PDSCs should be locateqjowing. Due to the presence of topological or chemical
within the gray zone. - - .
heterogeneities along the pore axis, a pore is composed of
numerous domains so that it does not fill (or empty) at a given

Avn(AB), the amount of gas desorbed from theséempty” pressure. During th(_a filling (or the_empty!ng) of a pore, the
pores along the path AB. As shown in Appendix B, we find Nnumerous d.omalns interact producmg a dissymmetry b(_atween
Avn(AB) < 0.13 cn? STP. In the inset of Figure 10, this amount the adsorption and desorption branches (type #2i this
has been added s, the adsorbed amount at B, to obtain the approach, the_pores qf porous silico_n_are independ_ent from one
corrected point B This correction represents less than 8% ofthe @nother, the disorder in each pore divides the pore into domains
observed lack of congruend& — Ve = 1.66 cn? STP. and is supposed to be responsible for the H2-type hysteresis
3.2.3. Relevance of Percolation Process. The interaction loop. Note that these calculatiddhave been performed in a
mechanism generally invoked to explain such results is percola-cYlindrical pore of 3 nm diameter, the length of the interaction
tion. In previous experimentsye have looked for the presence fluid/substrate being cut at 0.75 nm. In pores with diameters of
of interconnections between the pores. The experiment consistedt3 Nm for sample A and of 26 nm for sample B, the effect of
in thermally oxidizing a sample A, a part of which being masked chemical heteroge_neltles is expected_to be drastically reduced
by an aluminum cap to prevent oxygen from entering the porous compared to that in a pore of 3 nm diameter.
layer from the top of the pores. We have found that oxygen did ~ This approach cannot explain our whole results. If disorder
not invade the pores located under the aluminum cap. This resultmust be invoked, it must be looked for in the large PSD rather
shows that if there are interconnections they are not numerousthan within each pore. The problem is the following. In what
enough to lead to percolation process in this porous medium. relative pressure rangey) along the wide condensation branch
Nevertheless, as the pore blocking/percolation model is the does agiven pore fill? As we have already noted, the pore sections
only interaction mechanism proposed up to now to explain the are undoubtly not constant along the pore axis but their variation
adsorption-desorption process in connected pores, itisimportant iS certainly very small with regard to the standard deviation of
to discuss the influence of hypothetical interconnections on the the PSD (remember that a 2D binary image well reproduces both
evaporation process in such a porous medium. the consistancy in the Si wall thickness and the porosity). The
In inset of Figure 11 we have represented two interconnected presence of topological or/and chemical heterogeneities can favor
neighbor pores, one filled, the other “empty”, at a reversal point the formation of liquid bridges, and at this moment the pore is
on the condensation branch. If the interconnection has a sizehot fU”y filled but it is Ilkely that this situation extents within
smaller than that of the filled pore, it will empty at a lower @ pressure rangép small compared to the pressure ranfge
pressure and hence will not disturb the emptying of the filled corresponding to the filling of the whole porous materiaf <
pore. For an interconnection having a size higher than that of the Ap. We can hence reasonably suppose that a pore in porous
filled pore, which is the case represented in inset of Figure 11, silicon constitutes a domain. At a reversal point of the
the intersecting region will empty at a pressure higher than that condensation branch, h Figure 9 for instance, the major part
of the filled pore, dividing the filled pore into two regions: an of poresis either filled or empty. In the approach of J. Puibasset,
upper part, open at both ends which will empty as a pore open the hysteresis loop corresponding to an assembly of pores is the
at both ends, and a lower part, closed at one end which will sumofthe individual hysteresis loops. Thus, when the evaporation
empty as a pore closed at one end. In Figure 11, we show theis commenced while the porous system is partially filled, the
two nitrogen hysteresis loops for sample A and its corresponding hysteresis loop obtained should be of type H2, which is not the
membrane. As previously observethey are distinct but both ~ case. The results represented in Figures 9 and 10 show that the
of them are of type H2. In these conditions, even if the pores
are connected, we should have observed PDSCs resembling th%h(MF)egyie[Igt({ 330'\1/'0;750855'37'0/;'; Rosinberg, M. L.; Sarkisov, L.; Tarjus, G.
boundary evaporation branches and located between them within 355) Rosinberg, M. L.: Kierlik, E. Tarjus, GEuroPhys. Lett, 2003, 62, 377.
the gray zone shown in Figure 11. This is far from the case. (26) Sarkisov, L.; Monson, P. Ahys. Rev. E 2002, 65, 011202.
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evaporation of a pore depends strongly on the state of the neighbohysteresis is H1 or H2. The physical parameter which couples
pores thatis whether they are filled or empty. Thisis the problem the pores must be common to all these porous materials.
Mason attempted to solve by proposing his pore blocking/ In a previous papérwe proposed that the continuous liquid
percolation modetf In porous silicon there is no pore blocking  film which covers the top of the pores in thé-fype porous
and no percolation while there is a coupling between the pores, silicon layers at the end of the pore filling, and hence connects
a phenomenon which cannot be explained by the disorder inthe pores, could play arole in the desorption process by preventing
each pore. the concave menisci from passing through each pore at the
If we disregard the boundary hysteresis loops, the shape ofexpected equilibrium pressure. Results presented elseihere
which depends on the porous material, H1 for MCM-41 and invalidate this idea.
SBA-15, H2 for porous glass and ytype porous silicon, the Therefore, the last coupling parameter which we must consider
hysteretic features inside the main loop are qualitatively the sameis the porous matrix itself. In a subsequent papere shall
for all these porous systems. Recent studies on MCM-41 andanalyze the effect of the elastic deformation of the porous matrix
SBA-159272%evealed that the PDSCs in these materials resemble on the adsorptiondesorption cycle, a parameter which has been
that observed in disordered porous matéeat in p™-type porous ignored in practically all the theoretical treatments of phys-
silicon. For SBA-15 we have shown that two subloops between isorption.
the same pressure end points are not congruent, which proves Finally, the experimental results presented here show that the
unambiguously that the pores of SBA-15 do not evaporate IUPAC classification which associates the shape of the boundary
independently of one anoth&t. hysteresis loop to a given morphology, H1 for an assembly of
Comparing the hysteretic behavior of SBA-15 and of KIT-16, non connected cylindrical pores and H2 for disordered and highly
an ordered mesoporous silica which consists of a three- connected system, must be reconsidered. The difference between
dimensional (3D) network of interconnected pores of almost the hysteresis loops of type H1 and H2 could be simply that H1
cylindrical shape and same size, Morishige and co-wofRers is characteristic of a narrow PSD, H2 of a large PSD, whatever
noted that despite a large difference in porous structure, the shapethe shape of the pores is and whether they are connected or not.
and thermal behavior of the adsorption hysteresis for KIT-16, ]
as well as the sorption scanning behavior, were indistinguishable ~ Appendix A. Calculated PDSC for a System of

from those of SBA-15. This indicates that interconnections among Independent Pores (Figure 9)
pores of KIT-16 do not have a significant effect onthe adsorption  Smalll letters define the amount of adsorbate in the “empty”
hysteresis. pores, and capital letters the total adsorbed amount including the

Insummary, in all these porous materials we have considered,adsorbate in the “empty” pores and the condensate in the filled
the pores interact whether they are connected or notand whatevepores. The pore volumes are notéres
the shape of hysteresis is, H1 or H2. From now on the question  To afirst order in the calculation, the adsorbed amount before
is what physical parameter couples the pores? capillary condensation (all the pores are “empty”) may be written

5. Conclusion v(p) = aL z n 1. t(p) (A1)
We have presented and discussed measurements of boundary [

hysteresis loops, reversal curves and subloops "irtype i . ) .

mesoporous silicon. This porous material is composed of tubular Wheren; is the number of pores with perimetert(p) the film

pores perpendicular to the Si substrate. The average direction othickness versus the relative presspyé the pore length, and

the pores is identical to withig:0.1° of the [100] crystal axis. @ & constant. Introducinglland [SL] the mean values of the

The polygonal cross-section areas of pores are almost constantP€rimeter and of the pore surface area, eq A1 becomes

In this porous material we have found wide hysteresis loop of

type H2. _We have s_hown that _ the irreversibility of the v(p) = oNLOH(p) = aﬁf&res@t(p) (A2)

condensatiorrevaporation process is not due to the presence of st

constrictions. The pores are not connected so that this material

should behave as an assembly of independent pores. It is not thavhere» ;"= NL [30lis the pore volume.

case. The asymmetry of the hysteresis loops together with the We have seen in the Experimental Section that the mean pore

shape of the primary descending scanning curves and the largeliameters defined byD}= IlZr andD= /4317 are equal.

lack of congruence between subloops with the same pressureEquation A2 then becomes

end points prove the existence of strong interactions between the

pores during the evaporation. pores
Itis noteworthy that the hysteretic behavior observed in porous v(p) =o' -

silicon is quite similar to that shown in porous glass which is U

classified as disordered porous material. Moreover, we have

shown recently that the cylindrical pores of SBA-15 material,

which exhibits a boundary hysteresis loop with two-steep paralle

branches (type H1), do not either evaporate independently of

one another. It appears that the interdependence between th

pores is a feature common to all the porous materials whether

interconnections are present or not and whatever the type of

t(p) (A3)

Thus, to a first order in the calculation(p), the amount of
| 9as adsorbed before the capillary condensation occurs, is (i)
equivalent to that adsorbed in pores of an unique size equals to
the mean size of the distributiorr{3 nm for sample A ane-26
fm for sample B), (ii) proportional to the pore volume, and (jii)
inversely proportional to the mean pore diameter. The latter
property (iii) is illustrated in Figure 6 where it is shown thgp)
(27) McNall, M.: Laurence, R. L. Conner, C. Wiicroporous Mesoporous is Iovv_e_rr for sample B than for sample A once the isotherms are
Mater. 2001, 44—45, 709. normilized to the same pore volume.
_(28) Esparza, J. M.; Ojeda, M. L.; Campero, A.; Dominguez, A.; Rojas, F.;  \We have experimentally found that the adsorbed amofgmt
w:’zﬁ&fggfzé;' H.; Zgrablich, Gcolloids Surf. A Physicochem. Eng. in the pressure range (6-0.5) increases pratically linearly with
(29) Morishige, K.; Noriko Tarui, NJ. Phys. Chem. C 2007, 111, 280. p (regression coefficient: 0.999), with an adsorption rate equals
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to 5.25 cni STP.p* for a pore volume? [;'**= 10.15 cni STP,
so that

v(p) = v(0.1)+ 5.25 (A4)

This straightline, represented in Figure 9a, has been continued

at pressure higher than 0.5 to guide the eye.
From eqgs A3 and A4, we get

5.25[D0
dp (A5)

dt(p) =

1.q pores
tot

Applying eq A3 to the pores still “empty” at point M of the
condensation branch, we find

pores
M

m,,0

vm(p) = o t(p) (AB)

wherey }"*%is the volume of pores still “empty” at the reversal
point M and Dyl their mean diameter.

Fromeqgs A3, A4, and A6, we can estimatay(p), the amount
of gas desorbed from the pores still “empty” at M

ﬁpore 0
ﬁ,?o,e;(ﬁg(phﬂ -p) (A7)

Avy(p) =

um(Pum) — vm(P) = 5-2{

tot

As the mean pore diameter of the “empty” por@wul] is
higher than the mean pore diameter of all the paiB§leq A7

Langmuir |
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Figure 12. N, Adsorption isotherm for sample A shown in Figure
6 normilized to a unit adsorbed amount and the corresponding PSD
(inset). The solid line represents the calculated isotherm adsorption
for an “ideal” system composed of pores of an unique size equals
to the mean size of the distribution (13 nm). g, the capillary
condensation pressure of this system, 50% of the pore volume of
sample A is still “empty” but covered with an adsorbed film. The
fraction of these pores still “empty” are represented in white in the
PSD. The dash line represeifitshe fraction of pores still “empty”
at pe, calculated according to eq A9, as a function of the relative
pressure.

0 0.2

appendix we estimatév,(AB), the amount of gas desorbed
from thesen “empty” pores along the path AB.
We apply eq A8 to these “empty” pores

pore:

0
Av,(AB) < 54#)(@4 ~ Pg)

tot

(B1)

whered Py **and¥P**are the pore volume and the volume of

overestimates the amount of gas desorbed from the “empty” the n “empty” pores, respectively.

pores

pore
M

ﬂpo,e;(pM —p

tot

Avy(p) < 5.25( (A8)

The ratiog "7 by *varies from 1 to 0 when the porous system

fills with the dense phase (from point E to point F in Figure 9a).

To estimatet}, *79 'S we have used a linear approximation
with regard to ¢ — V)

pores __
PPoreggpores ¢ (ﬂto'f VM)
M ~i

“* @~ Ve) -

The difference betweerth°™® and vq(pa), the amount ad-
sorbed in then “empty” pores at pressumg, can be expressed
as a function oVp — Va

Vp — V= 90— 4 (py) = 1.07 cni STP  (B2)
whereVp andV, are the adsorbed amounts at points D and A
(see Figure 10), respectively.

An estimation of the upper limit of the fractiam(pa)/®2°"®
provides a second equation to obtaif"

We have replaced the real porous system by an “ideal” system
composed of identical pores having a diameter of 13 nm, the
mean value of the PSD, and estimated the rafjm)/d 5y
corresponding to this “ideal” system whei@..) is the adsorbed
amount just before the fluid in a pore of diameter of 13 nm

whereVy and Ve are the adsorbed amounts at a reversal point capillary condenses an#f2"®S the pore volume. As the mean

ot

M and at point E where the pores begin to fill. Finally, we obtain  sjze of then pores “empty” along (ABA) and filled along (CDC)

Avy(p) ~ 5.25(py — P) (A10)

Figure 9b shows the PDSCs calculated using eq Al0

corresponding to the reversal points fil= 0.07) and M (f =
0.38). The PDSC starting at/Moincides with the “plateau” of
the boundary desorption branch.

Appendix B. Correction for Two Subloops between the
Same Pressure End Points (Figure 10)

As we have previously showhand recalled in Section 3.2

is larger than the mean size of the distribution and as, by definition,
they did not yet capillary condense(pcq)/d by - constitutes an
upper limit of vn(pa)/oh°"es

pcc can be estimated as follows. Let us ddlthe point of the
condensation branch at which a pore of diameter of 13 nm fills
(see Figure 12). Ap = pe., we haved [y 79 o *° = 50% ~ f,
whered " *is the volume of the pores still “empty” & and
fis defined by eq A9. Thugx is determined by the equation
f=0.5. In Figure 12 are represented the isotherm for sample A
normalized to a unit adsorbed amount, the corresponding PSD

with the pores still “empty” ap = pc. together with the function

of this paper, for a system of independent pores a certain numberf. The graphic solution of the equatiérs= 0.5 givesp.. = 0.7.

n, of pores remain filled along the subloop (CDC) and “empty”
with a film on the pore walls along the subloop (ABA). In this

It remains to estimate(p.). Remember that, fqo < 0.5, the
amount adsorbed in the ideal system is, to a first order in the
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calculation, equal te-v(p) the amount adsorbed in the real system pore volume. According to eq B1, the amount of gas desorbed
(see eq A3). The continuation unfilc = 0.7 of the linear fit from these “empty” pores between the presspresndps, Avp-
representing the adsorbed amount between 0.1 and 0.5 allowgAB), is then lower than 0.2k 5.25x (pa — ps) = 0.13 cn#

the estimation ob/(peo). We find v(pec = 0.7) = 5 cm? STP. STP. This amount must be added\g, the adsorbed amount

Thus, for 13 nm pores, the ratio of the adsorbed amount just gt point B, to obtain the corrected point & shown in inset of
before the capillary condensation occurs over the pore volume Figure 10.

is estimated to about 0.5. Thereforg{pa) < 0.597°"*°and eq
B2 become®”** < 2(Vp — Va), i.e., 98" < 2.14 cn? STP.
Thus, the volume of thesepores is lower than 21% of the total LA703978V



