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Abstract
Measurements of the thermal conductivity for free-standing porous silicon
layers were performed by means of an optical pump–probe experimental set-up.
By transient heating due to laser pumping, a refractive index modulation was
induced in the sample and, solving the heat propagation equation for inside the
solid film, it is shown that the time decay of the nonlinear transmittance can be
related to the thermal conductivity. The optical technique demonstrated here is
contactless, quite simple and does not require much effort in data analysis, and is
therefore very useful for thin-film characterization. The thermal conductivities
of the porous silicon samples, whose porosities lay in the range 60–70%, were
taken into account, and we found good agreement with results obtained with
different techniques.

1. Introduction

In the last ten years, a major part of the scientific and technological research effort on the
properties of porous silicon (PS) has been concerned especially with its possible application
in optoelectronics, as it is a leading contender in the race towards silicon-based photonics.
Notwithstanding this, a very large and growing interest in PS as a passive material for various
kinds of technological application (such as waveguiding, micromachining and gas sensing)
has been developing, as the fabrication of PS is simple and not expensive, and as present
technological knowledge allows one to control its peculiar morphology quite confidently.

Among the fields of interest as regards PS, in more recent years attention has been devoted
to its thermal characterization, since the use of PS as thermally insulating layers in sensing
devices appears promising. In fact, one of the problems in the fabrication of differential-
temperature-based sensor devices (such as thermopiles and microbolometers) is the high
thermal conductivity of c-Si (156 W mK−1 at room temperature). When a sensing element is
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integrated on silicon wafers, c-Si would lead to an unwanted heat dispersion that would reduce
the sensitivity of the device. So micromachining technologies have to be used in order to
obtain free-standing microstructures (such as bridges, membranes, cantilevers) separated from
the rest of the device by a thin air gap and reduction of the thermal flux from hot regions to the
cold rim of the sensors [1–3]. These structures have the advantage of low thermal conductance
but the obvious disadvantage of mechanical vulnerability.

PS offers an alternative approach to the problem as it is a good thermal insulator, having
a thermal conductivity two or three orders of magnitude lower than that of c-Si (depending on
the particular sample morphology and porosity), and so it is possible to deposit the sensing
elements on a PS layer, realizing both a satisfactory thermal insulation and a useful mech-
anical solidity.

The low thermal conductivity K of PS has been pointed out in the last few years by
different authors [4–12] using different approaches. The results of some of those experimental
works have been summarized in a review paper [13], in which it is evidenced that the results
show a significant reduction of K with respect to the bulk value: it is to be noted that the
results reported show significant scatter because of the morphology and fabrication parameter
differences. Values from 31 W mK−1 for macroporous n-type PS [10] to about 0.05 W mK−1

for high-porosity p-type samples [5] have been measured. It has been shown that the thermal
conductivity of PS is usually higher for macroporous PS (typical nanostructure dimensions:
micrometres) than in mesoporous and nanoporous PS (from a few nanometres to a few tens
of nanometres). As regards microporous silicon, consistent reduction of K has been shown
in the literature [13]. These results are easy to explain, as the thermal insulating properties of
PS are mainly due to two causes. First, the ‘sponge’-like morphology of the material, which
can be described as a more or less disordered ensemble of nanostructures (whose dimensions
depend on the substrate and on the fabrication parameters), hinders thermal transport: this
effect is larger when the nanocrystals are smaller and the porosity increases, as in mesoporous
and microporous PS. Second, the thermal insulation is enhanced by the presence of air (whose
thermal conductivity Kair = 0.026 W mK−1 is very low) inside the pores.

Different techniques have been used in the literature to measure the thermal conductivity
of PS. In references [4, 5] microdevices are used to generate and analyse directly a thermal
wave on the PS layer. The most widely used technique is probably the photoacoustic method,
used in references [6–11]. Recently it has been shown in reference [12] that an indirect
measure of the thermal conductivity can be obtained by monitoring the Stokes shift of the
backscattering Raman peak for a given laser-induced heating of the sample. Each of those
techniques has both advantages and disadvantages. The use of microdevices as in reference [4]
introduces contact problems and, since the temperature sensors are directly attached to the
sample surfaces, they must be covered by an insulating layer, whose effect should be removed
from the experimental data. In the Raman-scattering-based method the results should be
accurate only for samples whose thickness is greater than the pump laser beam waist on the
sample plane (in practice, one is restricted to samples of thickness ∼50 micrometres or more).
The photoacoustic method is a well established and well known technique; it gives an indirect
measure as the thermal conductivity is extrapolated from the fitting of experimental results,
and usually a quite extensive numerical analysis effort is needed.

In this paper we present contactless measurements of the thermal conductivity of thin PS
free-standing layers having different porosities. The experimental set-up that we used was a
time-resolved optical pump and probe, where the absorption of the pulsed pump beam induces
changes in the refractive index of the layer, which are manifested in a change of the transmitted
fraction of the probe laser. This is a standard set-up for the investigation of optically induced
nonlinearities, and can also be used for investigation of carrier recombination times in crystals.
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In the present work the pump-and-probe set-up was used as a ‘thermal analyser’, pumping the
sample with relatively long light pulses whose frequency is within the absorption band of the
material. By ‘long’ pulses, we mean that the energy transfer to the sample is significant, so
fast optical nonlinearities related to virtual transitions of bound carriers in the semiconductor
(the pure electronic Kerr effect) are negligible and heating effects are dominant. In the next
section the experimental set-up and the samples investigated are described, while in the third
section the results will be given and discussed.

2. Theory

When an intense laser beam impinges on a solid film, nonlinear optical effects may be observed.
The simplest way to observe optical nonlinearities is to use two different beams, in the pump–
probe configuration described above. The observation of nonlinear transmittance of the probe
beam can give information on the physical mechanisms involved in the optical nonlinearity and
so a contactless characterization of the material can be performed. When a continuous-wave
probe is used to investigate the transient change of the complex refractive index induced by a
fast pump pulse, it is possible to determine the typical recovery time of the induced nonlinearity.
When the pump wavelength lies in the absorption range of the sample, typically two kinds of
nonlinear effect can arise. The first is related to the change in the number of excited carriers
in the crystal (pair generation) which induces a change in refractive index and which decays
within the lifetime of the excited pairs. The second, which is usually relevant, is related to the
change of the local temperature due to light absorption (phonon excitation). The decay of the
optical nonlinearity related to this latter effect depends on the time evolution of the heat in the
sample and so involves its heat conductivity.

Typical carrier lifetimes in PS are of the order of 10–100 µs, as is shown in the literature
[14], and optical nonlinearities having longer decay times, such as the ones that we show in this
paper, have to be attributed to thermal effects: from the detection of such effects, the thermal
conductivity of the PS layers can be determined.

Let us consider a dielectric film: its optical transmittance τ at normal incidence is related
to the complex refractive index ñ0 = n0 + iκ0. Thus for a small change in refractive index, the
transmittance τ(n, κ) changes according to


τ =
(
∂τ

∂n

)
n0


n +

(
∂τ

∂κ

)
κ0


κ

and when this is thermally induced:
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κ = ∂κ

∂T

T

whereT is the temperature; thus, in a first-order approximation, the modulation in transmittance
can be related to the temperature change by a linear law:
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The time profile of a temperature change in a solid slab induced by a laser pulse source can
be obtained using the formalism of the ‘instantaneous heat source’, i.e. using a Green function
technique [15]. This latter technique consists in using an elementary solution F(r, r ′, t)which
acts at t = 0 as a Green function for the differential equation; i.e.,[

∇2
r − 1

α

∂

∂t

]
F(r, r ′, t) = 0 (1)
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where

F(r, r ′, t = 0) = δ(r − r ′) (2)

and where α = K/ρcp is the thermal diffusivity, K the thermal conductivity, ρ the density
and cp the specific heat. The physical meaning of such a function is the temperature induced
by an instantaneous point source of heat, acting at t = 0 on the point r′. It can easily be shown
that such a Green function is given by

F(r, r ′, t) = Q

παt
exp

{[
(x − x ′)2 + (y − y ′)2 + (z− z′)2

]
/4αt

}
. (3)

The temperature induced by an instantaneous and extended point source is obtained by
integrating this elementary solution over the spatial variables (x ′, y ′, z′). This approach allows
to solve the heat equation in particular cases, in which a regular geometry of the heat source
and the temperature distribution on the heated body at t = 0 are given. Notwithstanding this,
most geometries lead to solutions that cannot be expressed in closed analytical form. As the
case of interest here is a thin solid film which is heated by a laser pulse, the illumination and
then the heating take place instantaneously along the propagation axis z of the laser, so in the
heat conduction the z-coordinate is in practice irrelevant and the problem can be recast as a
bidimensional one. The heat source can be approximated with a cylindrical geometry having
the beam waist of the pump laser on the sample plane as the radius a. In order to obtain an
analytical result for the temperature transient, some approximations have to be made. First,
neglecting the field energy-density drop inside the thin film, one can approximate the initial
temperature of the film induced by the instantaneous pump pulse with a step function:

f (r) =
{
T0 for r < a

0 for r > a.
(4)

The temperature induced by an instantaneous cylindrical source with initial temperature
f (r) is given by [15]

T = 1

2αt

∫ ∞

0
exp

[−(r2 + r ′2)/4αt
]
I0

(
rr ′

2αt

)
f (r ′)r ′ dr ′ (5)

where I0 is the zero-order modified Bessel function. When the initial condition, given by
equation (4), is used, equation (5) becomes

T = T0

2αt
exp

(
− r2

4αt

) ∫ a

0
exp

(
− r ′2

4αt

)
I0

(
rr ′

2αt

)
r ′ dr ′. (6)

This integral is called a P -function and must be evaluated numerically. A tabulation can
be found in reference [16]. It can be solved analytically only on the axis r = 0, where it gives

T (r = 0, t) = T0(1 − exp(−a2/4αt)). (7)

This simple decay behaviour can be used as an approximation of the effective decay of the
probe signal at t > 0, where t = 0 indicates the arrival of the pump pulse. If the probe pulse
spot size ap on the input face of the sample is less than the pump beam one, the decay of the
transmitted probe signal can be approximated by equation (7). Then, fitting the experimental
curves with a decay time τ0 = a2/4α as a parameter and measuring the pump spot size a, a
determination of the thermal diffusivity, and hence of the thermal conductivity, can be obtained.
In the following the experimental results are given.
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3. Experimental set-up and results

The experimental set-up is shown in figure 1. The pump pulse is obtained from a Q-switched
continuum Nd:YAG laser, whose pulse duration and wavelength are 5 ns and 1064 nm resp-
ectively. Aλ/2 waveplate, coupled with a birefringent polarizer, provides a variable attenuation
of the pulse intensity, and in order to avoid damaging the sample, coloured filters are used to
reduce the infrared energy pulse. The pulse is then focused on the sample at pulse energies
ranging between 0.1 and 5.0 mJ.

Nd:YAG laser 
λ = 1.064 µm

Polarizer

KDP Crystal

Pump (λ = 532 nm)IR filter

L1

L2

Sample

λ/2 plate

Mirror

Mirror

532 nm

Photomultiplier
He-Ne Probe 
λ = 633 nm

Filter

Figure 1. The experimental pump-and-probe set-up.

The probe beam is provided by a Melles-Griot He–Ne 3 mW power laser. The probe beam
is also equipped with a variable-attenuation system given by two adjustable dichroic polarizers.
To detect the probe light, a side-on photomultiplier (PM) was chosen in order to maximize the
detection area and the sensitivity. Care was taken to not exceed the average anodic current
of the detector, since, when this limit is exceeded, the long-term reproducibility of the signal
from the photomultiplier anode can be damaged and the detected signal is somewhat distorted
and saturated. The laser beams were not collinear, as shown in figure 1; this was in order
to minimize detection of unwanted signals by the PM and in order also to allow independent
focusing of the pump and probe beams (using lenses with different focal lengths) and so
to produce a probe beam waist on the sample slightly smaller than the pump beam waist.
However, on increasing the angle between the pump and probe beams, the overlapping of the
beams inside the sample, and thus the detected modulation signal, are reduced: so an ‘almost
collinear’ beam configuration was chosen. A proper choice of the coupling resistor at the input
channel of the scope provided a high sensitivity to any modulating signal. This configuration,
however, has the disadvantage of being very sensitive to noise, and so the curves that we report
were obtained by averaging over 500 acquired signals, while the laser repetition rate was fixed
at 1 Hz to avoid possible cumulative heating effects due to long light exposure of the sample.

In order to test the accuracy of the results obtained with this experimental set-up, a
preliminary measurement was made on a material of known thermal conductivity. We used a
KG3 Schott coloured filter, which is transparent in the visible range and is highly absorptive
in the near infrared. The filter was pumped by the Nd:YAG Q-switched laser (λ = 1064 nm)
and the pump laser pulses were focused by a converging lens of focal length f = 40 cm. The
beam waist of the laser pump at the sample position was measured with a scanning knife-edge
technique, giving a = 104 ± 4 µm. The time-resolved transmittance is shown in figure 2,
where the dots represent the experimental data and the continuous line is the best-fit curve
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Figure 2. Nonlinear probe transmittance through the KG3 filter pumped with a Nd:YAG beam at
λ = 1064 nm. The dots are the experimental points, while the solid line is the best-fit curve based
on equation (7).

obtained using equation (7). From the extracted time constant, and taking from the literature
the values of the density and specific heat of the glass (ρ = 2.5 g cm−3, Cp = 0.75 J g−1 K−1),
the measured thermal conductivity is K = 1.18 ± 0.11 W m−1 K−1, which is very consistent
with the value found in the literature (K = 1.1 W m−1 K−1) [17].

Next we considered porous silicon layers. Free-standing PS can be easily obtained by
the standard lift-off procedure, and samples which are highly transmitting in the visible range
can be easily obtained. As the absorption of porous silicon is usually negligible in the near
infrared, the pump wavelength was changed, using a frequency-doubling KDP crystal in order
to obtain green-light pump pulses (λ = 532 nm).

Samples having high transmittance in the red region and high absorbance in the green
region were fabricated by means of the etching parameters shown in table 1, where also the
porosities and the thicknesses of the three prepared samples (S1, S2, S3) are shown. Both
the porosity, measured by a gravimetric method, and the thickness, measured by a mechanical
profilometer, were determined for samples prepared under the same experimental conditions,
i.e. with the same etching parameters, as the ones investigated, due to the destructive nature
of these measurements. Of course, this can be done thanks to the high repeatability of the
fabrication method. Preliminary measurements of the transmission of the samples were
performed with a Perkin-Elmer NIR-VIS spectrometer; the results are shown in figure 3. The
samples were stored for about two months in air before the measurements, so it is reasonable
to assume that oxidation developed inside the samples. In any case, oxidation should not have
an important influence on the thermal conductivity of high-porosity PS samples [12, 13].

As has been said, the pump beam was provided by the second harmonic of the Nd:YAG
laser, at λ = 532 nm. The pump beam was focused on the PS samples by means of a converging
lens of 30 cm focal length, and the measurement of the laser spot size on the sample, performed
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Table 1. Fabrication parameters, porosities and thicknesses of the samples.

Sample S1 S2 S3

Doping type p p p
Resistivity (# cm) 0.7–1.3 0.7–1.3 0.7–1.3
HF concentration (%) 70 + IPA 70 + IPA 70 + IPA

Etching duration (min) 30 20 40

Current density (mA cm−2) 13.2 26.4 26.4

Porosity (%) 61 66 73

Thickness (µm) 19 27 38
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Figure 3. Transmittance curves for the porous silicon samples S1, S2 and S3.

with the knife-edge technique, gave a = 82 ± 2 µm. In figures 4, 5 and 6, the time-resolved
probe signals are shown, together with the best-fit curves. For the PS specific heat the bulk
silicon value Cp = 0.713 J g−1 K−1 was used as in reference [10], and the porous silicon
density can be simply obtained when the porosity of the sample and the bulk silicon density
ρc−Si = 2.32 g cm−3 are given. The results are summarized in table 2. We can see that no clear
evidence of correlation between the thermal conductivity and porosity is obtained. This is a
consequence of the fact that the average macroscopic porosity does not give direct information
on the material morphology at a microscopic scale; more precisely, what mainly influences the
heat flow into the medium is the transverse dimensions of the porous silicon skeleton and this
is not completely taken into account by the porosity parameter, which is a macroscopic average
over the sample morphology. Probably, even if the average dimensions of the nanoparticles

Table 2. Measured thermal conductivities.

Sample Thermal conductivity (W mK−1)

S1 (1.5 ± 0.1)× 10−1

S2 (1.3 ± 0.1)× 10−1

S3 (1.70 ± 0.14)× 10−1
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Figure 4. Nonlinear probe transmittance through sample S1 pumped with the second harmonic of
a Nd:YAG beam at λ = 532 nm. The dots are the experimental points, while the solid line is the
best-fit curve based on equation (7).
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Figure 5. Nonlinear probe transmittance through sample S2 pumped with the second harmonic of
a Nd:YAG beam at λ = 532 nm. The dots are the experimental points, while the solid line is the
best-fit curve based on equation (7).

constituting the samples may be different, they are all of the order of magnitude of a few
nanometres, and this fact is evident in the significant reduction of the thermal conductivity
(with respect to crystalline silicon) which is observed for each sample. The small differences
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Figure 6. Nonlinear probe transmittance through sample S3 pumped with the second harmonic of
a Nd:YAG beam at λ = 532 nm. The dots are the experimental points, while the solid line is the
best-fit curve based on equation (7).

between the measured thermal conductivities of the samples investigated can be explained as
a consequence of different specific surfaces and size distributions.

A possible source of systematic errors in our measurements was that it was not possible
to fully satisfy the condition of the probe beam waist being much smaller than the pump beam
waist on the sample (as it was ap 	 60 µm). Notwithstanding this, our results are in quite
good agreement with those reported in references [6] and [5]. In reference [6] the value of
K = 0.15 W mK−1 is reported for a p+ sample, while in [5] values ofK = 0.14 W mK−1 and
K = 0.18 W mK−1 are reported for the room temperature thermal conductivity for p-type PS
layers having porosities of ε = 64% and ε = 74% respectively.

4. Conclusions

Measurements of thermal conductivities of porous silicon layers of different porosities are
given. In order to avoid some of the disadvantages usually related to the most often used
techniques, we proposed a new method which is based on an optical pump and probe. The
method has the advantage of being contactless and simple, permitting reduced data analysis; it
also permits one, at the same time, to investigate the electronic recombination times with the
same experimental set-up just by changing the laser beam parameters. The effectiveness of the
method was tested on a coloured glass sample of known thermal conductivity, and very good
agreement with the expected result was obtained. The values that we report for the thermal
conductivity are in agreement with those given in other reports that were obtained using
different techniques, confirming the fact that high-porosity nanoporous silicon has thermal
conductivities three orders of magnitude lower than the bulk one.
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