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Raman Scattering Characterization of Transparent Thin Film
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The Raman scattering method is a noncontact and nondestructive method for film thermal conductivity
measurement. However, the original Raman scattering method cannot calculate the thermal conductivity of thin
transparent films with submicrometer- or nanometer-scale thickness. An analytical heat transfer model has been
built to extend the original Raman scattering method to thin transparent films with submicrometer- or nanometer-
scale thickness. Experiments were performed using the extended method to measure the thermal conductivity of
silicon dioxide films with submicrometer-scale thickness. The interface thermal resistance between the silicon dioxide
film and the silicon substrate was also obtained. The experimental results are consistent with reported data.
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first-order Bessel function
k, thermal conductivity of the air

Keg = effective thermal conductivity of the film

ky = thermal conductivity of the film

kg = thermal conductivity of the substrate

Nu = local Nusselt number

P = laser power

R; = film/substrate interface area thermal resistance

¢ = average local temperature of the film surface

t = local temperature of the film at the place that the laser
beam irradiates

t; = local temperature of the interface between the film and
the substrate

t, = local temperature of the substrate
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o room temperature

2R, = laser beam diameter
o = local heat transfer coefficient, Nu(k,/2R,)
AT = local temperature rise
8 = film thickness
Subscripts

a = air

eff = effective

f = film

i = interface

s = substrate

00 = farfield

Introduction

ECENTLY, with the development of microelectromechanical
system (MEMS) technology, the research of the thermal-effect
microsystems (TEMS) has attracted much attention. Heat transfer
plays an important role in the performance of the TEMS. The
operating principles of typical TEMS, such as infrared detectors and
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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 [1]. In TEMS, silicon dioxide film is commonly
used as the thermal insulating layer, due to its low thermal con-
ductivity and simple fabrication process [1,2]. Silicon dioxide film is
also widely used as the electrical insulating layer in the integrated
circuits (ICs), and the thermal characteristics of silicon dioxide film
would greatly impact the heat dissipation of the chips. To evaluate
the heat dissipation in silicon dioxide film, it is very important to
investigate its thermal conductivity. A measurement method is then
required to obtain the thermal conductivity of silicon dioxide film for
the research of both TEMS’ thermally insulated structure and heat
dissipation in ICs [3].

Several methods for measuring film thermal conductivity have
been reported, such as the steady-state method [4], 3w method [5],
photoacoustic and photothermal methods [6,7], thermal microscopy
method [3], etc. Both the steady-state and 3w methods require
depositing a metal layer on the measured film, which may risk
damaging and changing the properties of the measured film.
Photoacoustic and photothermal methods are noncontact 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.

Raman scattering spectroscopy has been applied to a very wide
range of materials such as semiconductors, diamond films, ceramics,
polymer composites, etc. The high spatial resolution of Raman
scattering spectroscopy enables this technique to be applied to
microphysical features. [8] Recently, Raman scattering has been
increasingly used to study the local mechanical stress [9-12],
temperature rise [13,14], and thickness [8] in IC and MEMS devices.
Stress or temperature distribution varies significantly within the
volume of material, which contributes to the detected Raman signal.

Perichon et al. [15] presented a thermal conductivity measurement
method with Raman scattering spectroscopy in 1999. It is a non-
contact and nondestructive method. To apply this Raman scattering
method, however, the thickness of the film is required to be at least
one order larger than the laser diameter. But the laser beam diameter
of the Raman scattering device is from several to tens of micrometers,
which means that this method cannot be applied directly to the thin
film with submicrometer- or nanometer-scale thickness.

To extend the Raman scattering method to the thermal con-
ductivity measurement of transparent thin films with submicrometer-
or nanometer-scale thickness, an analytical heat transfer model was
developed. The model describes the laser-induced heat transfer
process inside a sample that is composed of a transparent thin film
and a thick substrate. By using the extended Raman scattering
method, experiments were performed to measure the thermal con-
ductivity of submicrometer- and nanometer-scale-thickness silicon
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dioxide films. The interface thermal resistance between silicon
dioxide film and silicon substrate was also obtained.

Extension of the Raman Scattering Method
Raman Scattering Method

Consider a sample consisting of thick substrate and a film above
the substrate. The laser beam of the Raman scattering device is
focused on the sample and causes the local heating on the sample
surface, as shown in Fig. 1. The heat absorbed by the sample yields a
temperature distribution within the film when the film thickness is at
least one order larger than the laser beam diameter and the
distribution of the isotherms is quasi-hemispherical. In this case, the
heat transfer across the film/substrate interface is negligible [15].
There is a relationship between the local temperature rise and the
laser beam power [16]:

2P 2P

AT = Ki=—
nK,d or &r nATd

1

where AT is the local temperature rise, P is the laser power, K, is the
film thermal conductivity, d is the laser beam diameter, and

AT =T;—T, )

where T, is the local temperature of the film at the place that the laser
beam irradiates, and 7', is the substrate temperature. If P, T, and d are
already known, then the film thermal conductivity K, can be
obtained when T’y is known.

To get Ty, Raman scattering spectroscopy is used to get the Raman
spectra of the sample at different temperatures. The peak position of
the Raman spectrum shifts as the sample temperature changes. First,
calibrate the relationship between the sample temperature and the
Raman peak position. Second, use the laser beam with power P in
room temperature to get the corresponding Raman peak position.
With the calibrated relationship, the local temperature 7', induced by
laser beam with power P can be found. Finally, the film thermal
conductivity k; can be obtained by Eq. ().

Only when the film thickness of the sample is at least one order
larger than the laser beam diameter is the Raman scattering method
applicable. When the film thickness is large enough (e.g., one order
larger than the laser beam diameter), the heat created by the laser
beam will transfer mostly within the film, then it can be assumed that
the thermal conductivity obtained by the Raman scattering method
exactly indicates the thermal characteristic of the film. The laser
beam diameter of the Raman scattering spectroscopy device,
however, is from several micrometers to tens of micrometers, which
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Fig. 1 Schematic of the film thermal conductivity measurement
method based on Raman scattering spectroscopy. A local heating is
created within the film by the laser beam, including quasi-hemispherical
isotherms.

means that the film thickness of the sample has to be at least tens of
micrometers to be applied with the Raman scattering method.

Extension of the Raman Scattering Method

Figure 2 shows a Gaussian laser beam irradiating a sample that
consists of a thick substrate and a transparent thin film. The film
thickness 6 is of submicrometer or nanometer scale, and it is smaller
than the diameter of the laser beam, 2R,. The center of the laser beam
on the film sample surface is taken as the origin of the cylindrical
coordinate system (r and z).

The intensity of the Gaussian laser beam is

2P 2r?
f(r) :n_R(Z)eXp(_R_g) 3)
where P is the power of the laser beam, and r is the radius at which
the laser beam intensity is e~ times its maximum value.

If the film is opaque, a shallow heating will be induced by the laser
beam on the film surface; this process has been described in several
studies [1,17,18]. But in the case of the transparent film, the shallow
heating will be on the interface between the transparent thin film and
the substrate. In this approximate analysis, it is assumed that the laser
beam power is completely absorbed by the sample at the interface
[15]. There are two kinds of heat transfer in the sample: 1) heat
transfer inside the film and the substrate by conduction and 2) heat
transfer from the thin film surface to the air by free convection.
Assuming that the film thickness is much less than the substrate
thickness (i.e., the substrate is relatively an infinite half-plane), then,

9%1,(r, z) latf(r, z)  0%p(r,z) B
ar? r or 072 =0 @
2 2
Pinn) 106D Pu) s

or? r o or 972

where #,(r,z) is the temperature in the film and #,(r,z) is the
temperature in the substrate.

Because of the heat flux and temperature continuity, the boundary
conditions are

ti(r,2) =t(r,z) atz=3§ (©6)
0t 4(r, ot (r,
off r(r Z)+ks s(r Z)=—f(1’)
0z 0z
2P R2\2
:_ﬂ—R(Z)exp(— % ) at 0 <r <Ry, =34 %)
at(r,
keff#ZC([[f(r,Z)—lm] at 0 <r <Ry, z=0 (8)
Z

where k. is the effective thermal conductivity of the transparent thin
film, composed of the intrinsic thermal conductivity of the film and
the interface thermal resistance, k, is the thermal conductivity of the
substrate, k, is the thermal conductivity of the air, 7., is the room
temperature, and « is the local heat transfer coefficient, which can be
calculated according to the work of Fishenden and Saunders [19].
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Fig. 2 Film and substrate in cylindrical coordinate system (r and z).
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It is assumed that as (7> + z2)'/2 — oo and t,(r, z) — 0.
By taking the Hankel transform of order zero, Egs. (4-8) turn to

2
&’Ty(A.z) 22Ty (2) =0 )
dz
2
T 2) —AMT,(A,2) =0 (10)
dz
Ty(2,8) =T,(2,9) an
0T (A, 8) aT,(A,8) P R3A?
Kot % kg P —Eexp — (12)
aT (2,0
keffMZan()‘wO) (13)
0z :
The transformed temperature will have the form
Ty(A, 2) = A(A) exp(Az) + B(A) exp(—Az) (14)
Ty(2,2) = C(2) exp(Az) + D(A) exp(—Az2) (15)
where
P
A(A) =0

(Akess + o) exp(—(RGA/8))

‘ Mk — kegr) M ket + ) exp(A8) + (kg + kegr) (Akegr — ) exp(—A8)]
(16)

B(A) =%

(Akesr — ) exp(—(RGA?/8))

' Mk — kege) (M keg + 1) eXp(A8) + (kg + kegr) (Akegr — ) exp(—A8)]
(17)

C(l)=0 (18)

D) =%

[(Akege — @) 4+ (Mkegr 4+ @) exp(21.8)] exp(—(RGA?/8))

. A (kg — kege) (Mkege + ) eXp(AS) + (K + kegr) (Akegr — o) eXp(—A.8)]
(19)

By taking the inverse Hankel transform, the temperature of the
interface between the thin film and the thick substrate is

1 (r.8) = /0 ST, (0 8o (hr)d (20)

where J,(Ar) is the zero-order Bessel function.

The average temperature of the thin film surface is

1 Ro
—/ tr(r,0)2mrdr
0

o Ro
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ks + ke Kef
e A1 J,(A) |di 1)
Xp 8 ): 1
where A = RyA.

If the thermal conductivity of the film is much less than that of the
substrate and the thickness of thin film is much less than the diameter
of the laser beam, then

. Pk /oc ( XZ) |
t= expl —— | -=-J,(A)dA
Ry k) (Gafka) ¥ D Jy P\ 7)) 7@

_ [[o(1) + I} (1)]Pkeg
V2meRy(ky + kee) (S0t keg) + 1)

(22)

where I;)(x) is the zero-order modified Bessel function of the first
kind, and I, (x) is the first-order modified Bessel function of the first
kind.

Carslaw and Jaeger [20] obtained the expression of thermal
resistance for the case of a semi-infinite half-space. Because the heat
created by the laser transfers in the film and the substrate by
conduction at the first place, then

7TRO

P =4Rok,(t; — 1) + 5

kege (£; — 1) (23)
The first term in Eq. (23) is the heat in the substrate due to the thermal
resistance, and the second term indicates the heat in the film. The
micro-Raman spectroscopy device could be used to find the local
temperature of the interface between the film and substrate, and then

the effective thermal conductivity of the film can be obtained by
Eq. (23).

Experiments
Sample Preparation and Experimental Setup

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 um and thermal
conductivity of 157 W-m~'-K~'. The thickness of the silicon
dioxide films was measured using a Kosaka SE3500 profile meter
with an accuracy of 5 nm.

The micro-Raman spectroscopy device used in our test was an
Almega (Thermo Nicolet Co.) with an Olympus BX50 microscope.
The measurement range of the Raman spectrum was 100-
4000 cm~!. An Ar*-ion laser with a wavelength of 514 nm was used
in our experiments. The power distribution of the laser beam has a
Gaussian nature [21]; however, it can be assumed that the constant
mean value of the laser beam diameter is 5 pum.

Thermal Conductivity Measurement of Silicon Dioxide Films

In this section, we present the process of thermal conductivity
measurement of sample 1, for which the thickness of silicon dioxide
film is 200 nm. A detailed experimental process has been described
in several studies [1,15,18]. Sample 1 was heated to different
temperatures from 100 to 500°C with an interval of 100°C by using
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the heating stage with an accuracy of 1°C to calibrate the relationship
between the sample temperature and its Raman peak position.
Because the thermal conductivity of silicon substrate falls off rapidly
as its temperature rises [22], the heating stage was held for 1 min at
each temperature to ensure that the film was thoroughly heated. Then
the Raman spectrum was acquired at each temperature; the power of
the laser beam was 1.1 mW, and the acquisition time was longer than
12 s. Note that a low-power laser beam was used in the calibration to
avoid inducing an additional temperature rise. The Raman peak
positions of sample 1 were marked, as shown in Fig. 3. The relation-
ship between the temperature and the Raman peak position of
sample 1 could then be calibrated, as shown in Fig. 4.

Figure 4 indicates the 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. [23].

A high-power laser beam with P =4 mW was focused on
sample 1 at room temperature, and the corresponding Raman spec-
trum was acquired. The uncertainty of the Raman peak position was
estimated to be +0.25 cm™!, due to the resolution of the micro-
Raman spectroscopy device. The Raman 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 induced by high-
power laser irradiation, the corresponding temperature value was
determined in Fig. 4. This laser-induced temperature is the average
temperature of the interface between the transparent thin film and
the thick substrate. The thickness of sample 1 was much larger than
the laser beam diameter 2R, the silicon dioxide film thickness § was
much smaller than the silicon substrate thickness and the laser beam
diameter 2R, and the thermal conductivity of silicon dioxide film
ks reported in studies [3,24] was much smaller than the thermal
conductivity of silicon substrate k,, which means that the assump-
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Fig. 3 Raman spectra and peak positions of sample 1 at four different
temperatures of 100, 200, 300, and 400°C.
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Fig. 4 Raman peak position vs temperature of sample 1 at low laser
power P =1.1 mW.

tions of the extension process were all met. So the effective thermal
conductivity of silicon dioxide film k. can be obtained by Eq. (23),
as shown in Fig. 5. In our experiment, we assume that the heat loss by
conduction in the air is negligible, because the thermal conductivity
of the airis 0.0026 W - cm™! - K~! at 300 K. The heat loss caused by
thermal radiation, which is proportional to the fourth power of the
sample temperature, is strong when the temperature is higher than
1000 K. The temperature of the samples in our experiment is,
however, usually much less than 1000 K.

Figure 5 shows an obvious decrease in the effective thermal
conductivity of the thin film with the decrease in the thickness
of the silicon dioxide film. The decrease in the effective thermal
conductivity is less than 1 order of magnitude and is similar to
published results [25,26]. There are three possible reasons for this
observed decrease in effective thermal conductivity. The first is that
phonon boundary scattering of the thermal carriers reduces the
thermal conductivity 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 [27—
29]. 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. Burzo et al. [26] suspected
that the difference in the microstructure of sputtered silicon dioxide
film is responsible for the decrease in the effective thermal
conductivity. The third possible reason is that thermal resistance at
the interface 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 interface
thermal resistance, a 1-D heat flow analysis is applicable, as

8 8
= +R, (24)
keff k_/

where k/ is the intrinsic thermal conductivity of thin film and R, is the
interface thermal resistance.

Equation (24) implies a plot of §/k.g vs 8, which has a slope of
1/k; and an intercept of R;, as shown in Fig. 6.

As shown in Fig. 6, for silicon dioxide film of thickness
< 300 nm, a straight line can be fitted to give the value of k, and R;.
An intrinsic film thermal conductivity of (1.26 =0.09) W -m™! .
K~! can be found in Fig. 6 for silicon dioxide film. This value is in
agreement with the published data. For example, Burzo et al. [26]
reported a thermal conductivity of 1.27 W - m™! - K~! for thermally
grown silicon dioxide film and 1.05 W -m™~! . K~! for ion-beam-
sputtered silicon dioxide film; Kato and Hatta [30] reported a thermal
conductivity of (1.24 £ 0.04) W -m~! - K~! using a thermoreflec-
tance method. The interface thermal resistance between silicon
dioxide film and substrate is (4.49 4 0.38) x 10~ m? - KW~
This also has some similarity with the value of 2.58 x 1078 m? -
KW-! for ion-beam-sputtered silicon dioxide film on silicon

1.4

0.7 1 1 1 1 1 L L
200 250 300 350 400 450 500
Film thickness (nm)

Fig. 5 Measurement results of the extended Raman scattering method,
variation of effective thermal conductivity of thin film with thickness for
silicon dioxide film.
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Fig. 6 Variation of effective thermal resistance with thickness for
silicon dioxide films.

substrate according to Burzo et al. [26]. Considering the impact of
different thin film fabrication processes, some small differences in
the measured thermal conductivity data are inevitable.

The main random error of the Raman scattering method is
estimated to be 15% because of the 40.25 cm™! uncertainty on the
Raman peak position. However, 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 account in future, more quanti-
tative, studies.

In addition to using the Raman peak position, a new technique was
presented by Beechem et al. [31] to obtain the local temperature rise.
This new technique uses the dependency of the Raman full width
at half-maximum on the temperature to negate the measurement
uncertainty of Raman peak position technique induced by the stress
inside the film sample. We also used this technique to obtain the
local temperature of the interface between the film and the substrate.
The resulting thermal conductivity of silicon dioxide film is
1.17 W-m~! . K~!, and the interface thermal resistance between
silicon dioxide film and substrate is 3.17 x 1078 m? - KW~

Conclusions

An analytical model is presented to describe the heat transfer
process in a submicrometer- or nanometer-scale-thickness trans-
parent thin film on a thick substrate. This enables the extension of the
micro- Raman method to thermal conductivity measurements of
transparent 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
films with submicrometer-scale thickness. The interface thermal
resistance between silicon dioxide film and silicon substrate was also
obtained. The obtained values were in agreement with previously
published data thereby validating our work. The extended micro-
Raman method is a noncontact, nondestructive, and easy method for
the measurement of thermal conductivity of both bulk material and
transparent thin film. It provides new opportunities for research into
both TEMS thermally insulated structures and heat dissipation in IC.
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