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Abstract

The phase transition of a fluid — in particular water — confined in the pores of silicon during drying is
studied. The influence of this process on surface size and porosity is discussed. Methods of air
drying, supercritical drying and freeze drying are considered.
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Introduction

Porous silicon (PS) is widely used as an anti-reflection coating, for example, for solar
cells [1]. Its porous nature is utilized for surface texturing of single or multi-
crystalline Si materials [2]. PS can also act as a surface passivating layer, since it has
a larger bandgap than silicon (>1.40 eV). In 1990 Canham observed strong photo-
luminescence of PS at wavelengths of visible radiation at room temperature [3].
Because this effect offered miscellaneous applications in optoelectronics, extensive
studies of this material were started.

The luminescent properties of PS are sensitive to ambient conditions and the
electronic properties at the surface of PS play a key role in obtaining luminescence
from this material. When PS is stored or heated in ambient air, the oxidation will
break the unstable Si—H bonds at the surface and introduce more Si dangling
bonds [4], which decrease luminescent intensity [5].

In order to eliminate or reduce the capillary stress, many methods of drying have
been developed. The aim of this paper is to contribute to the understanding of the
behaviour of porous silicon during drying. After describing the process of formation
of PS we present a short survey on usual drying methods. Then we report studies of
the phase transition of a fluid confined in the pores of silicon and analyze the
condensation of water in more detail.

Formation of porous silicon

PS was discovered in 1956 by Uhlir while performing electropolishing experiments
on silicon wafers using an HF containing electrolyte. He found that on increasing the
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current over a certain threshold, a partial dissolution of the silicon wafer started to
occur. PS formation was then obtained by electrochemical dissolution of Si wafers in
aqueous or ethanoic HF solutions [6].

Up to now several different mechanisms regarding the dissolution chemistry of
silicon have been proposed, but it is generally accepted that holes are required for
both electropolishing and pore formation. The release of hydrogen decreases on
approaching the electropolishing regime and stops during the electropolishing.
During pore formation, two electrons are used up for each Si atom that reacted and
about four electrons are used under electropolishing regime [7]. The overall anodic
semi-reactions during pore formation can be written as [8]:

Si+6HF — H,SiF¢+H,+2H +2¢e
and during electropolishing as
Si+6HF — H,SiFs+4H +4e”

In both cases, the final and stable product for Si in HF is H,SiFg, or its ionised
forms; it follows that during the pore formation only two of the four available Si
electrons participate in an interface charge transfer while the remaining two lead to
hydrogen formation. During the electropolishing all four electrons of Si are
electrochemically active.

Among the various models proposed for the Si dissolution reaction, the mechanism
presented by Lehmann and Gosele (Fig. 1) is the most widely accepted [9]. The
mechanism is based on a surface oxidation scheme, with hole capture, and subsequent
electron injection, which leads to the Si in divalent state.

According to the model, the Si—H bonds passivate the Si surface unless a hole is
available. Once PS is formed, the interpore region is depleted of holes as is evident by
the high resistivity of PS (=10° Q cm, similar to intrinsic Si). Further dissolution occurs
only at the pore tips, where enough holes are available. In this way the etching of PS
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Fig. 1 Hole injection and attack on a Si—H bond by a fluoride ion—silicon dissolution
scheme proposed by Lehmann and Gdosele

proceeds in depth with an overall directionality which follows the anodic current paths
inside Si. Once a PS layer is formed no more electrochemical etching occurs but a slow
chemical one starts, due to the permanence presence of the wafer Si in HF [7].
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Drying of the samples

An important step in the fabrication process of high quality PS layers is the drying
recipe employed immediately after the etching of the wafer. It has been reported
several times that the formation of PS, with high porosity (greater than 70%) and/or
thickness (of the order of pwm) leads to a systematical cracking of the layer during the
evaporation of the solvent. A typical example of cracking pattern is reported in Figs 2
and 3 [10]. The origin of the cracking is the large capillary stress associated with
evaporation from the pores. During the evaporation a gas/liquid interface forms inside
the pores and a pressure drop Ap across the gas/liquid interface occurs. Ap is given by:

Scos®
Ap=y
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Fig. 2 Cross-sectional SEM image of typical cracking pattern. The white stripes are
due to crystalline Si which survives the etching [7]
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Fig. 3 Cracks in 80% porosity and 3 pum thickness PS layer, after water drying [10]
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where v is the liquid surface tension, S the interface area, cos® is the curvature of the
gas/liquid interface, and P the porosity which is given by [11]:

AM

:TSp (2)

where S, p and & were the anodic etching area of the Si wafer and the density of the Si
wafer (i.e.,2.33 g cm ) and the thickness of the PS film.
Ap values as high as several MPa are measured (Fig. 4) [8].

I om0 i ' ' '
6 - " 1 - aE
,'\ a I —
4 AU A I
: ] Vo [ i
Q? e \‘ <
= / j \ Ocap =
&0 i 5 : 0%
= . : - 5]
wn i ' A =]
: l \ ; \.! ©n
=24 : v dry 4 4 1 + -2
.:‘/ : ]Gdelta
4] ethanol J | e E 4
0 200 400 600 0 200 400 600
Time/s Time/s

Fig. 4 Stress-time evolution during the drying of PS: a — and b — refer to two cycles

The cracking of highly porous silicon layers during drying can be avoided either
by using supercritical drying as shown by Canham et a/. [12] or by replacing water
with another liquid of lower surface tension, like pentane. Freeze drying [13] and
slow evaporation rates are also used in the drying of PS to reduce or eliminate the
capillary stress.

Pentane drying is the easiest to implement. Pentane has a very low surface
tension (i.e. low y values in Eq. (1)), and shows no chemical interaction with PS
(unlike ethanol). Using pentane as rinser, it is possible to reduce strongly the
capillary tension; but since water and pentane are non-miscible liquids, ethanol or
methanol has to be used as intermediate liquids. Using this drying technique PS
layers with porosity values up to 90% and thickness up to 5 um exhibit no cracking
pattern after drying.

Supercritical drying is based on the fact that when the pressure is raised, the
interface between the liquid and the gas phase becomes unstable; and when the
pressure is larger than the critical pressure, the gas/liquid interface disappears and a
mixture of the two phases appears (supercritical fluid). This is the most efficient drying
method. In such a technique, the HF solution is replaced by a suitable ‘liquid’, usually
carbon dioxide, under high pressure. The phase is then moved above the critical
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Fig. 5 Schematic phase diagram showing pressure—temperature paths used in supercritical drying

point (31°C) by raising the pressure and temperature, as schematically shown in Fig. 5,
path a—b, b—c. Then the gas is removed by the supercritical liquid (Fig. 5, path a-b,
c—d). This drying procedure allows production of layers with very high thickness and
porosity values (up to 95%), improving the optical flatness and also the homogeneity.
However supercritical drying is expensive and complicated to implement so other
drying methods are normally employed [8].

The freeze drying process consists of a rapid solidification of the solvent in the
pores, obtained by lowering the temperature, 7, followed by sublimation under vacuum.
This method has been performed on samples etched under certain conditions. The
scheme of the process is depicted in Fig. 6. After rinsing the sample in deionised water,
the solvent filling the pores is in thermodynamic state A. By decreasing 7, the system is
brought to the state B by immersing the wet PS sample in liquid nitrogen. This allows
solidification of the solvent (mainly water) without any volume expansion, a process
obviously harmful for the PS skeleton. The sample is then placed on a cold (~200 K)
finger placed in a vacuum chamber. The chamber is evacuated to a pressure P ~0.1 mbar
(state C), then the temperature of the cold finger is raised at low rate (0.7 K min ") to the
state D (dried sample). The complete process takes almost 2 h [14].
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Fig. 6 Schematic diagram of the freeze drying process. In this case the solvent is water
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Phase transition of confined materials

In this section, we discuss the phase transition of confined materials and in particular
the case of water.

It is well known that the phase transitions of materials confined in small pores
are 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 vapour
pressure lower than the saturation pressure of the bulk liquid, and the radius of the
meniscus is related to the vapour pressure by the Kelvin equation [15].

* Melting of a confined material occurs generally at a temperature lower than that of
bulk melting. Bellet ef al. [12] consider the ideal case of a liquid in a circular
cylinder of radius » with a solid/liquid interface. Then all the interfaces are spherical
with radii Ry, related to » by /=Ry cosOy, where 0y is the contact angle of the liquid
with the wall (w) given by the Young equation (3):

Y51€0860 = YVou—Yiw 3)

where vy is the average isotropic surface energy for the phase system solid—liquid (s—),
phase system solid—vapour (sv), phase system liquid—vapour (/v).

Table 1 presents physical properties of the different fluids used in DSC [16], for
the investigation of phase transition in PS according to [17].

Table 1 Physical properties of the different fluids studied by DSC

Liquid Transition Latent heat of Interfacial free
q temperature/K transition. AHy/J g' energy y/m J m™

Cyclo-hexane s—1 279.5 31.9 4.6

s—S 186 79.8 9

Dodecane 263 214 13.5

Water 273 334 25-26

In the case of water, the investigation of the confinement of water in the PS pore
network is complicated. but its interest is important. First of all, while PS is often in
contact with water (during formation, anodic oxidation, electroluminescence phase,
freeze drying, etc.), the interaction between PS and water is not yet fully understood.
A direct application of this study is related to the freeze drying of PS filled with water
which has been using to avoid the cracking of highly porous silicon layers [13, 14].

Application on p* type PS samples

After being detached, the PS layers were oxidized at 300°C in an oxygen atmosphere
for one hour. This oxidation allows the internal surface to become hydrophilic.
Figure 7a presents the results of the experiment performed on ap” type layers of 60%
porosity and 100 pum thickness given by Bellet ez al. [17]. The author noted that after
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several scanning cycles, there is still only one single freezing peak. This feature is
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 induced
immediately the freezing of the confined water, thus giving a single freezing peak
corresponding to both bulk and confined water freezing. For increasing temperature,
the usual behaviour is observed: the confined ice melts first, followed by the melting
of bulk extended ice around 272 K. To observe water freezing inside the pores, the
heating is stopped just after the complete melting of the confined water (i.e. for a
temperature in between the two peaks of the melting DSC curve). Afterwards the
temperature was decreased at the same constant scanning rate of 2.5 K min ', giving
the DSC curves presented in Fig. 7b: 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 7b 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 relative to bulk melting 75.
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Fig. 7 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 pum thickness: a —a full cycle,
1 —increasing and 2 — decreasing temperature, b — for a reduced cycle:
3 —increasing temperature up to 270°C, and then 4 — decreasing temperature
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At the end of the experiment, the amount of water involved in the phase
transition remains constant after the freezing of water in the pores, proving then that
the porous layer does not undergo a cracking phenomenon.

Conclusions

We have described in this paper the effect of confined fluid (water) in the pores of thick
p’ type porous silicon. The formation of PS and methods of drying of this material were
also discussed. DSC appears to be a suitable technique for the investigation of
inhomogeneity in terms of pore sizes of PS layers, as described by Faivre et al. The
freeze process appears to be a suitable technique to avoid or reduce the cracking of
highly porous materials.
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