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Abstract. The phase transitions of non-polar organic fluids and of water, confined in the pores of porous
silicon samples, were investigated by Differential Scanning Calorimetry (DSC). Two types of PS samples
(p~ and p* type) with different pore size and morphology were used (with spherical pores with a radius
of about 1.5 nm and cylindrical shape with a radius of about 4 nm respectively). The DSC results clearly
show that the smaller the pores are, the larger is the decrease in the transition temperature. Moreover, a
larger hysteresis between melting and freezing is observed for p™ type than for p~ type samples. A critical
review of the thermodynamical properties of small particles and confined fluids is presented and used to
interpret and discuss our DSC results. The effects of the chemical dissolution as well as the influence of
anodization time are presented, showing that thick p™ type porous silicon layers are non-homogeneous. The
DSC technique which was used for the first time to investigate fluids confined in porous silicon, enables us
to deduce original information, such as the pore size distribution, the decrease in the freezing temperature

of confined water, and the thickness of non-freezing liquid layer at the pore wall surface.

PACS. 81.65.-b Surface treatments — 64.70.Dv Solid-liquid transitions — 07.20.Fw Calorimetry

1 Introduction

Since the discovery of the visible photoluminescence of
porous silicon (PS) by Canham [1] in 1990, many funda-
mental and applied researches have been performed on this
material [2]. As the visible luminescence is usually related
to quantum confinement effects in nanometer size silicon
crystallites, it is important to have a good characteriza-
tion of the shape and size of the silicon crystallites in PS
[2,3]. Nevertheless, a systematic study of the correlation
between luminescence energy and crystallites size (mea-
sured by Raman spectroscopy) was only published very
recently by von Behren et al. [4]. In this paper we present
new results on pore characterization based on the mea-
surement of the decrease in the freezing or melting tem-
perature of fluids confined in PS.

PS is obtained by an electrochemical etching in a hy-
drofluoric acid (HF) solution, of a single crystal silicon
wafer. The main parameters controlling the porous struc-
ture are the type and the level of wafer doping, the HF con-
centration and the current density [5]. Porosity, an impor-
tant structural parameter which can be easily measured
by weighting, cannot describe completely a porous struc-
ture. Direct pictures of the PS structure were obtained
by transmission electron microscopy [6]. For boron doped
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materials, two typical kinds of structures are observed:
p~ type materials have a rather spherical pore structure,
while p* type materials have a cylindrical structure with
larger pore radii of a few nm. Electron microscopy can pro-
vide a direct image of the crystallite structure while other
techniques recently reviewed by Hérino [7] give comple-
mentary information directly on the pore structure:

— the most usual method is based on capillary condensa-
tion of a vapor (usually N2) inside the pores. From an
estimation of the meniscus radius, given by the Kelvin
relation, one can obtain a measurement of the pore ra-
dius. This method has been used by Hérino et al. [§]
to determine pore size distribution in various kinds of
PS samples: a radius of about 1.5 nm was found for p~
type whereas pT™ type have a pore radius in the 4 nm
range;

— another method, developed by Brun et al. [9] and
called thermoporometry, is based on the measurement
of the decrease of the freezing temperature (AT') of a
fluid confined in a porous structure. While AT can be
easily measured by Differential Scanning Calorimetry
(DSC), the interpretation of the experimental results
is rather complex, and greatly depends on the pore ge-
ometry. The first results of this method applied on PS
have been presented in a conference report [10].

The first aim of this paper is to apply thermoporome-
try to investigate the shape and size of pores in PS layers.
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Moreover, the freezing of the fluid inside the PS layer is
a useful process to freeze dry the sample [11] and, this
study could be considered as a first step to understand
better this drying method as well as the impregnation of
complex fluids inside the pores to form nanocomposites
with interesting optical properties for instance.

We first briefly recall the principles of thermoporome-
try with a critical review of the thermodynamics of small
particles and confined materials. Then we give a descrip-
tion of some typical results on p~ and pt type PS sam-
ples, and we apply this method to study dissolution effects
on pore size and water freezing in PS. We finally discuss
some problems in the interpretation of thermoporometry
(validity of thermodynamics relations, hysteresis phenom-
ena, decrease of transition enthalpy, comparison with ad-
sorption measurements) and we compare our results with
previous measurements of PS structure.

2 Thermodynamics of small particle melting

It is well-known that, for small particles, the contribution
of the surface energy to the thermodynamical behavior
cannot be neglected. Shifts in the melting temperature
and vaporization pressure proportional to the inverse of
the particle radius are generally observed. This subject,
which has been studied since the beginning of the century,
has been clearly discussed in relation to surface equilib-
rium thermodynamics in the book of Defay and Prigogine,
first published in french [12] in 1951 and, with some com-
plements, in english [13] in 1966. Nevertheless, some as-
pects of the freezing of confined fluids are not described
by equilibrium thermodynamics, and complex phenomena
such as hysteresis remain under discussion. We first recall
the main theoretical results of Defay and al. and the ap-
proximations used in their derivation. Then we consider
the applications these results to the measurement of pore
size, following mainly the work of Brun et al. [9,14] on
thermoporometry.

2.1 Liquid-vapor transition of isolated droplets

Here we shall discuss only one component materials where
three phases can be observed: solid (s), liquid (I) and va-
por (v). Let us first consider a two phase system of a
spherical liquid droplet coexisting in equilibrium with its
vapor. The Gibbs-Duhem equations are satisfied in the
two phases for small variations of the temperature T', of
the pressure P; and of the chemical potential p; of each
phase 4

80T —v;0P; + 6p; =0 (1)
where s; and v; are the molar entropy and volume of phase
1. The system must also be in mechanical equilibrium: the
pressure P, of a liquid droplet of radius r; in equilibrium
with its vapor at pressure P,, verifies the Laplace equa-
tion: P, — P, = 27, /71, where 7, is the surface energy of
the droplet.

Neglecting v; relative to v, and assuming a perfect gas
approximation for the vapor in Gibbs-Duhem and Laplace
equations, and varying pressure at a constant tempera-
ture, one arrives to the Kelvin equation (W. Thomson
(Lord Kelvin)) [15], that gives the pressure P, of a vapor
in equilibrium with a liquid droplet of radius 7;:

Pv 2711} U1
Lnel = 2 U1 2
"B T 4 RT (2)

where P, is the pressure of the vapor in equilibrium with
the bulk liquid at a temperature T'.

In a similar way, for the variation of temperature at
constant vapor pressure, one can obtain the relation [13]

L T 2711} V1
n— = —
To r1 AHp,

3)

where AHj, is the transition enthalpy, T} is the bulk tran-
sition temperature and 7™ is the temperature of equilib-
rium between a liquid droplet and its vapor. Note that T
is often identified with the vaporization temperature.

Equations (2, 3) are directly related to the modifica-
tion of the chemical potential induced by the existence of a
surface curvature, which is known as the Gibbs-Thomson
effect.

2.2 Application to phase transitions of isolated crystals
2.2.1 Two phases

The conditions for the extension of the discussed thermo-
dynamic approach to small crystals with anisotropic equi-
librium shapes have been discussed by Defay et al. [13].
In a first approximation a small crystal is equivalent to
a spherical particle of radius rs with an average isotropic
surface energy 7s. Thus for a two phase system (solid-
liquid), one obtains an equation similar to equation (3)

AT 2’7$l Vg
= __ 4
TO Ts AHSl ( )

where for small AT = T™* — Ty, the Ln(T*/Tp) term has
been replaced by AT /Tp. In fact, at the temperature T,
a crystallite of radius 75 is in unstable equilibrium with
its melt. In modern literature, equation (4) is known as
Gibbs-Thomson equation by analogy with equation (3).
This is somewhat ambiguous since the possibility of a
variation of the melting temperature for a solid particle
was first mentioned (without formula) by J.J. Thomson
in 1888 [16]. According to Kubelka [17], equation (4) for a
solid-melt equilibrium, was published by Rie [18] around
1920.

2.2.2 Three phases

However, due to the possible presence of vapor phase
during the melting of a solid, the equilibrium of three
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phases [13] has often to be considered. For bulk mate-
rials, the equilibrium between three phases occurs only at
the triple point, for unique values of T' and P. However for
small objects, the curvatures of two interfaces act as sup-
plementary thermodynamic variables. Thus, depending on
the curvature of these two interfaces, an equilibrium state
can be found for various values of P and 7. Following
Defay et al. [13], one can derive various equations deter-
mined by the morphology of the three phase interfaces.
Actually the two principal cases reported in the literature
correspond to the presence of only two menisci.

Isolated spherical crystal and liquid droplet in their vapor

This case was considered by Pawlow [19] in 1909, without
giving the explicit variation of AT. Here also one starts
with the Gibbs-Duhem equations of the three phases. Us-
ing Laplace equation and neglecting vs and v; relative to
Uy, the shift of the melting temperature AT of a solid
sphere of radius r in equilibrium with a liquid sphere of
radius 77, both in contact with their common vapor, is
AT - 2 VsV sv . V1Ylv
rs o)’

T,  AHy

(5)

If a solid sphere and a liquid droplet have equal mass, the
number of parameters can be reduced. Using the densities
ps and p;, Hanszen [20] obtained a relation often used for
the melting of spherical metallic particles:

2/3
Ps
Ysv — Yiv | — .
pi

This is, in fact, the equation for the triple point equi-
librium of a small particle. As discussed in Section 5.1,
equations (4, 6) are equivalent if one neglects the change
of density and if one accepts the validity of the relation

(7)

AT 2

= ____ - 6
To reps AHg ( )

Ysv — Ylv = Vsl

Spherical crystal inside a liquid shell surrounded by its vapor

This case was introduced by Reiss and Wilson [21]. With
some reasonable approximations, Gibbs-Duhem equations
lead to the liquid shell equation (8)

AT 2 < VsYsl ('Ul - Us)'Ylv)

T():_AHSI Tl—to— Ty

(8)

In this form, given by Hanszen [20], the liquid shell of
external radius r; has an undetermined thickness tg which
is often used as a fitting parameter. If one neglects ¢y and
the term (v; — vs), which corresponds to the effect of the
pressure of the liquid shell on the crystalline core given
by Clapeyron relation, equation (8) is again equivalent to
the Gibbs-Thomson equation (4).

If three phases are present, separated by three menisci,
one meniscus radius is a function of the two others, and
the various three phase equations are not independent [9].

2.3 Thermodynamic equilibrium melting temperature

Equations (4-6, 8) give a melting temperature 7*, which
corresponds to an unstable equilibrium between the solid
and the liquid phases. It is also useful to consider other
definitions of the melting temperature. It was only in 1975
that Peppiat and Sambles [22] introduced the temperature
T. at which a small particle has the same free energy in
the solid and in the liquid phases. With F; the bulk free
energy of phase ¢ and rs = r; = r, one gets for a spherical
particle

4 4
AF = §7TT'3F3 + 471'7“2'731) - <§7TT3F‘Z + 47‘-7‘2’)/1”) : (9)

At the thermodynamic equilibrium, AF = 0. With:
AHg (T, — Tp)

Fy,—F =
s l s TO ’
one gets
AT Te - T sv v)VUs
= 0 _ g0 —m)v (10)
TQ T() T‘AHSZ

Using equation (7), this relation becomes

AT 3Ys1 Vs
— == . 11
Th rs AHg ( )

This equation, defining the thermodynamic equilibrium
melting temperature T, is similar to the Gibbs-Thomson
equation (4), but now with a numerical coefficient 3, in-
stead of 2.

Similar calculations can be performed for a cylinder of
radius r and length L (neglecting the energies of the two
ends) [23],

AF = 12 LF, + 21 Lrvs, — (77 LFy + 2mrLy,).  (12)

Here also, two melting temperatures can be defined, the
thermodynamic equilibrium T, where AF = 0, with the
coefficient 2 in equation (11), and the interface equilib-
rium 7%, with a coefficient 1. For spherical and cylindrical
shapes, T corresponds to the unstable equilibrium of the
solid-liquid interface, occurring for the maximum value of
AF, given by d(AF)/dr = 0. Similar results were also
obtained by Couchman et al. [24] who further associated
them with nucleation phenomena. The fact that melting
no longer occurs at a well defined temperature can be re-
lated to the existence of a thermal hysteresis as suggested
by Couchman et al. [24].

2.4 Phase transition of confined materials

It is well-known that the phase transitions of materials
confined in small pores are also influenced by the effects
of curvature, as shown by two typical situations:

— capillary condensation of a liquid phase in a porous
solid occurs at a vapor pressure lower than the satura-
tion pressure of the bulk liquid, and the meniscus ra-
dius is related to the vapor pressure through the Kelvin
equation [13];
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— melting of a confined material occurs generally at a
temperature lower than that of bulk melting. As for
isolated crystals, Defay et al. [13] have shown that vari-
ous cases must be considered according to the topology
of the various interfaces. We consider the ideal case of
a liquid in a circular cylinder of radius r with a solid-
liquid interface. Then all the interfaces are spherical
with radii Ry, related to r by r = R cos 6y, where
01 is the contact angle of the liquid with the wall (w)
given by Young equation:

Vsl cosf = Ysw — Yiw- (13)

For complete wetting (6, = 0), equation (13) is similar
to equation (7). For a fluid confined in a cylindrical pore,
in the case of perfect wetting (6, = 0), one again ob-
tains the Gibbs-Thomson equation (4). Brun et al. [9,14]
proposed that the lowering of the transition temperature
of a confined fluid can be used to determine the pore di-
ameter. The classical thermodynamic approach of Defay
et al. [13] describes the solid-liquid interfaces at equilib-
rium but such interfaces need first to be created. There-
fore, several mechanisms have been considered.

(i) Nucleation

It is a probabilistic effect according to the classical
nucleation theory [25]. Applied respectively to crys-
tallization and to melting, this theory gives a shift of
the transition temperature below and above the equi-
librium transition temperature of the confined fluid,
leading to a thermal hysteresis. When the pore wall
is wetted by the fluid, nucleation occurs inside the
liquid with a large undercooling. Scherer [26], in a
critical discussion of freeze drying and thermoporom-
etry, states that for freezing, nucleations in pores are
rare events. On the other hand, if the solid wets the
pore walls, crystal nucleation is easier and occurs on
the pore wall.

Penetration of a solid front

A layer of bulk liquid is often present outside the
porous material in experiments of confinement in
porous solids. During cooling the bulk liquid freezes
first, giving a solid crust on the external surface, while
the fluid inside the pores remains liquid. Freezing
in the pores occurs at the temperature T* given by
Gibbs-Thomson equation (4) [27], when the spherical
meniscus between external solid and the internal lig-
uid enters inside the pores. It is clear that such a phe-
nomenon can exist only in cooling and that melting
should come from another nucleation phenomenon.
This can be at the origin of a thermal hysteresis.
Outgoing of the fluid from the pores

In the presence of a temperature gradient, the liquid
inside the pores can evaporate and freeze as a bulk
crystal outside the pores [9,26]. For water in a soil,
this slow phenomenon is at the origin of frost heav-
ing [27,28]. It seems that these effects are not really
important in DSC measurements. In the following, we
consider that freezing occurs through the penetration
of an external solid front while melting occurs due to
the instability of a melt-solid interface.

(i)

(iii)

For the quantitative interpretation, two other phenom-
ena, often observed in phase transitions of confined mate-
rials, have to be taken into account:

— hysteresis is a frequent effect which can be related to
mechanisms (i) or (ii). It is clear that nucleation al-
ways produces a thermal hysteresis. Another expla-
nation of hysteresis in cylindrical pores, proposed by
Brun et al. [9,14], is related to a difference in inter-
face shapes between freezing and melting. Upon cool-
ing, freezing occurs through the penetration of a solid
front, that has a spherical interface of radius r (equal
to the pore radius if the contact angle § = 0). Then
the shift of the transition temperature, AT, is given
by AT/Ty = —2v4vs/rAHg according to the usual
Gibbs-Thomson equation. In the case of heating, Brun
et al. [9,14] proposed that the nucleation of the cylin-
drical fluid shell occurs first on the pore walls, with a
curvature 1/r. In this case, the shift in the tempera-
ture AT, given by AT /Ty = —vsvs/TrAHg, is only a
half of that for cooling. We will use this fact for the
interpretation of the experimental results, leaving the
discussion to Section 5;

— non-freezing layers are often observed in the vicinity of
the interface between a confined fluid and the matrix,
especially in the case of water, and produce an ap-
parent decrease of the transition enthalpy [29]. Upon
heating, these non-freezing layers favor the nucleation
of the liquid shell mentioned above for the hysteresis
mechanisms.

2.5 Conclusion

As we have seen, with two approximations (neglect of the
volume difference between liquid and solid phases and the
use of Eq. (7)), one obtains the Gibbs-Thomson equation
for the shift in the transition temperature. To interpret our
measurements, we use the general form of equation (11)

AT Vst Us
—_— = —— .
T r AHSI

(14)

The coefficient o depends on the experimental conditions
as shown in Table 1: for a spherical shape, a = 2 for
the unstable meniscus equilibrium at 7% and a = 3 for
the thermodynamical equilibrium at T,. For a cylindrical
shape, the corresponding values are a = 1 and a = 2.
In the rest of the paper, we will use the results presented
here to interpret the measurements performed on PS.

3 Experimental conditions

3.1 Porous silicon formation

The PS layers were obtained by anodization of boron-
doped (001) silicon wafers. Both highly doped (p™ type)
silicon wafers of 1072 Qcm resistivity and lightly doped
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Table 1. Dependence of the « coefficient value of equation (14), on the pore geometry for the various kinds of thermodynamic
phenomenon considered for the phase transition (see Sect. 2). For the interpretation of our results, only the cases corresponding

to the lower two lines, are considered.

Transition  Spherical Cylindrical
pores pores
Thermodynamic equilibrium melting
and a=3 a=2
freezing
Stability limit of the liquid layer melting a=2 a=1
at the pore wall interface
Unstable equilibrium freezing a=2 a=2

of a spherical solid-liquid meniscus

Table 2. Electrochemical formation conditions of p~ and p* type PS samples (j is the current density).

type porosity (%) [HF] (%) [water] (%) [ethanol] (%) 4 (mA/cm?) time (s) thickness (um)

P 65
pt 60

35
25

35
25

30
50

50
180

1120
700

50
100

Table 3. Physical properties of the different fluids used in the DSC experiments. The 5 values, in italic, correspond to values
calculated as explained in the text. The value of 7, for cyclohexane is from reference [32].

transition: AH,; (J/g)

Interfacial free
energy vs (mJ/m?)

Latent heat of

Liquid Transition
temperature (K)
cyclo-hexane s—I 279.5
s—s 186
dodecane 263
water 273

31.9 4.6
79.8 9
214 18.5
334 25-26

(p~ type) Si wafers of 4-6 Qcm resistivity were investi-
gated. The formation conditions of the porous layers are
presented in Table 2.

To detach the porous layer from the silicon substrate,
an electrolyte with lower HF concentration (5% HF, 45%
water and 50% ethanol) was used and a higher current
density (500 mA/cm?) was applied for 5 to 10 s to reach
the electropolishing conditions. As it was sometimes dif-
ficult to perform this experiment on layer thinner than
50 pum, we only present results on porous layers with a
thickness larger than 50 pm.

A further chemical dissolution for some samples of
both types, was performed by leaving the PS layers in the
5% HF solution, under dark conditions, for time varying
from zero to 100 min (in an open circuit).

Some samples were thermally oxidized at 300 °C under
oxygen atmosphere for 60 min to get a hydrophilic internal
PS surface [30].

During this study it appeared that sample repro-
ducibility, especially concerning p* type PS layers of
100 pm thickness, was not always satisfactory. For this
reason, all the DSC curves presented on the same figure
were obtained on the same day, on substrates coming from
the same wafer.

3.2 Differential scanning calorimetry measurements

All the measurements were performed on a standard DSC

apparatus (Perkin Elmer DSC2). The PS layers were filled

with various organic liquids (alkane which perfectly wets

the PS layer as observed in a previous X-ray experi-

ment [31], or water with the oxidized samples). Some phys-

ical properties of these liquids can be found in Table 3.
Two different alkanes were used:

— cyclohexane (CgHjz) exhibits two phase transitions:
a solid-liquid transition and a solid-solid transition
(monoclinic to cubic phase), and it has already been
studied in DSC experiments on confined fluids [32,33];

— dodecane (Ci2Hgg) has a large latent heat of fusion,
which gives a strong DSC signal for the phase transi-
tion of the confined liquid.

The values of surface energy () were estimated for
dodecane, water and solid-solid transition of cyclohexane
in relation to the cyclohexane solid-liquid interfacial en-
ergy value [32] of 4.6 mJ/m? in a reference measurement:
a porous sample was separated in two parts, one was filled
by cyclohexane and the second one by another liquid. One
can assume that the pore radii calculated from solid-liquid
cyclohexane phase transitions, is the same as the pore radii
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Table 4. DSC values of the transition temperature shifts (AT) and of the Full Width at Half Maximum (FWHM) of the
confined transition peak of dodecane confined in p~ and p™ type PS layers, is measured. The pore radius (r) of the PS samples

is calculated from the DSC results as described in Section 4.1.

sample  transition « in Eq. (14) AT (K) FWHM (K) r (nm)
pt 60%  freezing 2 20 7 2.1
16.1 2.6
melting 1 7.8 9.5 2.7
p_ 65%  freezing 2 32.4 7 1.3
melting 2 28.4 7 1.5
estimated from the second liquid confined peaks. This un- _ 2
known value of 7y, is then estimated from the one of cy- o
clohexane. S
Each self-supported PS layer, of approximately 0.9 cm? (S —
. . . ~ 0 T (a)
surface, was introduced in an aluminum capsule after be- P Yl — o
ing broken in small pieces of a few mm?. The resulting PS o
mass was between 1 and 2 mg and a few mg of liquid was 0
introduced in the sample compartment, before hermeti- 2

cally enclosing the capsule.

The scanning temperature rates used were 10, 5 or
2.5 K/min, which were slow enough to avoid temperature
gradient problems since the Full Width at Half Maximum
(FWHM) of the confined DSC peaks remained nearly the
same for the different scanning rates.

4 Experimental results

Firstly, in Section 4.1, we present some typical experi-
mental DSC measurements related to p~ and p™ type PS
layers. Section 4.2 deals with pore size distributions of p™
type samples as a function of anodization time and the
effect of the chemical dissolution in HF on both types of
samples. In Section 4.3, the investigation of water freezing
in oxidized PS layers is reported. Finally, in Section 4.4,
the latent heat of transition of confined fluid is estimated.

4.1 Comparison between p* and p~ type samples
4.1.1 p™ type PS samples

Figure la exhibits a typical DSC curve which presents the
freezing and melting scans of dodecane with a p™ type
PS sample of 60% porosity and of 100 ym thickness. The
energy supplied to the sample is plotted versus the tem-
perature which varies at a constant rate. The alkane con-
fined in the nanometer-size pores of porous silicon, gives
rise to a broad peak shifted down, while the rest of the lig-
uid, outside the porous layer, behaves as a bulk liquid and
thus gives an intense narrow peak at the bulk transition
temperature.

For a bulk isothermal transition, the tangent to the
peak represents the beginning of the transition process
and determines the transition temperature. In Figure 1a,
a thermal hysteresis of about 3 K is clearly observed for
this bulk peak. This usual hysteresis is due to the small

220 230 240 250 260 270
Temperature (K)

U

220 230 240 250 260 270
Temperature (K)

(b)

Energy (mCal/s)
o

Fig. 1. DSC scans for decreasing and increasing temperature
(as indicated by the arrows) at a scanning rate of 10 K/min,
of the solid-liquid transition of dodecane confined in (a) a p*
type PS sample of 60% porosity and 100 pm thickness, (b) a
p~ type PS sample of 65% porosity and 50 pum thickness.

delay for the heterogeneous freezing nucleation of a pure
liquid. On the other hand upon heating, nucleation occurs
easily at the crystal surface. Then the bulk melting tem-
perature is identified with the true equilibrium transition
temperature and is taken as the reference bulk transition
temperature Ty in this work. The bulk peak FWHM is
small and is only due to kinetic effects.

The peak corresponding to the confined fluid is broader
but less intense than the bulk one. The DSC peak intensity
depends on the latent heat of the fluid, the scanning rate
and the amount of liquid involved in the transition. From
the DSC freezing curve, the transition peak of the confined
dodecane exhibits a FWHM of 7 K (see Tab. 4).

As the confined peak width is independent of the scan-
ning rate, it is assumed that the peak width is related to
the pore size distribution and that the maximum of the
peak defines the average pore size. The values of tem-
perature shifts for both transitions are reported in Ta-
ble 4. A hysteresis of about 11 K is observed for the con-
fined peak. The physical cause of such feature is certainly
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different from that of the bulk hysteresis, since the tran-
sition mechanisms of a fluid confined in nanometric pores
are different from those of bulk liquid as discussed in Sec-
tion 2.

(i) Freezing

As the temperature decreases, the liquid outside the
porous layer freezes first, at a temperature that is
slightly below the equilibrium bulk freezing temper-
ature. The freezing in the nanometric pores occurs
through the slow penetration of a freezing front, with
a spherical shape solid-liquid meniscus formed at the
pore aperture. The penetration of this freezing front
will be delayed in the smallest pore apertures, broad-
ening the confined transition peak. Thus the FWHM
of the freezing confined peak will depend on the size
distribution of pore aperture in the porous layer.
The freezing transition occurs for spherical interface
equilibrium conditions and depends on the meniscus
shape only, which according to Scherer [26] is always
spherical (for cylindrical pores as well as for spherical
ones). The temperature shift when compared to the
bulk is then given by equation (14) with a = 2.
Melting

In principle, at low temperature, all the fluid inside
and outside the pores is frozen. To melt, the organic
solid has to nucleate a liquid layer of a few angstrom
thick, and this is initiated at the pore wall surface.
Then the melting of a confined material occurs at a
temperature that lies between the equilibrium tem-
perature and the temperature corresponding to the
stability limit of the surface liquid layer [24,34]. Of-
ten, the transition of the confined material occurs at
a temperature close to this stability limit and we as-
sume that the measured temperature is equal to this
last temperature. In this case, the relation between
the melting temperature and the pore radius can de-
pend on the pore geometry (spherical or cylindrical),
and in equation (14) the coefficient value is a = 2 for
spherical pore and a@ = 1 for cylindrical pore shape.
For a cylinder, such variation in this coefficient [9,14]
(o = 2 for freezing and o = 1 for melting), induced by
a geometric effect, can explain the large hysteresis of
the p* type PS samples that have a cylindrical pore
morphology.

Relying on these main assumptions and, at first, ne-
glecting the correction due to a possible non-freezing sur-
face layer, one can evaluate a pore radius for the vari-
ous samples studied, by deducing it from the melting and
freezing DSC curves. Eventually, if these assumptions are
valid, we shall find the same radius value either from melt-
ing or freezing curve.

It is also worth noting that in our case, the porous
layer is electrochemically detached from the substrate, the
top and the bottom of the layer may be slightly different.
Therefore such an asymmetry can have on influence on
front penetration. But Thonissen et al. [35] observed no
influence of this separation process on PS morphology.

To calculate the pore radius from AT measurements,
one has to know the value of 4 for dodecane. We esti-

mated it from the value of 4 for cyclohexane as explained
in Section 3.2, and we found 75 = 13.5 mJ/m?, whereas
a value of 75, = 12.1 mJ/m? has been reported [36].

Figure 1a exhibits a double peak shape for the confined
freezing transition. From the temperature depression ob-
served from these two peaks, two pore radii are found from
equation (14) with @ = 2: » = 2.1 and 2.6 nm. The av-
erage pore radius, deduced from the melting curve (with
a = 1), is around 2.7 nm, rather close to the two values
found on cooling. This can be considered as a justification
for our analysis.

The FWHM of the melting confined peak is estimated
around 9.5 K, whereas a FWHM of 7 K is observed for the
freezing curve. The peak width is larger for heating which
agrees with the fact that in this case the transition is really
“sensitive” to all pore sizes. The measured values of AT
and FWHM as well as the calculated pore radius values
are reported in Table 4. We note that one indeed mea-
sures a smaller pore radius for freezing than for melting
which is in agreement with the hypothesis of pore aper-
ture limitation of the freezing front penetration. More-
over, the main feature of the p* type PS sample of 60%
porosity and 100 pm thickness is its pore size distribu-
tion with two maxima. In the case of isotherm adsorption
measurements, a broadening of the pore size distribution
width was observed when increasing the current density
and keeping the same electrolyte [8] to form p* type PS
sample. In our case, the forming current density is rather
high (j = 180 mA /cm?), and this can explain a large pore
size distribution. Nevertheless, a double pore size struc-
ture has not been reported for such a sample (to the au-
thors’ knowledge), but inhomogeneous layers are frequent
in term of porosity variations for thick layers [37]. The
origin of this two peak shape in relation to the effects of
anodization time, is investigated in more details in Sec-
tion 4.2 and discussed in Section 5.

4.1.2 Results on p~ type sample

The same DSC experiment, performed in the same condi-
tions for a p~ type PS sample of similar porosity (656%)
and 50 pum thickness, is reported in Figure 1b. For this
sample, the curve shape appears quite different than for
the pT type: the temperature shift of the solid-liquid tran-
sition of dodecane, which shows a well defined single peak,
is much larger when confined in p~ type than in p* type
samples, reaching 32 K for freezing. This corresponds to a
smaller pore radius for p~ type samples. Moreover, only a
small hysteresis is observed for the confined transition of
dodecane in p~ type PS, which is in agreement with our
assumption related to the mechanisms involved in freezing
and melting, leading to a « coefficient equals to 2 for both
transitions in this case (as shown by Tab. 1).

As reported in Table 4, a pore aperture radius of
1.3 nm is estimated from the freezing curve (using formula
(14) and o = 2), whereas the melting curve (also with
a = 2) gives a pore radius of 1.5 nm in good agreement
with classical gas adsorption [8] and adsorption strain [38]
measurements. The peak width is 7 K for the confined
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transition of dodecane in the p~ type PS layer which is a
little smaller than for p™ type PS layers, and corresponds
to a narrower pore size distribution, centered around a
single pore radius value.

4.1.3 First conclusions

The pore size determinations for p~ and p* type porous
silicon are close to those obtained from isotherm adsorp-
tion measurements for similar samples. It is also worth
noting that both isotherm adsorption [8] and DSC data
exhibit a small hysteresis for p~ type PS samples while a
larger hysteresis is clearly evidenced for pT type.
Therefore one can use thermoporometry to determine
pore size distribution of porous silicon samples. Neverthe-
less, as in the case of gas adsorption method, there are
some delicate points related to the interpretation of the
DSC results, which will be discussed in Section 5. How-
ever, even if the absolute determination of the pore radius
may be difficult, this method appears to be well suited to
study the evolution of pore size distribution of p~ and p™
type PS samples under various effects, as shown below for
pure chemical dissolution or variation of anodization time.

4.2 Pore size distribution as a function
of electrochemical conditions

To investigate the origin of the double peak shape of the
pore size distribution observed on pT type PS layer, we
have considered various effects which can be responsible
for a broadening of the confined peak. One possible ori-
gin of this double peak shape is a porosity gradient with
depth in the porous layer. Two opposite effects have been
suggested in other studies [39]:

— the gradient could arise from the chemical dissolution
of the porous layer already formed and immersed in
HF while the bottom part of the layer is being etched.
This effect may be important due to the long etching
time of 700 s for the 100 pm thick pT type PS sample
of 60% porosity;

— the gradient can also be the result of a change in the
HF concentration due to diffusion problems through
the porous layer, leading to a modification of the elec-
trochemical conditions, during etching, at the bottom
of long pores. This effect could then be important since
the current density is high (180 mA /cm?).

In order to study these effects, we performed several
experiments, first to investigate the effect of the anodiza-
tion time, and then on the consequences of etch stops
during anodization. Finally, the pure chemical dissolution
(without electrical current) of PS layers of p~ and p* type
is presented and all these results are discussed.

4.2.1 Effect of anodization time

pt type PS samples of 60% porosity, obtained after vari-
ous etching times, are compared (generally the thickness is
assumed to be linearly dependent with the etching time).
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Fig. 2. (a) DSC freezing curves for dodecane confined in p™
type PS layers of 60% porosity and of various thicknesses:
(1) 50 pm, (2) 75 pm, (3) 100 pm, (4) 125 pm, (5) 150 pm.
(b) DSC melting curves for the same samples. (c) The result-
ing pore radius plotted versus the sample thickness. The sym-
bols (A) correspond to pore radii calculated from the melting
whereas the symbols (V) correspond to pore radii calculated
from the freezing DSC curves.

In Figure 2a and b, the DSC freezing and melting
curves obtained for the transition of dodecane in five
p" type PS layers of increasing thicknesses (from 50 to
150 pm) show different shapes. With the 50 pm thick PS
layer, one can see the presence of a single confined freez-
ing peak, centered at the same temperature as the most
shifted confined peak of the 100 pum thick sample, corre-
sponding to a pore radius r = 2.1 nm. One observes as
well, a shoulder appearing for the same temperature than
the second maximum of the 100 pm thick PS layer con-
fined peak (r =~ 2.5 nm), whose intensity is increasing as
the thickness increases. From the melting curves, one sees
the confined peak position being less and less shifted as a
function of sample thickness (i.e. of etching time) with an
increase of the FWHM of the confined peak (from 7.6 K
for the 50 pm thick sample to 10 K for the thicker one).
We note that for the 150 pm thick PS layer the double
peak shape is no more observed.

The resulting pore radii (estimated as explained in
Sect. 4.1, with a = 2 for freezing and a = 1 for melt-
ing), are plotted wersus sample thickness in Figure 2c.
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Fig. 3. DSC freezing curves of dodecane confined in two p*
type PS layers of 60% porosity: (1) discontinuously anodized
(5 steps of 140 s, each separated by a break of 15 s), (2) an-
odized continuously during ¢ = 700 s.

The graph clearly shows an increase of the mean pore ra-
dius for heating, whereas the average size of pore aperture
(for cooling) remains nearly constant for all the samples
(with only a change from a single to a double peak shape).
For each calculated pore radius in Figure 2c, the dotted
line represents the pore size distribution width calculated
from the DSC peak FWHM. For the two thicker samples
this line reaches very large pore radii but it is difficult to
precisely estimate them since melting confined and bulk
peaks are not well separated (and the pore radius is 1/AT
dependent). The variation of the DSC peak shape will be
discussed in Section 4.2.4.

4.2.2 A PS layer formed with a discontinuous etching time

In order to study the influence of the possible change in
HF concentration during etching on the pore size distri-
bution shape, we performed a formation experiment with
etch stops: to form a 60% porosity PS sample of 100 yum
thickness, the anodization was performed in 5 steps of
140 s, each separated by 15 s meanwhile the current den-
sity was set to zero in order to allow regeneration of the
HF concentration at the pore tips. This idea, suggested
a long time ago [40], was applied recently for short time
breaks in the microsecond range [41], and for long time
similar to that used in this work [42].

The resulting freezing DSC curve of dodecane in the
etch-stop sample is plotted in Figure 3 in comparison to a
“classical” p™ type PS layer of 60% porosity and 100 um
thickness. One can notice that the two PS layers lead to
different peak shapes: the etch-stop sample presents a sin-
gle maximum confined peak for freezing, corresponding
to a pore value of 2.2 nm, whereas the double peak of
the “normal” sample corresponds to pore radii of 2.1 and
2.6 nm (see Tab. 4). The freezing peak of the etch-stop
PS layer exhibits a FWHM of 6 K against 7 K for the
normal one, which in term of pore size distribution width
is much smaller. Therefore a discontinuous etching pro-
duces a more homogeneous porous layer in term of pore
size and prevents the pore size distribution from a double
peak shape.
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Fig. 4. (a) DSC freezing curves, showing the solid-liquid tran-
sition of dodecane confined in a p~ type PS layer of 65% poros-
ity: (1) as formed; after a chemical dissolution of (2) 5.5 min,
(3) 20 min. (b) The resulting pore radius (calculated from the
temperature shift), is plotted as a function of dissolution time
in a 5% HF solution. The symbols (A) correspond to pore radii
calculated from the melting whereas the symbols (V) corre-
spond to pore radii calculated from the freezing DSC curve.

4.2.3 Chemical dissolution

Chemical dissolution of PS samples in HF is a classical
process performed for instance to increase the lumines-
cence efficiency of PS samples [1]. The aim of the present
study is to investigate the effect of such dissolution on the
pore size distribution by using the DSC technique.

Pure chemical dissolution occurs when the sample is in
HF solution not only in the absence of any applied volt-
age, but also during the electrochemical dissolution. We
choose a 5% ethanoic HF concentration since the silicon
dissolution rate is high [43], in order to have large effects.
The chemical dissolution was performed after the PS for-
mation, in the dark (as during the sample formation) to
prevent parasitic photodissolution [44].

Chemical dissolution of p~ type PS samples

Phase transitions of dodecane confined in p~ type PS lay-
ers of 65% porosity and 50 um thickness, have been inves-
tigated after a chemical dissolution time varying from 0 to
20 min. The experimental curves obtained for freezing, as
well as the pore radius variations plotted as a function of
dissolution time are presented in Figures 4a and 4b, and
shows the following features:

— the maximum of the confined peak is shifted towards
the bulk peak when dissolution time increases, in ac-
cordance with an increase of the average pore radius;

— the confined peak shape is modified during dissolution;
the width of the confined peak decreases when the time
in HF solution increases;
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— in Figure 4b, the plot of pore radius versus dissolu-
tion time clearly shows that the difference between the
melting and the freezing curve increases with dissolu-
tion time;

— for the larger dissolution time, the dependence of the
pore radius versus etching time appears to saturate;

— if the pore radius is assumed to be linearly dependent
on dissolution time (i.e. for short dissolution times),
one can estimate a dissolution rate of 0.6 A/min for
p~ type PS layers. This value is close to p~ type bulk
silicon dissolution rate in the same 5% HF ethanoic
solution, measured by Halimaoui [43]: 0.5 A/min, and
only slightly different from the dissolution rate found
by Hu et al. [45] for bulk n+(111) silicon in 48% aque-
ous HF: 0.3 A/min.

Chemical dissolution of p* type PS samples

The same experiment was performed on p™ type samples,
using cyclohexane as the confined fluid. For cyclohexane
one can study either the solid-liquid transition occurring
at 279.5 K for the bulk, or the solid-solid transition (at
186 K) with a higher latent heat, giving then a more in-
tense confined peak (see Tab. 3). DSC curves, correspond-
ing to solid-liquid and solid-solid transition of cyclohexane
for cooling, are reported in Figures 5a and 5b, for p™ type
PS samples of 100 pum thickness and an initial porosity
of 60%, corresponding to various dissolution times, up to
100 min (after the formation which lasts 12 min).

As previously done, the pore radius is calculated from
the temperature shift (using formula (14) and with a solid-
liquid interfacial free energy [32] 74 = 4.6 mJ/m?) and
is then plotted wversus dissolution time in Figure 5c¢ in
the range from 0 to 100 min. The following features are
pointed out from Figure 5:

— as for p~ type, an increase of the mean pore radius
is observed with dissolution time both from solid-solid
and solid-liquid transitions. From the melting curves,
one finds the mean pore radius to increase from 4 nm
to more than 7 nm after 100 min in the HF solution;

— the confined peak shape is modified by chemical dis-
solution. Indeed, the width of the confined peak de-
creases (from 13 to 6 K after 100 min of dissolution):
the chemical dissolution seems to happen preferen-
tially for small pores leading to a narrower pore size
distribution;

— for each dissolution time, the pore radii calculated from
freezing and melting are very similar for small dissolu-
tion times (as predicted by the change in « coefficient:
a = 1 for melting and o = 2 for freezing), but the pore
aperture size seems to saturate before pore radius;

— a dissolution rate can be estimated from the exper-
imental data to be of about 0.4 A/min, once again
close to bulk silicon dissolution rate in the same
HF solution [43].
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Fig. 5. DSC curves upon cooling showing (a) the solid-solid,
(b) the solid-liquid phase transition of cyclohexane, confined
in a p* type PS sample of 60% porosity: (1) as formed; after
a chemical dissolution of (2) 45 min, (3) 100 min. (c¢) The
resulting pore radius, calculated from the temperature shift of
the solid-liquid transition, is plotted as a function of dissolution
time in a 5% HF solution. The symbols (A) correspond to
the pore radii calculated from the melting of cyclohexane, and
the symbols (V) to the pore radii calculated from the freezing
of cyclohexane.

4.2.4 Discussion

We first focus on chemical dissolution: few detailed inves-
tigations of chemical dissolution of PS layers in HF solu-
tion have been reported. From the weight measurement of
PS samples versus the etching time in HF, Halimaoui [43]
was able to follow the chemical dissolution: for short time
there is a linear dependence of the mass loss versus time
followed by a saturation, which is explained by a decrease
of the specific area with etching time. However this ex-
planation is not directly at the origin of the saturation
observed by DSC since here, we get directly the average
pore size and the distribution.

A possible origin of the saturation observed by DSC
can be related to curvature effects since the chemical dis-
solution rate depends upon the radius of curvature of a
crystallite. As stated in Section 2, a fluid confined in a
small pore of radius r has a chemical potential (p), dif-
ferent from that of the bulk liquid [13], which depends
upon 1/r. Therefore one can wonder whether a PS pore
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network filled with a liquid is actually at the thermody-
namical equilibrium. If this is the case, the pressure and/or
HF concentration vary with the pore radius. If the system
is not at equilibrium, the chemical potential is different
for pores of different sizes. In both cases, the second law
of thermodynamic imposes that an evolution of the sys-
tem, would lead to a lower gradient of chemical potential
in the whole fluid (bulk and confined). Then the chem-
ical dissolution should be more efficient in the smallest
pores. This can explain what is observed for both p~ and
pT type material during pure chemical dissolution: for the
first one the width of the confined DSC peak decreases,
while for the second type, one starts with a double-peak
shape which becomes after few tens of minutes in HF a
narrow peak. In Figure 5, corresponding to p* type, the
confined peak of the smallest pores (observed at lower tem-
perature) seems to rapidly shift during dissolution to the
largest ones leading to a narrower pore size distribution.

Moreover for both p~ and p™ type, it appears that
the calculated radius is different for melting and freezing
(see Figs. 4b and 5¢). According to the model used, freez-
ing is sensitive to pore aperture and melting to pore size.
Therefore, it appears for both p~ and pt type that pore
aperture remains nearly constant (mainly in the case of p~
type where pore apertures are smaller), while pore size in-
creases with dissolution time. This tendency would mean
that the chemical dissolution rate is indeed a function of
the curvature of silicon crystallites. However, in average,
the dissolution rate in PS is nearly the same than for bulk
silicon.

In the case of thick samples, the same feature is ob-
served: the pore radius increases, while the pore aperture
remains nearly constant as a function of etching time. This
shows that once more, chemical dissolution occurs and,
the chemical dissolution rate during anodization depends
upon the radius of curvature.

However for thick PS layers, the HF concentration ap-
pears also to decrease due to diffusion problems through
the pore network and lead then to non-homogeneous PS
layers. A lower HF concentration, associated with the
same current density, would lead to a different porosity as
well as to a smaller pore size [8]. As the etch-stop PS layer
exhibits only a single maximum freezing peak, one can as-
sume that a stop of 15 s in anodization time, allowing an
homogeneous HF concentration, is sufficient to lead to a
single mean pore size, i.e. the origin of the double pore
size distribution was most probably related to a change
of HF concentration during anodization. Moreover, by re-
flectance spectroscopy, Thonissen et al. [39] were able to
separate the effect on the porous layer structure of chemi-
cal dissolution from that of a change in HF concentration,
and concluded to a dominant effect of the change in HF
concentration with depth leading to a porosity gradient
(at least in the chosen experimental conditions: a high
current density and a 25% HF electrolyte). For both stud-
ies, the result obtained for the etch-stop PS sample, con-
firms the main effect of the decrease of HF concentration
during etching.
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Fig. 6. DSC curves at a scanning rate of 2.5 K/min, for water
confined in a thermally oxidized p™ type PS sample of 60%
porosity and 100 pm thickness: (a) a full cycle, (1) increasing
and (2) decreasing temperature, (b) for a reduced cycle: (3)
increasing temperature with a stop in between the two peaks,
and then (4) decreasing temperature.

4.3 The case of water

The investigation of the confinement of water in the PS
pore network is a complicated case but its interest is man-
ifold. First of all, while PS is often in contact with water
(during formation, anodic oxidation, electroluminescence
in liquid phase, freeze drying...), the interaction between
PS and water is not yet fully understood. A direct appli-
cation of the present study is for instance related to the
freeze drying of PS filled with water which has been re-
cently used to avoid the cracking of highly porous silicon
layers [11].

4.3.1 Results on p* type PS samples

After being detached, the PS layers were thermally oxi-
dized at 300 °C under oxygen atmosphere for one hour.
This oxidation allows the internal surface to become hy-
drophilic [30,46]. Except from this supplementary step,
the experimental process was identical to the previous
ones.

The result of the experiment performed on a p™ type
layers of 60% porosity and 100 pum thickness, is presented
in Figure 6a, where the most surprising feature is the ab-
sence of a confined peak on the freezing DSC curve. Even
after several scanning cycles, there is still only one sin-
gle freezing peak. This feature can be easily explained by
the large nucleation hysteresis of pure water: when the
excess bulk water freezes, the nucleation delay is already
more than 14 K, so it induces immediately the freezing of
the confined water, giving therefore a single freezing peak
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corresponding to both bulk and confined water freezing.
For increasing temperature, the usual behavior is ob-
served: the confined ice melts first, followed by the melting
of bulk extended ice around 272 K.

To observe water freezing inside the pores, we had to
stop the heating just after the complete melting of the
confined water (i.e. for a temperature in between the two
peaks of the melting DSC curve) [47]. Afterwards the tem-
perature was decreased at the same constant scanning rate
of 2.5 K/min, giving the DSC curves presented in Fig-
ure 6b: in such conditions, the excess bulk water does not
melt, so that when the temperature is decreased, there
is still a frozen bulk water crust outside the sample pore
network, and the confined water freezing peak can now
be observed. Figure 6b shows a double maximum for the
freezing peak as usually observed for this kind of p™ type
PS sample. For freezing, the transition temperature shift is
AT = 8.3 and 4.6 K for the double freezing peak, whereas
the melting curve exhibits a 3.4 K temperature shift rela-
tive to bulk melting Tp.

Nevertheless, the accurate determination of pore ra-
dius from these DSC curves appears more complicated in
the case of water due to the followings points:

— in the case of water confined in nanometric sized
pores, the literature reports many experimental results
[29,47,48] showing the existence of a non-freezing pore
water layer, with a thickness from one to three mono-
layers. Therefore, when considering equation (14), the
estimated pore radius is underestimated due to the
presence of this non-freezing layer;

— the value of Yjce—water reported in the literature
[47-49] varies from 10 to 45 mJ/m? (with an average
value around 25-30 mJ/m?), which renders the abso-
lute pore radius estimation difficult. But once more, if
the pore radius is assumed to be the same as the one
calculated from the cyclohexane DSC curves, one can
estimate the value of ice-water interfacial energy. For
the p™ type PS layer of 60% porosity, the Yice_water
value is found to be 25 mJ/m?. This is only an approx-
imation since the non-freezing layer is neglected. How-
ever, in a first step, one can assume this layer thickness
to be the same for water and alkane, and a further es-
timation of this non-freezing liquid layer thickness will
allow us to correct the pore radius value.

At last, an important feature of this experiment is its
good reproducibility, the position and intensity of the con-
fined peak remaining the same even after several temper-
ature cycles. This last remark means that the amount of
water involved in the phase transition remains constant af-
ter the freezing of water in the pores, proving then that the
porous layer does not undergo a cracking phenomenon, as
we could have expected. Indeed, on the contrary to alka-
nes, water density is lower when frozen than when liquid.
The experimental results therefore show that the water
freezing induced distortions on the porous layer are not
large enough to induce visible cracking effects (at least in
the experimental conditions used).
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Fig. 7. DSC freezing and melting curves of water confined in
a thermally oxidized p~ type PS sample of 65% porosity and
50 pm thickness, at a scanning rate of 10 K/min. A zoom of
the confined peaks is shown in the insert.

4.3.2 p~ type PS layers with water

The same experiment has been performed on oxidized p~
type sample of 65% porosity and 50 pum thickness. On
DSC curves plotted in Figure 7, two peaks, correspond-
ing to bulk and confined water freezing, are clearly ex-
hibited (even if the confined peak intensity is low due to
the small amount of porous layer in this experiment). As
in the pT case, the freezing of the external bulk water
occurs at a temperature far below the bulk equilibrium
melting temperature, i.e. with a delay of 18 K. But in
the present case a confined freezing peak is present, corre-
sponding to a temperature shift of 36 K. Moreover, a hys-
teresis of 10 K is observed on the confined peak larger than
in the case of dodecane confined in p~ type PS samples,
probably due to ice nucleation delay inside the pore net-
work. As for p™ type layers (and still neglecting the non-
freezing layer thickness), Yice—water can be calculated, and
a value of 26 mJ/m? is found, close to the one calculated
in the p* case.

4.3.3 Conclusions

The present study shows that the behavior of water con-
fined in the PS pore network is similar to that of organic
confined fluids (such as dodecane or cyclohexane). How-
ever, a special feature has to be pointed out: the nucleation
delay for pure bulk water can be very large (in the 14—
18 K range) inducing a single freezing peak corresponding
to both bulk and confined fluid (for p™ type samples).
This last point confirms the hypothesis that freezing oc-
curs through slow penetration of a frozen front.

As discussed in Section 5.5, freezing of water inside
PS layer is an useful method to dry the sample by freeze
drying [11]. However it is shown that to actually freeze
water confined in p~ type pore network, one has to lower
the temperature below —36 °C. Therefore precautions
have to be taken in order to perform an efficient freeze
drying process.
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4.4 Latent heat depression of the confined fluid

In this work, we have until now neglected the possibility
of a non-freezing liquid layer at the pore wall interface.
It is necessary now to take into account the possible ex-
istence of this non-freezing layer in order to correct the
calculated pore radius. Many experimental results on wa-
ter freezing [9,29] and on organic liquids [32,33] reported
a decrease in the latent heat of transition AHy; of the con-
fined fluid, and some of them were interpreted through the
existence of a non- freezing liquid layer.

We observed a decrease of AH; value as a function of
the decreasing pore size produced by dissolution for fluids
confined in PS. The AH; value is estimated from the ratio
of the integrated area of the confined peak by the mass
of the confined liquid. This mass is the difference between
the total weighted liquid mass and the bulk liquid mass
estimated from the measurement of the integrated area of
bulk liquid peak. The resulting confined liquid AH; value
is found to be lowered from the bulk one by a factor 2 or
3, depending on the kind of sample considered and of the
confined fluid.

This decrease in AH,; value can be related to the ex-
cluded volume of the liquid shell surrounding the solid
core. Following Lai et al. [50], one has:

5V
AHy = AH, (1 - 7)

(15)
where AHj is the bulk latent heat, 6V is the volume of
non-freezing liquid layer and V' the total volume of the
pore.

For a spherical particle, one gets:

oV = éﬂ' [r? — (r —t0)?]

. (16)

where tg is the thickness of the non freezing layer, and r
the average pore radius.
Thus one can write for a spherical pore:

3
AHg = AH, (1 — t—o) (17)
r
and for a cylindrical pore:
40\ 2
AHgy = AH, (1 - —0) . (18)
r

The confined latent heat AH is estimated and then,
(AHy/AHy)'3 is plotted versus the inverse pore radius,
1/r. In Figure 8a the plot corresponds to dodecane con-
fined in p~ type samples (with spherical pores) during
chemical dissolution. The bulk value of AH, (see Tab. 3)
is associated with a zero value of 1/r, since it corresponds
to an infinite pore radius. The linear fit of (AH,/AHy)'/?
versus 1/r, gives a tg value of 0.5 nm. Identically, for the
cylindrical pores of p* type PS samples with dodecane
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Fig. 8. Experimental data and linear fit, showing the decrease
of dodecane latent heat of transition versus 1/r (where r is the
pore radius): (a) for p~ type PS samples, (AHSl/AHo)1/3 is
plotted wversus 1/r (cf. Eq. (17)), (b) for p* type PS samples,
(AHg/AHo)'? is plotted versus 1/r (cf. Eq. (18)).

Table 5. Values of non-freezing layer thicknesses, to, for tran-
sition of dodecane and water confined in p~ and p' type PS,
deduced from the experimental data points plotted in Figure 8.

to (nm) to (nm)
p~ type PS 65% p' type PS 60%
with dodecane 0.5 1
with water 0.8 1.7

(obtained for various etching times), (AHy /AHy)Y? ver-
sus 1/r is plotted in Figure 8b, and the ¢y value is ex-
tracted from a linear fit. The same treatment is applied
to p~ and p' type PS layers filled with water. One can
note that the data are not accurate enough to test the ex-
ponent difference in equations (17, 18). However, we used
these two equations in order to get a consistent value of tg.
All the values of non-freezing layer thickness are reported
in Table 5.

It is shown that the non-freezing liquid layer thickness
for dodecane is larger for p™ than for p~ type PS lay-
ers. One calculates a real pore radius of nearly 4 nm for
p' type PS samples. This value is closer to the value esti-
mated from isotherm adsorption measurements [8]. For p~
type, the pore radius should be then closer to 2 nm. The
water non-freezing layers are thicker than organic ones,
leading to larger corrections of the pore radius.
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5 Discussion

In the last part, we first discuss several problems in the
application of thermoporometry to the determination of
pore size, in relation with our measurements on PS. Then
we compare our results with results previously obtained
on PS by other methods.

5.1 Validity of the thermodynamic approach
5.1.1 Free particles

For most results on the melting of small particles obtained
on non-confined metallic particles, the decrease of the
melting temperature can be of several hundreds K [51].
The main problem here is to choose the most relevant
melting equation and to determine the best value of the
surface energy.

The relation between Gibbs-Thomson equation (4) and
triple point equation (6), was discussed by Kubelka [17]
in 1932. He showed that these equations are equivalent if
the two following conditions are satisfied:

— the particle radii are equal in the liquid and solid phase
providing that the solid phase and the liquid phase
have the same density. This is often a good approxi-
mation;

— the relation: s, — Yw = 7si, which is known as
Antonow relation, is satisfied [52]. This relation is ob-
tained from Young equation in the case of perfect wet-
ting, i.e. for a contact angle 6 = 0.

Experimentally, it is not easy to distinguish between
equations (4, 6) due to the dispersion of surface energy
values reported in the literature. For instance, in the case
of Pb particles with = 25 nm, Peppiat and Sambles [22]
obtained AT values of 14 and 22 K using equations (4, 6)
respectively. This disagreement comes from a rather large
difference between their values of 4, and -;,, which do
not satisfy Antonow relation.

Equation (8) for the liquid shell model is also often
used for the interpretation of metal melting measure-
ments; the thickness tg of the liquid shell is used as a
free parameter to fit the experimental results [51]. Lai
et al. [50] have recently used this equation for the inter-
pretation of their nanocalorimetric measurements on the
melting of Sn. As described in the reviews of Dash [28,53],
the liquid shell model has received a new support with the
frequent observation of surface melting on bulk samples
and on small particles. Surface melting can be considered
as a wetting phenomenon of the solid by its melt, which
under the influence of short range interactions gives a lig-
uid layer of a few nm thick. Lately, there was much interest
in the related problem of cluster melting [54,55]. A clear
discussion of this question, in relation with the thermody-
namic of the liquid shell model, has been given by Reiss
et al. [56]. The existence of surface melting for clusters of
spherical [57] or cylindrical shapes [58], has been recently
observed in simulations.

In addition to the choice of the melting model, another
major problem for the absolute measurement of particle
size is the determination of the value of v, as measure-
ments of solid surface are always difficult. Often g is de-
termined from a measurement of the homogeneous crystal-
lization temperature, or from the decrease of the melting
temperature of small particles as indicated in the reviews
of Jones [49] and Eustathopoulos [59].

5.1.2 Confined materials

In the case of confined fluids, new problems appear due to
the interaction with the pore walls as well as due to the ex-
istence of disorder and defects in the crystalline structure.
For thermoporometry of confined fluids, there often exists
a meniscus between solid and melt, while the vapor is in
equilibrium with external bulk materials. Then only the
~s; term is relevant and one can use the Gibbs-Thomson
equation (4). However, there appears a new parameter,
the contact angle # with the pore wall. This can lead to
two opposite situations:

— the energy of the interface between the liquid and the
pore wall is usually smaller than between the solid and
the pore wall. This favors interface melting and the de-
crease of the melting temperature of the confined ma-
terial. For confinement in porous silica, it is generally
assumed that the wetting of the melt with the wall is
perfect (8 = 0), and then that the meniscus radius r is
equal to the cylindrical pore radius R. However, non
zero values of 6§ are sometimes observed, for example
6 = 50° for succinonitrile in porous silica [60];

— in some cases, the wetting of the substrate by the solid
phase is favored. The phenomenon of inhomogeneous
nucleation in a melt by foreign solid particles is well-
known. This phenomenon mainly occurs in the pres-
ence of an epitaxy between the solid material and the
particle, a situation which can lead to superheating of
the crystal [61].

In the case of fresh as-formed PS samples, covered by
SiH,, there is probably a perfect wetting by organic flu-
ids [31]. On the other hand, fresh PS layers are hydropho-
bic [30,46], and in the case of water, it was necessary to use
oxidized samples to have a good wetting. In both cases,
the use of Gibbs-Thomson equation (4) is convenient, at
least in a first approach.

In the case of an imperfect wetting, 5 has to be re-
placed by the term 4 cosf in the Gibbs-Thomson equa-
tion (4). When ~y; is determined from a reference experi-
ment on the same material, this does not modify the radius
determination, as long as 6 is constant, and has the same
value for melting and freezing. More disturbing problems
are related to two other effects, often present in phase
transitions of confined fluids: the existence of a thermal
hysteresis and of non-freezing layers.
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5.2 Hysteresis

Our experimental curves on PS clearly show the existence
of thermal hysteresis for both bulk and confined materials.

For bulk liquid, the origin of the hysteresis is well-
known and is due to the delay of nucleation (probably
inhomogeneous). Upon cooling it is always difficult to nu-
cleate a crystal in the liquid. On the other hand, the nu-
cleation of a liquid from a crystal is relatively easy as
there are always defects inside and at the surface of a
crystal. Originally proposed by Faraday for ice melting,
and discussed in the review of Dash [28], the surface melt-
ing at a crystal surface appears to be a rather frequent
phenomenon. Then, the bulk melting is expected to oc-
cur at the equilibrium bulk melting temperature, which
was indeed taken as the reference temperature in our PS
measurements.

For small particles, the origin of the hysteresis is re-
lated to the existence of the various definitions of melting
temperatures, proposed by Peppiat and Sambles [22] and
by Couchman et al. [24]. For measurements on confined
materials, usually performed upon heating and cooling, a
hysteresis is always observed although detailed discussions
are rather rare.

Several mechanisms have been proposed to explain the
origin of this hysteresis:

— hysteresis is classically related to nucleation delays,
always present for homogeneous crystallization upon
cooling. There is a general agreement that, upon heat-
ing, melting starts at the surface;

— for confined materials in contact with external un-
confined materials, a specific mechanism is solid front
penetration [9,26,27]. The temperature shift is due
to the overcooling which corresponds to the decrease
of the meniscus radius, which at equilibrium is equal
to the pore size;

— another explanation for hysteresis, related to shape
effects, was proposed by Brun et al. [9]: in Gibbs-
Thomson equation (4), AT of the unstable equilibrium
is related to curvature, which is 2/r for a sphere and
1/r for a cylinder (both with the same radius r). Brun
et al. [9] supposed that upon heating in a cylindri-
cal pore, a thin cylindrical liquid shell easily nucleates
around a crystalline core. The melting occurs when
the temperature of the cylindrical liquid shell reaches
the instability condition. Then one expects a factor 2
between freezing and melting temperature shifts. Al-
though accepted in some papers [62], this mechanism
has been criticized: in a recent thermoporometry ex-
periment, Ishikiriyama et al. [47] rejected this mecha-
nism, although no other explanation was proposed for
the origin of the hysteresis. They used different val-
ues of the surface energy for cooling and for heating,
a strong departure from thermodynamic orthodoxy!

Here we refer the reader to a few studies dealing with
materials, confined in various porous glasses, showing a
nucleation related hysteresis: Aschwalom et al. [63] and
Molz et al. [64] for the freezing of cryogenic fluids, and
Kofman et al. [65] for the melting of Pb particles in a SiO

or Al,O3 matrix. On the other hand, Grosse et al. [60]
proposed that the hysteresis for succinonitrile is due to
the dynamical contact angle hysteresis i.e. a change of
the contact angle depending on whether the temperature
is decreasing or increasing.

Our PS measurements appear to be in good agreement
with the Brun et al. [9] model, supporting the existence
of a large difference in the mechanisms for spherical and
cylindrical interface shapes. We think that in this case,
the shape effect gives a large contribution to the hystere-
sis: upon cooling the melt-solid interface is spherical, while
upon heating the transition occurs when a cylindrical lig-
uid shell becomes unstable (for p* type samples). On the
other hand for p~ type PS layers, the hysteresis is rather
small, pointing out that nucleation delays have little effect
for organic liquids. One can suppose that the internal sur-
face is rather rough, so that some liquid always remains
in small crevices, reducing greatly the nucleation problem
and allowing the production of a liquid layer at the inter-
face with PS pore walls, for both the spherical shape of
p~ type and the cylindrical shape of pT type samples.

5.3 Decrease of latent heat with size

The dependence of latent heat on the pore size has been of-
ten observed but has not been systematically studied yet.
Probably, the first observations were made for ice melting.
It has been known for a long time that, at a surface con-
tact, a few monolayers of water remains liquid, reducing
the apparent transition enthalpy [29].

Similar observations have been made in experiments
with organic materials [9]. For instance, in experiment
with cyclohexane, Mu and Malhotra [33] have observed
a decrease of AH with size, up to 1/3 of the bulk value.
The usual explanation of this AH reduction is related to
the existence of non-freezing layers at the interface with
the matrix. In very small pores, the transition enthalpy
even vanishes. A similar decrease of AH has been ob-
served by Unruh et al. [23] for indium confined in a vycor
matrix. They propose a quantitative explanation where
AH is proportional to the transition temperature, which
however gives a too small effect. In nanocalorimetric mea-
surements of tin particles, Lai et al. [50] also found a de-
crease of AH, in good agreement with the presence of
non-freezing layer. Similar results have also been obtained
for ice by Handa et al. [66].

5.4 Comparison between thermoporometry
and adsorption measurements

In the case of adsorption and DSC experiments, the mea-
surement methods are based on the existence of phase
transitions, liquid-vapor transition as a function of pres-
sure and solid-liquid transition as a function of tem-
perature respectively. The thermodynamics is similar in
both cases with the effect of the pressure and tempera-
ture difference related to the change of chemical potential
with size.
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The isotherm adsorption of gas by a porous solid oc-
curs at low relative vapor pressures through capillary con-
densation, first in the smallest pores, and then in larger
pores at higher vapor pressure. The low vapor pressure
range enables one to determine the specific surface area
of the sample by using the standard BET (Brunauer, Em-
mett, Teller) method [67] while the adsorption and des-
orption branch at higher vapor pressure give the pore size
distribution [7,8].

Although more work (experimental and theoretical)
has been devoted to adsorption, both methods present
similar problems:

— parasitic layers: for adsorption, there is a molecular
film adsorbed before the true capillary condensation,
which decreases the value of the measured radius. Vari-
ous empirical methods have been proposed to take into
account this correction;

— hysteresis: there is also a hysteresis between increasing
and decreasing pressure, which is due to the difference
in the mechanisms of pore filling and emptying.

For decreasing pressure there is no nucleation problem
as the meniscus propagates from the external surface of
the liquid, while for increasing pressure it is necessary to
nucleate some internal meniscus. Indeed, Cohan [68,69]
proposed that upon decreasing pressure, the nucleation of
a cylindrical meniscus inside a pore occurs at a lower pres-
sure, since there is a ratio of 2 in the curvature between
cylindrical and spherical menisci. However, this ratio is
modified by the presence of the adsorbed layer. There is
also a possibility of instability in the cylindrical meniscus,
leading to an anticipated filling [70].

The BET method was successfully used to investigate
PS layers of different doping types and levels [8]. The de-
duced pore size distribution of p~ and pT type material
are almost symmetric and relatively sharp. For p* type,
depending upon the current density (and then upon poros-
ity), pore radius typically ranges from 2 to 11 nm, porosity
being from 36 to 80%, while the specific area [8] ranges
from 170 to 230 m?/cm?3.

The pore size value for p~ and p* type PS samples es-
timated from adsorption measurements [8] and DSC are in
reasonable agreement. Moreover, while a large hysteresis
was clearly observed for p™ type by both methods, only
a small hysteresis was present for p~ type material. An-
other feature is also common for both methods: the width
of the pore size distribution is larger for p™ type samples
than for p~ type samples.

Thus, in spite of the difference between the mecha-
nisms involved in adsorption and DSC measurements (re-
lated to liquid-vapor and solid-liquid transitions respec-
tively), the deduced results, concerning PS material, are in
good agreement. It is also worth noting that DSC method
can provide information about the latent heat involved in
the phase transition, and is then sensitive to non- freezing
layers of fluid at the interface with the matrix.

5.5 Applications to the drying of porous silicon

The luminescence properties of PS are generally efficient
for high porosity material. But one of the major prob-
lems in the manufacture of PS, concerns the removal of
the etchant solution which follows the PS formation [71].
A normal air-drying evaporation can lead to the cracking
of highly porous materials. An increasing number of stud-
ies have been recently devoted to the drying process of
PS [11,72-74]. Among them the freeze drying technique
has been used [11,75]. In this drying method, the fluid in-
side the pore network is frozen and then sublimed under
vacuum. Amato et al. [75] recently showed that the PS
layers obtained using freeze drying, appear to have bet-
ter structural and optical properties than air-dried ones.
The freeze drying has the advantage of not requiring an
exchange of pore media.

However, the present DSC investigation clearly shows
that, to apply freeze drying efficiently on a nanoscale
porous material, such as PS, the lowering of the fluid tran-
sition temperature AT due to the confinement has to be
considered. As shown above, AT for water is of about 10 K
for pt type, but can reach 36 K for p~ type! Therefore,
in order to have an efficient freeze drying, the tempera-
ture should be lowered far below the usual bulk transition
temperature.

6 Conclusion

This work has been devoted to the study of finite size ef-
fects on the properties of materials, confined in the small
pores of PS layers. A critical review of the thermodynam-
ical properties of small particles and confined fluids has
been presented and used as a starting point in discussion
of our results.

Two types (p~ and p*) of PS materials were stud-
ied. With alkanes as the confined liquid, only a small hys-
teresis between melting and freezing was observed for p~
type samples with spherical pores. A larger hysteresis was
clearly present for p* type PS samples which exhibit cylin-
drical pores. The existence or absence of the hysteresis is
explained through different mechanisms between freezing
and melting and also through the difference of pore mor-
phology for p~ and p™ type PS layers.

From the shift in the transition temperature of the con-
fined material, we were able to estimate the PS layer pore
size, as well as the pore size distribution width. When
the non-freezing liquid layer present at the pore wall is
taken into account, a pore radius of 3.7 nm is found for
p' type, whereas p~ type PS layers exhibit a pore ra-
dius of about 2 nm. The pore size distributions have two
different shapes: a narrow peak for p~ type and a dou-
ble peak shape for pT type. Therefore, thick p* type PS
layers are non homogeneous: this is probably due to the
decrease of HF concentration during the electrochemical
etching. Indeed, DSC technique appears to be suitable for
the investigation of inhomogeneity in term of pore sizes
of PS layers.
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The effect of purely chemical dissolution has also been
investigated. For the thick p™ type layers, a double peak
shape of the pore size distribution evolves towards a nar-
row single peak shape centered on a larger mean pore ra-
dius, showing that chemical dissolution is more efficient in
the smallest pores. However in average, the rate of chem-
ical dissolution in p~ and p* type PS layer (0.5 A/min)
is about the same than for bulk silicon.

Water confined in the pore network of PS material be-
haves in a similar way than alkanes. However it is worth
noting that the temperature lowering for the confined wa-
ter freezing reaches up to 36 K for p~ type. A direct appli-
cation of such observations is, for instance, freeze drying
of PS filled with water, which has been recently used to
avoid cracking of highly porous silicon layers [11].

Finally, porous silicon exhibits a unique property
among the porous material: in spite of the porosity it re-
mains a nearly perfect single crystal. Therefore high res-
olution X-ray diffraction allows accurate measurement of
the lattice parameter during in situ experiment such as
vapor adsorption [38]. X-ray measurement of the strains
induced by the freezing of the confined fluid are in progress
in our laboratory.

We gratefully acknowledge all the scientists of the “Porous Sil-
icon” group of our Laboratory, and in particular M. Ligeon
and F. Miiller, for fruitful discussions. We warmly thank V.
Chamard and G. Commandeur for their help during the DSC
experiments.
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