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ABSTRACT

In this work, we are interesting in the measurement of thermal conductivity (on the surface and in-depth) of Porous
silicon by the micro-Raman spectroscopy. This direct method (micro-Raman spectroscopy) enabled us to develop a
systematic means of investigation of the morphology and the thermal conductivity of Porous silicon oxidized or no. The
thermal conductivity is studied according to the parameters of anodization and fraction of silicon oxidized. Thermal
transport in the porous silicon layers is limited by its porous nature and the blocking of transport in the silicon skeleton

what supports its use in the thermal sensors.
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1. Introduction

Porous silicon (PS) is obtained by electrochemical attack
of single crystalline silicon [1]. PS is a tuneable material
in respect of its pore size distributions depending on its
formation conditions. From the macro-porous silicon
(with thickness bigger than 0.1 um or 0.1 nm) to the
meso-porous silicon (about 2 to 100 nm of thickness) to
the nano-porous silicon (thickness smaller than 10 nm),
the range of its applications varies. This material is used
in photonics and optoelectronics [2], quantum electronics
[3], silicon-on insulator technology [4] and very recently
in sensors [5]. Since the last decade, PS has also been
investigated in the area of photovoltaic [6] as an antire-
flection coating and as a sacrificial layer for the layer
transfer process (LTP) [7,8].

This material presents a thermal conductivity near to
thermal conductivity of silicon dioxide [9]. This material
is an excellent candidate to ensure the thermal insulation
for the micro sensors on silicon because it ensures the
mechanical stability of the microstructure [10]. For this
reason, PS layers have been effectively used as material
for local thermal isolation on bulk silicon [11,12] and as
material for the fabrication of micro-hotplates for low-
power thermal sensors [13,14]. Nevertheless, before im-
plementing the PS sensor, it is necessary to understand
the thermal transport in such nanostructure and the ex-
perimental study of its thermal conductivity, according to
its characteristic parameters.

In this work, we are interesting in anodization of sili-
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con to release the principal factors, acting on the mor-
phology in-depth of the layer. We expose a direct method
of measurement of the thermal conductivity for PS layers.
This parameter is founded on their micro-Raman re-
sponse to a laser excitation producing a thermal gradient
in material. This latter is evaluated by the micro-Raman
spectroscopy. The analysis of surface and indepth distri-
bution of the crystallites composing the material is pre-
sented.

2. Experimental Procedure

The PS samples were prepared by electrochemical anodic
etching of p-type, (100)-oriented, 0.01 - 0.025 Q-cm’’
silicon wafers, in a solution of HF (48%):C,HOH of 1:1.
Current densities range were 5 and 75 mA/cm” during 10
min. The current density and the time attack selected
permit to obtain different layers with different porosities
and different thicknesses. After the electrochemical treat-
ment, samples were rinsed in deionized water and were
dried under nitrogen flow.
Samples prepared in this study are described in Table 1.

Table 1. Anodization parameters of the samples prepared
with two current densities.

Curent density (j) Time Porosity (P) Thicknes (e)
(mA/cm)* (min) (%) (um)
5 10 20 5
75 10 48 40
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Thereafter, a thermal oxidation at low temperature
(300°C) under dry atmosphere of O, is applied on these
samples in order to stabilize the whole structure me-
chanically and to allow carrying out following treatments
[15,16]. We called this stage “pre-oxidation”.

Meso-porous layers of 175 pm thickness were ob-
tained by complex methods then were oxidized under dry
atmosphere at different temperature (between 300°C and
700°C).

The thermal characterization was carried out by mi-
cro-Raman spectroscopy in order to determine the size of
crystallites of PS as well as thermal conductivity accord-
ing to the parameters of anodization. Figure 1 shows a
schematic diagram of the micro-Raman method [17].

The laser used for our measurements is an Argon laser
with a wavelength of 514 nm. The spectra Raman Stokes
are collected in parallel polarization, in retro-diffusion
mode using a microscope Olympus BH2, coupled to a
monochromator Dilor XY and of a CCD detector (Charge
Coupled Detector).

3. Theory

3.1. Thermal Conductivity of Prepared
Nano-Porous Silicon

The description of thermal transport of a nanostructured
porous material necessarily passes by considerations of a
morphological nature

The introduction of a percolation factor g, proposed by
Gesele et al. [10], allows to account for structural mi-
crophone-topology and is interpreted like the solid frac-
tion of inter-connected phase contributing to thermal
transport.

g =(1-P) )

3
KSiP:gO(l_P)'KCr:(l—P) K, )
K., conductivity describes elementary contribution to

thermal transport of each quasi-spherical crystallite for-
ming the column-like pseudo network.
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Figure 1. Schematic diagram of the micro-raman method.
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Because of their nanometric dimension 7., = 8 - 12 nm
lower than 7 times the mean free path phonons in sin-
gle-crystal silicon at ambient temperature Ag; = 43 nm
[18,19], the transport of heat in a crystallite is not de-
scribed any more by the traditional model of Fourier.

In this case, the phonons are diffused in crystallites
and neither variation in temperature, nor thermal conduc-
tivity cannot be defined there. Only, the diffusion of
phonons to the interfaces makes it possible to locally
restore thermodynamic balance [9]

The transport of phonons intervenes according to a
ballistic phenomenon between two interfaces. Their mean
free path effective Ag; is then defined according to their
lenght de diffusion in single-crystal silicon Ag; and of the
size of crystallites 7., [16]. Effective thermal conductivity
in each crystallite is written [20].

K=o @3
1+-—5
37,
Hence, k. can be determined as:
, ks
er TS )]
eff
l + ﬂ ﬁ
3r

Replacing the value of kg; from Equations (2) and
(4) to Equation (1), we obtain the final form of thermal
conductivity of nano-PS:

cr kSi (I_P)3

of A
1+ﬂi

®)

r

The variation of thermal conductivity with the porosity
of as prepared nano PS layer, for different sizes of

non-oxidized Si nanocrystallites is presented in Figure 2,
r is crystallite size of PS.
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Figure 2. Variation of thermal conductivity with the poros-
ity of as-prepared nano-poroussilicon layer.
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3.2. Thermal Conductivity of Oxidized
Nano-Porous Silicon

After oxidation, each Si crystallite is covered with a SiO,
sheet and its initial size is reduced. In this case, the ther-
mal conductivity of the remaining Si core of the partially
oxidized Si/SiO, crystallite k. can be expressed as:

- ks
o ©)
3 e 3\/(1_§)

where & is the oxidized fraction of the origin Si crys-
tallite and it is defined as:

(% -7s)

=

(7
where V is the initial volume of Si nano-crystallite, Vo
is the total volume of the crystallite after oxidation pro-
cedure and V" is the volume of Si core of the oxidized
crystallite. Coefficient 2.27 [21] considers extension of
the crystallite volume after oxidation.

It is easily proved that total thermal conductivity of
oxidized nano-PS k" .. can be written as:

) (1-P) (1+1.27¢)*

nano-PS —
(1—5)[1+4 As

37,3/(1-3) J L2278

ks; kSiOZ

k (3

ksio, 1s the thermal conductivity of the dioxide silicon.

The variation of thermal conductivity with oxidized
fraction of nano-porous silicon layer, for three different
sizes of the original non-oxidized Si nanocrystallites is
presented in Figure 3.

Thermal conductivity of a nano PS layer of its oxidized fraction
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Figure 3. Dependence of the thermal conductivity of a nano
PS layer of its oxidized fraction for three different sizes (r)
of silicon nanocrystallites por osity of the layer is56%.
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The function k', .= f(&)decreases in the range
of small & wvalues and has a minimum value (for r,, of 2 -
3 nm). It corresponds to heat transport preferably through
the decreased Si cores. Then, k pamo.ps inCreases along the
increase of oxidized fraction, because of the heat trans-
port occurring through the growing oxide sheet, and
comes up to the thermal conductivity value of silicon
dioxide (1.4 Wm™"-K™") when the porous silicon layer is
completely oxidized and transformed to a SiO, layer
[22,23].

3.3. Determination of the Crystallites Size

In the determination of crystallites the size, we use
Campbell and Fauchet method [24]. It consists in corre-
lating position and/or width with middle height of the
Raman response of the semiconductor to crystallites size.
In order to control morphology on the surface and
in-depth of SiP layers, it is necessary to measure the size
of crystallites forming material. Moreover, the thermal
properties of the layer depend directly on their value.
Raman Stokes intensity, obtained with low laser power,
is modeled by the following equation:

dq|C(g0.q)
w)= 2 2 ©)
e (@-o(q)) +(Ty/2)

with C(g,,q) Fourier coefficients resulting from the
decomposition of wave function in material in Fourier
series, w(q) the curve of dispersion of phonons and T’y the
width with middle height of the Raman peak of crys-
talline material. In the case of mesoporous silicon, we
choose C(g,,Q) with a function of containment of
phonons in quasi-spherical crystallites such as:

C(O,q)=#exp(—%q: ] (10)

with r crystallites size, 4 constant and Q wave vector.

4. Results and Discussion

The results presented in Table 2 on the size of crystal-
lites are obtained from the measurement of the width
middle height of Raman peak function.

The exploitation of Raman spectra can lead to the de-
termination of crystallites size only when the incidental
power laser is low for not provokes the heating of the
surface (which would modify the position and the shape

Table 2. Crystallites sizes obtained from the raman analyses.

Porosity % Crystallites sizes () Nm

20 9.5

48 8.7
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of the spectra) (Figure 4).

By the method of micro characterization Raman, pre-
sented in a preceding study [24]. The method of meas-
urement that we developed is founded on two effects
complementary to the micro-Raman spectroscopy. The
first is the use of the laser beam localised on the surface
of material like local source of heating. The rise in the
temperature resulting depends mainly on thermal con-
ductivity from the sample. The second effect is the dis-
placement of the peak Raman with the temperature of the
sample, which makes it possible to deduce the local rise
in the temperature from material.

By using the linear model suggested by Nonnenma-
cher [25], the thermal conductivity of a material in thin
layer can be written in the form:

2P

S a(roT)

s

(11)
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with P the power of heating, 7} the temperature of surface
and 7, the temperature of the substrate, has the diameter
of the laser spot, We obtained the following results. The
porosity is directly, related to the nano-structure of mate-
rial. It is the principal parameter acting on thermal con-
ductivity, Figure 5 shows that thermal conductivity de-
creases when porosity increases. This is explained by the
effect of reduction of the effective size of the nano-crys-
tals silicon; when porosity increases, crystallites size
decreases as well as surfaces of interconnection between
crystallites what more reduces the thermal way by con-
duction in the silicon skeleton.

The variations of thermal conductivity with the tem-
perature of porous silicon are presented in Figure 6 for
three porosities. Each sample has a thickness of 50 um.
Their thermal conductivity is measured after anodization
and after oxidation during 1 hour, in dried O, at 150°C,
300°C and at last at 450°C.
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Figure 4. Raman spectra of the sample (J = 5 mA/cm? t = 10 mn).
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Figure 5. Thermal conductivity of meso PS samples oxi-

dized 1h under dry O,.
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Figure 6. Thermal conductivity of meso-PS obtained ac-
cording to oxydation temperature at 150°C, 300°C and 450°C.
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Whatever their porosity, the thermal conductivity of
the samples follows the same evolution. Conductivity de-
crease initially until reaching a minimum then increases
slightly

5. Conclusions

The micro-Raman spectroscopy enabled us to develop a
systematic means of investigation of morphology and
thermal conductivity of porous silicon. The thermal con-
ductivity of porous silicon was studied according to the
parameters of anodization (initial doping and current
density and rate oxidation).

One will retain the principal following tendencies:

e Thermal conductivity strongly decrease when the
layer porosity increases.

e Ogxidation under dried O, induced a strong decrease
of conductivity to reach a minimum.

The thermal conductivity of porous silicon is quite
lower than that of mono-crystal silicon. Thermal trans-
port in the porous silicon layers is limited by its porous
nature and the blocking of transport in the silicon skele-
ton what supports its use in the thermal sensors.
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