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An approach for the size evaluation of fine morphological features of fractal-like porous materials is
described. The method is based on the measurements of thermal conductivity of porous layers with
empty and filled pore networks. Being associated to a heat transfer model, the experimentally obtained
values of thermal conductivity allow the size evaluation of very small structural constrictions ensuring
interconnections between the main particles constituting the porous material. The method is applied
to determine the size values of the structural constrictions interconnecting silicon nanocrystals forming
meso-porous silicon layers.
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Complex porous media are known to be quite efficiently charac-
terized in terms of fractal geometry [1]. In particular, fractal-like
porous nanostructures contain a large amount of very fine high
order features which are often difficult to be clearly visualized or
identified. However, these features determine the main physical
properties of the nanoscale porous media such as mechanical, heat
and charge transports, fluid flows in nano-pores, etc. [1-4]. Porous
silicon (PS) nanostructures are certainly among the most promi-
nent examples of such kind of nano-porous media [5]. Indeed, their
general fractal morphology was found to govern ac conductivity
[6], fluid flows [7] as well as Raman scattering and photolumines-
cent properties [8]. A special attention is attracted to structural
constrictions corresponding to high order fractal features which
strongly limit thermal [9] and charge carrier transports [10]. Thus,
an independent size evaluation of these features will allow the
understanding, tuning and precise prediction of various physico-
chemical properties of PS nanostructures as well as interconnected
silicon nanoclusters [11].

In this letter, an original concept for the size evaluation of the
fine morphological features of porous fractal-like materials is
reported. Our approach is based on the introduction of chemically
neutral fluid substances inside the pore network and on the com-
parison of the thermal conductivities of the porous nanostructures
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before and after the filling of the pores. The perturbation of heat
transfer through the porous nanostructure provoked by a fluid
(liquid, for example) allows to clearly reveal the determinative role
of the fine morphological constrictions in the heat transport and to
evaluate their characteristic sizes. Being demonstrated on PS
nanostructures, this method can be easily generalized to any other
fractal-like solid-state porous medium.

To form 240 pm thick PS layers with 60% of porosity, highly
boron-doped p+-type (0.01-0.02 Qcm) double-side polished
(100)-oriented Si wafers were electrochemically treated with an
etching solution containing a 1:1 volume mixture of concentrated
aqueous HF acid (49%) and pure ethanol. A permanent stirring of
the etching solution was applied in order to evacuate hydrogen
bubbles formed during the anodization process. Low viscous
(20 sPoise) horological oil [12] was chosen as an efficient liquid
agent to fill the nanopores. The degree of filling was controlled
by gravimetric measurements and reached at least 95% of the total
pore volume. The created “PS-o0il” nano-composite remained
totally stable during the measurements. A monocrystalline Si sub-
strate obtained after the removal of the top PS layer was used as a
reference sample.

According to a cross-sectional scanning electron microscopy
observation (see Fig. 1a), the PS nanostructures formed on the
highly doped p-type Si wafers exhibit a nano-column anisotropic
arrangement of Si nanocrystals oriented along the [100] direction
and interconnected via fine structural constrictions. Schematic
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Fig. 1. (A) Typical SEM cross-section view of PS structure; (B) schematic model
views of PS nano-columns; (C) the equivalent thermal circuit of the considered PS
unit.

model views of the nano-columns constituting the PS layers are
sketched in Fig. 1b. In particular, each nano-column can be mod-
eled by a sequence of cylindrical Si nanocrystals with length L
and cross-section area S which are interconnected via the fine
cylindrical-like constrictions with length | and cross-sectional area
s (Fig. 1b). The observed structural anisotropy allows the neglect of
lateral interconnections between the nano-columns in comparison
with the numerous vertical interconnections between the nano-
crysltals forming the nano-columns.

Heat transfer in such PS nanostructures can be quite well sim-
ulated by an equivalent thermal circuit represented in Fig. 1c,
where: R; and r; are the thermal resistances of a Si nanocrystal
and of the main pore space respectively, while R, and r, are the
thermal resistances of a cylindrical interconnection and its adja-
cent pore space, respectively. Using the expressions for parallel
and series connections of resistors, the expressions for total circuit
resistance for empty porous matrix Rps as well as for “porous
matrix-liquid” composite R are the following:

Rps =R1 + R,
. T'z(ﬁRz + RiR; +T1R1)
¢ riry +Riry + 1Ry + RiRy + 1Ry

On the other hand, in the frame of the thermal and electricity
conduction analogy, it is easy to show that each value of resistance
R can be given as:

11
Ri = 7!7

Xi Si
where: y; - thermal conductivity of each element, /; and s; are the
length and cross-sectional area, respectively.

So, thermal conductivities of the PS layers with empty (ps) and
filled pores () can be expressed as follows:

4o~ Las(1+ (1 —8)b

LPS (a + b)
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where ¢ is the porosity value, y,_s; and y; are respectively, the ther-

mal conductivities of Si nanocrystals [13,14] and of a liquid filing
the porous network, a =I/L and b =s/S.

(1)

Xc =

Fig. 2a and b show respectively, the dependences of yps and yc
on the parameters a and b according to the Eq. (1). As one can
notice from Fig. 2a, the thermal transport through the as-prepared
PS layer with empty nano-pores is mainly limited by the parameter
b. Indeed, the very low thermal conductivity values of yps < 0.5 W/
(m x K) correspond to the values of b <0.03. As for the “PS-oil”
composite, its thermal conductivity yc never reaches zero (see
Fig. 2b) because even for the very low values of b, the heat is trans-
ferred via the oil occupying the pore network. For the quite high
values of b (close to 0.1), thermal conductivity dependences of both
xps and ycon the parameter a are very similar, showing the highest
value (2 W/(m x K)) at a=0 (absence of the structural constric-
tions between the Si nanocrystals).

The same quantitative and qualitative results are additionally
confirmed by a finite-element simulation based on the heat con-
ductivity equation solved in cylindrical coordinates with the origin
at the centre of the top surface s. The temperatures at the top (s)
and the bottom (S) surfaces, respectively Tr and Tg, are maintained
constant. The approximation of zero heat outflows through the
side surface is considered. The space distribution of both the flux
vectors and isotherms characterizing heat transfer through the PS
layers with empty and filled nano-pores can be compared in
Fig. 3a and b, respectively. As one can see, the thermal transport
in the PS layer with the empty pores is mainly conditioned by
the fine solid-state Si constrictions in which the most important
temperature gradient is localized (Fig. 3a). The presence of liquid
in the nano-pore space results in the appearance of a new heat
transfer channel (through the filled pores) between the Si crystal-
lites and, consequently, the isotherms become flatter (Fig. 3b) in
comparison with the previous case.

Since the coefficient of thermal conductivity is defined as the
proportionality constant between the heat flux density J and the
temperature gradient, the effective thermal conductivity values
could be evaluated as follows:

M (2
VT (Tr—Tp)

where an average heat flux J is calculated for simulated nanostruc-
tures by FEM. The value of thermal conductivity was found to be
very close to the values obtained from the analytical model
described by Eq. (1).

The experimentally measured values of yps and yc will allow
estimation of the parameters a and b from the Eq. (1). Measure-
ments of thermal conductivity of the fabricated PS layers were car-
ried out by means of photoacoustic (PA) technique [15] in the
configuration of rear surface illumination (open window method)
with gas microphone detection [16,17]. As it is shown in inset of
Fig. 4, the bottom side of a sample is illuminated by the modulated
irradiation of a DPSS green laser module (4 =532 nm). The full light
power of 0.5 W is quite uniformly distributed over the sample sur-
face so that the power density is found to be about 0.1 mW/cm?.
The photo-excited thermal wave penetrates the sample and causes
pressure oscillations of air adjacent to the upper sample surface in
the PA chamber. The variable component of the pressure is
recorded by an electret microphone. In order to avoid any influence
of the sample bending vibrations on pressure variations in the PA
chamber (drum effect [18,19]), the bottom surface of the samples
was rigidly fixed by a transparent glue to a quartz plate.

In the configuration described above, dependence of the PA sig-
nal phase shift (Ag,,) on the frequency of the light modulation (f)
was measured for the following structures: (i) PS layer on crystal-
line Si substrate; (ii) “PS-o0il” composite on crystalline Si substrate;
(iii) reference crystalline Si substrate. This phase shift can be pre-
sented as a sum of two terms: the first one is the phase shift
(Ag;) appearing due to the delay of thermal wave propagation
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