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Abstract:    The micro-Raman method is a non-contact and non-destructive method for thermal conductivity measurement. To 
reduce the measurement error induced by the poor fit of the basic equation of the original micro-Raman method, we developed a 
new basic equation for the heat source of a Gaussian laser beam. Based on the new basic equation, an analytical heat transfer model 
has been built to extend the original micro-Raman method to thin films with submicrometer- or nanometer-scale thickness. Ex-
periments were performed to measure the thermal conductivity of dielectric thin films with submicrometer- or nanometer-scale 
thickness. The thermal resistance of the interface between dielectric thin films and their silicon substrate was also obtained. The 
obtained thermal conductivity of silicon dioxide film is 1.23 W/(m·K), and the interface thermal resistance between silicon dioxide 
film and substrate is 2.35×10−8 m2·K/W. The thermal conductivity and interface thermal resistance of silicon nitride film are 1.07 
W/(m·K) and 3.69×10−8 m2·K/W, respectively. The experimental results are consistent with reported data. 
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INTRODUCTION 
 

Heat transfer plays an important role in the 
performance of thermal effect micro-systems 
(TEMS). The operating principles of typical TEMS, 
such as infra-red detectors and thermal flow sensors, 
require a reliable thermal insulation of the sensing 
elements from the silicon substrate. This improves 
the measurement accuracy by reducing the impact of 
heat dissipation in the silicon substrate (Perichon et 
al., 2000). Until now, two main methods were used to 
ensure the thermal isolation of TEMS. The first 
method was to use microstructures: thin silicon mi-
crostructures can be micromachined in bulk silicon 
such as cantilever beams or membranes with high 
thermal resistance but poor mechanical stability 

(Chen et al., 2005; Bruschi et al., 2006). The second 
method relates to materials: materials with thermal 
conductivity can be applied as a part of the substrate 
(Kaltsas and Nassiopoulou, 1999; Bruschi et al., 
2006). Porous silicon, as a material with much lower 
thermal conductivity than monocrystalline silicon 
and more mechanical stability than thin silicon mi-
crostructures, can be applied to the thermal insulation 
of TEMS (Dominguez et al., 1993; Kaltsas and 
Nassiopoulou, 1999; Kan and Finstad, 2005). Di-
electric thin films like silicon dioxide and silicon 
nitride films are commonly used as dielectric and 
passivation layers in TEMS and integrated circuits 
(IC) for their excellent physical and electronic 
properties (Lee and Cahill, 1997). The thermal 
properties of porous silicon and dielectric thin films 
are crucial for the performance of the TEMS and IC. 
To evaluate the heat dissipation in porous silicon and 
dielectric thin films, it is very important to investi-
gate their thermal conductivity. A measurement 
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method is then required to obtain the thermal con-
ductivity of porous silicon and dielectric thin films. 

Several methods for measuring film thermal 
conductivity have been reported, such as the 
steady-state method (Zhang and Gridgoropoulos, 
1995), the 3ω method (Cahill et al., 1994), the 
photoacoustic method (Swimm, 1983), the thermo- 
reflectance method (Burzo et al., 2002; Komarov et 
al., 2003), and the thermal microscopy method (Cal-
lard et al., 1999). Both the steady-state and 3ω 
methods require depositing a metal layer on the 
measured film, which may risk damaging and 
changing the properties of the measured film. 
Photoacoustic and thermal-reflectance methods are 
non-contact but indirect methods requiring extensive 
data analysis. The thermal microscopy method uses a 
probe as a key component but the fabrication process 
of the probe is very complicated. 

Perichon et al.(1999) measured the thermal 
conductivity of porous silicon using the micro- 
Raman method. They used a new thermal conduc-
tivity measurement method with micro-Raman 
spectroscopy by combining the effect of the 
temperature-dependent Raman peak shift (Tsu and 
Hernandez, 1982) with the basic equation of the 
thermal scanning probe microscopy method (Non-
nenmacher and Wickramasinghe, 1992). Because the 
heat sources in the two methods are different, the 
basic equation from the thermal scanning probe mi-
croscopy method cannot be applied to the micro- 
Raman method. 

To reduce the measurement error induced by the 
unsuitability of the equation, in this paper, a new 
basic equation is derived for the heat source of a 
Gaussian laser beam to express the relationship be-
tween the thermal conductivity and the laser-induced 
local temperature rise. With the new basic equation, 
experiments were performed to measure the thermal 
conductivity of porous silicon films. 

Furthermore, according to Perichon et al.(1999), 
the micro-Raman method cannot calculate the ther-
mal conductivity of thin films with submicrometer- 
or nanometer-scale thickness, because the thickness 
of the film sample is required to be larger than the 
laser beam diameter. The laser beam diameter of the 
micro-Raman device is from several to tens of mi-
crometers. 

To extend the micro-Raman method to the 

thermal conductivity measurement of thin films with 
submicrometer- or nanometer-scale thickness, an 
analytical heat transfer model was developed based 
on the new basic equation. The model uses thermal 
resistance to describe the effects of thin film thickness 
and thermal conductivity of thin film and substrate. 
By using the extended micro-Raman method, ex-
periments were performed to measure the thermal 
conductivity of submicrometer- and nanometer-scale 
thickness dielectric thin films. The interface thermal 
resistance between dielectric thin films and silicon 
substrate was also obtained.  

 
 

ANALYSIS OF THE HEAT TRANSFER 
 
Fig.1 shows a Gaussian laser beam irradiating a 

sample which consists of a substrate and a film of 
thickness, δ. The centre of the laser beam on the film 
sample surface is taken as the origin of the cylindrical 
coordinate system (r, z). 

 
 

 
 
 
 
 
 
 
 

 
 
 
 

The intensity of the Gaussian laser beam is  
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where P is the power of the laser beam, r0 is the radius 
at which the laser beam intensity is e−2 times its 
maximum value. 
 
Heat transfer in thick film induced by a Gaussian 
laser beam 

Consider a Gaussian laser beam that induces 

Fig.1  Film and substrate in cylindrical coordinate
system (r, z) 
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shallow heating on a relatively thick film sample, and 
where the thickness of the film is larger than the di-
ameter of the laser beam. In this approximate analysis, 
it is assumed that the laser beam power is completely 
absorbed by the film sample (Perichon et al., 1999), 
and the heat losses in the air are negligible when the 
airflow around the film sample remains still. The 
problem then reduces to the steady-state case of heat 
flow transfer into a semi-infinite half-space from a 
circular region on the surface of this half-space. The 
temperature t(r, z) in the film sample then satisfies the 
equation: 

 
2 2

2 2

( , ) 1 ( , ) ( , ) 0.t r z t r z t r z
r r r z

∂ ∂ ∂
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The boundary condition is  
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at 0<r< r0, z=0,                                  (3) 
 

where k is the thermal conductivity of the film sample. 
It is assumed that as (r2+z2)1/2→∞, t(r, z)→0. 

By taking the Hankel transform of order zero, 
Eq.(2) turns to 
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where T(λ, z) is the Hankel transform of t(r, z). 

The boundary condition turns to 
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where F(λ) is the Hankel transform of f(r). 

The solution of Eq.(4) is 
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With Eqs.(5) and (6), then 
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By taking the inverse Hankel transform, the 
temperature of the film sample surface is 
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where J0(λr) is the zero order Bessel function. 

The average temperature of the film sample 
surface is 
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where I0(x) is the zero order and I1(x) is the first order 
modified Bessel function of the first kind. 

So for the case of Gaussian laser beam irradia-
tion, the thermal conductivity of the film sample can 
be expressed as  
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For the micro-Raman method, t̂  is the tem-

perature rise induced by laser irradiation. Eq.(12) is 
the new basic equation for the micro-Raman method. 
The new basic equation can be applied to obtain the 
thermal conductivity of film with a thickness greater 
than the laser beam diameter. To obtain the thermal 
conductivity of film with the thickness of submicro-
meter- or nanometer-scale, however, the effects of 
thin film thickness and thermal conductivity of the 
substrate need to be taken into account. 

 
Heat transfer in thin film induced by a Gaussian 
laser beam 

Consider a sample that consists of a thick sub-
strate with a relatively thin film. The thickness of the 
film is of submicrometer- or nanometer-scale. When 
focusing the Gaussian laser beam on the sample, the 
generated heat flux transfers not only within the film, 
but also across the film/substrate interface into the 
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substrate. So when applying Eq.(12) to this sample, 
the obtained thermal conductivity is not the film 
thermal conductivity, but the apparent thermal con-
ductivity of the sample: 
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Actually, kapp indicates a general thermal char-

acteristic that consists of the thermal characteristics of 
the film, the substrate and their interface. To obtain 
the film effective thermal conductivity, keff, the rela-
tionship between kapp and keff needs to be determined. 

The sample, consisting of a thin film and sub-
strate, is at first treated as a whole. Assuming that the 
whole thickness of the sample is much greater than 
the laser beam diameter, the heat transfer process of 
laser irradiation of the sample can be simplified as a 
heat flux transfer within a semi-infinite half-space 
from a circular region on the surface of this half-space. 
The thermal conductivity of the half-space is uniform. 
In this case, the thermal resistance is  
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Then, as mentioned above, because the film 

thickness is of submicrometer- or nanometer-scale, 
the heat flux transfers in the film and crosses the 
film/substrate interface into the substrate. Thus, the 
film thermal conductivity, film thickness, substrate 
thermal conductivity and interface thermal resistance 
all have effects on the heat transfer process. Those 
effects are reflected by the thermal resistance of the 
sample R. Assuming that the film thickness is much 
less than the substrate thickness (i.e., the substrate is 
relatively an infinite half-plane), then, 
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where tf(r, z) is the temperature in the film and ts(r, z) 
is the temperature in the substrate. 

Because of the heat flux continuity, 
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where keff is the effective thermal conductivity of the 
film, comprised of the intrinsic thermal conductivity 
of the film and the interface thermal resistance, and ks 
is the thermal conductivity of the substrate. 

The boundary condition at the film surface is  
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at 0<r<r0, z=0.                              (19) 
 

It is assumed that as (r2+z2)1/2→∞, ts(r, z)→0. 
Then the temperature in the film is 
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The average temperature of the film surface is 
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α j is small because the thickness of thin film is much 
less than the radius of the laser beam. exp(−αj x) can 
be expanded as 
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The thermal resistance of the sample is given by 
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Carslaw and Jaeger (1959) obtained the expres-

sion of R for the case of a semi-infinite half-space. 
Dryden (1983) obtained the expression of R in terms 
of δ, keff and ks for the case of a film/substrate as-
sembly with f(r)=P/[2πkeffr0(r0

2−r2)1/2]. Lambropou-
los et al.(1989) combined Carslaw and Jaeger’s work 
and Dryden’s work to evaluate the thermal conduc-
tivity of thin film using a thermal comparator method. 
However, the measurement uncertainty of the thermal 
comparator method is up to 100%, mainly because the 
contact area between the measurement tip and the 
sample cannot be correctly evaluated, and the f(r) used 
by Dryden is not suitable as a thermal comparator. 

Combining Eqs.(14) and (23), we obtain 
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If the thermal conductivity of the film is much 

less than that of the substrate, then Eq.(24) could be 
simplified as  
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which indicates the relationship between kapp and keff. 

Fig.2 indicates that when keff is one order less 
than ks, it can be assumed that Eq.(25) is equivalent to 
Eq.(24). For the thickest film considered in Fig.2 

(δ /r0=0.1), the discrepancy between Eq.(24) and 
Eq.(25) is about 9% when keff equals ks. With Eq.(25), 
the micro-Raman method is extended to measure the 
effective thermal conductivity of thin film with a 
thickness of submicrometer- or nanometer-scale. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

EXPERIMENTS 
 

Porous silicon samples with different porosity 
and thickness were prepared and then tested by the 
micro-Raman method using the new basic equation. 
The effective thermal conductivities of dielectric thin 
film samples with submicrometer- or nanometer-scale 
thickness, such as silicon dioxide films and silicon 
nitride films, were obtained by the extended micro- 
Raman method. 

 
Sample preparation and experimental setup 

The porous silicon samples were prepared by 
electrochemical anodic etching of p-type, 
<100>-oriented, 0.01~0.05 Ω·cm silicon wafers, 525 
μm thick, in solution ranging from 20% to 30% (v/v) 
HF, ethanol and water. The thickness of porous silicon 
films was measured using a KOSAKA SE3500 pro-
file meter with an accuracy of 5 nm, after the porous 
silicon films were etched by dilute KOH solution. The 
porosity of the porous silicon samples was measured 
using a gravimetric method (Gesele et al., 1997). 

The silicon dioxide film samples were prepared 
by depositing the silicon dioxide films on the silicon 
substrates with the magnetron sputtering device at 
100 °C. The silicon substrate was p-type, 
<100>-oriented, with a thickness of 525 μm and 
thermal conductivity of 157 W/(m·K). The thickness 

Fig.2  Comparison of the relationship between keff and
kapp as given by Eq.(24) and Eq.(25) for several ratios δ/r0
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of the silicon dioxide films was also measured using 
the profile meter. 

The silicon nitride film samples were prepared 
by depositing the silicon nitride films on the silicon 
substrates in a low pressure chemical vapor deposi-
tion (LPCVD) furnace at a temperature of 850 °C. 
The silicon substrate was p-type, <100>-oriented, 
with a thickness of 525 μm and thermal conductivity 
of 157 W/(m·K). 

The micro-Raman spectroscopy device used in 
our test was an ALMEGA (Thermo Nicolet Co., USA) 
with an OLYMPUS BX50 microscope. The meas-
urement range of the Raman spectrum was 100~4000 
cm−1. An Ar+-ion laser with a wavelength of 532 nm 
was used in our experiments. The power distribution 
of the laser beam had a Gaussian nature and a radius 
r0 of 8 μm. 

 
Experiments 

Fig.3 shows a schematic diagram of the micro- 
Raman method. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
In this section, we present the process of thermal 

conductivity measurement of porous silicon sample 1 
with a porosity of 64% and a thickness of 93 μm. 
Porous silicon sample 1 was heated to different tem-
peratures from 100 to 500 °C with an interval of 100 
°C by using the heating stage with an accuracy of 1 °C 
to calibrate the relationship between the sample tem-
perature and its Raman peak position. The heating 
stage was held for 1 min at each temperature to ensure 
that the sample was thoroughly heated. Then the Ra-
man spectrum was acquired at each temperature while 
the power of the laser beam was 1.8 mW and the ac-
quisition time was longer than 12 s. It should be noted 

that a low power laser beam was used in the calibra-
tion so as not to induce an additional temperature rise. 
The Raman peak positions of the porous silicon sam-
ple 1 at different temperatures were marked as shown 
in Fig.4. The relationship between the temperature and 
the Raman peak position of the porous silicon sample 
could then be calibrated as shown in Fig.5. 

Fig.5 indicates a near linear relationship between 
the temperature and the Raman peak position of the 
tested sample: the Raman peak position decreases as 
the temperature rises. A similar linear relationship 
was reported by Balkanski et al.(1983). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A high power laser beam with P=9 mW was 
focused on the porous silicon sample 1 at room tem-
perature, and the corresponding Raman spectrum was 
acquired. The uncertainty of the Raman peak position 
was estimated to be ±0.25 cm−1 due to the resolution 
of the micro-Raman spectroscopy device. The Raman 
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Fig.3  Schematic diagram of the micro-Raman method
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spectrum quality could be improved by enhancing the 
acquisition time to be longer than 12 s, enabling the 
Raman peak position to be acquired more accurately. 
By using the value of the Raman peak position in-
duced by high power laser irradiation, the corre-
sponding temperature value was determined (Fig.5). 
This corresponding temperature represented the result 
of local heating on porous silicon sample 1 induced 
by laser irradiation with power P=9 mW. Then by 
using the new basic equation Eq.(12), the thermal 
conductivity of porous silicon sample 1 could be 
obtained as shown in Table 1. 

The thermal conductivity of porous silicon 
sample 1 with a porosity of 64% is 0.85 W/(m·K) 
(Table 1). This value is similar to the result reported 
by Gesele et al.(1997), where a thermal conductivity 
of 0.8 W/(m·K) was measured using the 3ω method 
for a meso porous silicon sample with a porosity of 
64%. 

 
 
 
 
 
 
 
 
The measurement process for silicon dioxide and 

silicon nitride film samples was similar to that for 
porous silicon samples. For the silicon dioxide and 
silicon nitride film samples, the film thickness was 
nanometer- or submicrometer-scale, much smaller 
than the silicon substrate thickness and the laser beam 
radius r0. The thickness of silicon substrate was much 
greater than the laser beam radius r0. The thermal 
conductivities keff of silicon dioxide and silicon ni-
tride films reported in (Lee et al., 1995; Lee and Ca-
hill, 1997; Callard et al., 1999) were much smaller 
than the thermal conductivity of silicon substrate ks, 
which means that the assumptions of the extension 
process were all met. So the effective thermal con-
ductivity of silicon dioxide and silicon nitride films 
can be obtained using the extended micro-Raman 
method as shown in Fig.6. 

Fig.6 shows an obvious decrease in the effective 
thermal conductivity of the thin film with the decrease 
in the thickness of the silicon dioxide and silicon 
nitride films. The decrease in the effective thermal 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

conductivity is less than one order of magnitude and 
is similar to published results (Lee and Cahill, 1997; 
Burzo et al., 2003). There are three possible reasons 
for this observed decrease in effective thermal con-
ductivity. The first is that phonon boundary scattering 
of the thermal carriers reduces the thermal conduc-
tivity of the thin film. We believe that phonons with 
mean free paths do not cause a significant decrease of 
film thermal conductivity at room temperature, as 
claimed by many authors (Love and Anderson, 1990; 
Goodson et al., 1994; Cahill, 1998). The second is 
that the microstructure and stoichiometry of the thin 
film changes. Internal defects such as dislocation and 
cracks can influence the heat transport in thin film. 
For the 80-nm-thick silicon dioxide thin film, we find 
it unlikely that internal defects can cause drastic de-
crease in thermal conductivity. Burzo et al.(2003) 
suspected that the difference in the microstructure of 
sputtered silicon dioxide film is responsible for the 
decrease in the effective thermal conductivity. For 

Table 1  Thermal conductivity of porous silicon samples

No. 
Current 
density 

(mA/cm2) 

Porosity
(%) 

Thickness 
(μm) 

Thermal 
conductivity
(W/(m·K))

1 80 64 93 0.85 
2 60 53 84 2.43 
3 40 37 86 5.37 
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Fig.6  Variation of effective thermal conductivity of 
thin film with thickness for (a) silicon dioxide films and 
(b) silicon nitride films  
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LPCVD silicon nitride thin films, the internal defects 
are less important because dislocation is more likely 
healed by a process of annealing at 850 °C. The third 
possible reason is that thermal resistance at the in-
terface between the thin film and the substrate can 
affect the effective thermal conductivity of thin film. 
A plausible hypothesis is the presence of a porous 
layer at the interface which results in heat transport 
reduction through the interface. To calculate the in-
terface thermal resistance, a 1D heat flow analysis is 
applicable, as 

 

eff i
eff f

,R R
k k
δ δ

= = +              (26) 

 
where Reff is the effective thermal resistance of thin 
film, kf is the intrinsic thermal conductivity of thin 
film and Ri is the interface thermal resistance. 

Eq.(26) implies a plot of Reff vs δ, which has a 
slope of 1/kf and an intercept of Ri as shown in Fig.7. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

As shown in Fig.7, for both silicon dioxide and 
silicon nitride films of thickness <500 nm, a straight 
line can be fitted to give the value of kf and Ri. An 
intrinsic film thermal conductivity of 1.23 W/(m·K) 
can be found in Fig.7a for silicon dioxide film. This 
value is in agreement with the published data. For 
example, Burzo et al.(2003) reported a thermal con-
ductivity of 1.27 W/(m·K) for thermally grown sili-
con dioxide film and 1.05 W/(m·K) for ion beam 
sputtered silicon dioxide film; Kato and Hatta (2005) 
reported a thermal conductivity of (1.24±0.04) 
W/(m·K) using a thermo-reflectance method. The 
interface thermal resistance between silicon dioxide 
film and substrate is 2.35×10−8 m2·K/W (Fig.7a). This 
is also similar to the value of 2.58×10−8 m2·K/W for 
ion beam sputtered silicon dioxide film on silicon 
substrate according to Burzo et al.(2003). The intrin-
sic film thermal conductivity and interface thermal 
resistance of silicon nitride film can be found in 
Fig.7b to be 1.07 W/(m·K) and 3.69×10−8 m2·K/W, 
respectively. These results are also similar to the 
reported data, e.g., Govorkov et al.(1997) found a 
thermal conductivity of 1.2 W/(m·K) for sputtered 
silicon nitride film; Lee and Cahill (1997) reported 
that the interface thermal resistance of a PECVD 
silicon nitride film on silicon substrate was about 
2×10−8 m2·K/W. Considering the impact of different 
thin film fabrication processes, some small differ-
ences in the measured thermal conductivity data are 
inevitable.  

The main random error of the micro-Raman 
method is estimated to be 8% because of the ±0.25 
cm−1 uncertainty on the Raman peak position. How-
ever, by enhancing the acquisition time, the Raman 
spectra quality can be improved. Systematic errors 
associated with the effective laser beam diameter, and 
heat radiation and convection will be taken into ac-
count in future, more quantitative studies. 

 
 

CONCLUSION 
 
A new basic equation has been developed for the 

heat source of a Gaussian laser beam to reduce the 
measurement error induced by a poorly fitting equa-
tion. The thermal conductivity of porous silicon has 
been measured using the micro-Raman method with 
the new basic equation.  

Fig.7  Variation of effective thermal resistance with
thickness for (a) silicon dioxide films and (b) silicon
nitride films 
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An analytical heat transfer model has also been 
developed based on the new equation, by using 
thermal resistance to describe the effects of thin film 
thickness and thermal conductivity of thin film and 
substrate. This enables the extension of the micro- 
Raman method to thermal conductivity measurements 
of thin films with submicrometer- or nanometer-scale 
thickness. The extended micro-Raman method has 
been applied to the intrinsic thermal conductivity 
measurement of silicon dioxide and silicon nitride 
films with submicrometer- or nanometer-scale 
thickness. The thermal resistance of the interface 
between dielectric thin films and silicon substrate was 
also obtained. The thermal conductivity of silicon 
dioxide film is obtained as 1.23 W/(m·K), and the 
interface thermal resistance between silicon dioxide 
film and substrate is 2.35×10−8 m2·K/W. The thermal 
conductivity and interface thermal resistance of sili-
con nitride film are 1.07 W/(m·K) and 3.69×10−8 
m2·K/W, respectively. 

The obtained values were in agreement with 
previously published data thereby validating our work. 
The extended micro-Raman method is a non-contact, 
non-destructive and easy method for the measurement 
of thermal conductivity of both bulk material and thin 
film. It provides new opportunities for research into 
both TEMS thermally insulated structures and heat 
dissipation in IC. 
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