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Abstract

The through-plane thermal conductivity of TiO, thin films, with the thicknesses of 150 and 300 nm, deposited on silicon wafers and heat treated
at several different temperatures was measured using the thermo-reflectance method which utilizes the reflectance variation of the films surface
produced by the periodic temperature variation. The results showed that the thermal conductivities were 0.7-1.7 Wm~! K~! and increase as the
heat treatment temperature increases. They are explained by the grain size and the density of the heat treated films. Also the thermal conductivity
of 300 nm thick film is larger than that of 150 nm thick film by 30%. The reason for that was assumed to be the thermal resistance between the thin

film, metal film and the substrate.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The device characteristics of micro-electronic system can be
changed largely by the heat generated in the circuit. Therefore,
the thermal conductivity measurement technique of electrically
insulated thin film has been required to estimate the heat dissipa-
tion from the thin film components to the circuit board composed
by silicon wafers.

There are many kinds of thermal conductivity measure-
ment method of thin films. However, since advanced thin films
are newly composed and their thickness becomes thinner, the
existing methods have limitations and new methods have been
required. One of them is pico-second thermo-reflectance method
developed by Taketoshi et al., for the measurement of the
through-plane thermal conductivity of thin films coated on the
substrate [1]. In this method the bottom surface of the thin film
is heated by laser-flash lighter, which is transferred through the
substrate, and the temperature response of the top surface is mea-
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sured. However, this method is not applicable to low-thermal
conductivity thin films coated on a high thermal conductivity
substrate.

In order to measure the through-plane thermal conductivity
of very thin films coated on a substrate, the 3w (three-omega)
method has been developed by Lee and Cahill, and applied well
to the various electrically insulating thin films [2]. However, the
3w method has a disadvantage in that a fine pattern of the metal
film must be deposited on the thin film sample surface, because
the method is based on a two-dimensional thermal conductivity
measurement system [3].

In this study, the through-plane thermal conductivity of
TiO, thin films coated on the silicon wafer was measured
by using the thermo-reflectance method, developed by Kato
and Hatta [4]. In this method, a wide metal film, which is
deposited on the thin insulating films, is Joule heated peri-
odically and the ac-temperature response at the center of the
metal film surface is measured by the variation of reflectance
because it depends on the ac-temperature response of the metal
film surface. Thus, the one-dimensional model of the ther-
mal conduction equation can be applied for the three-layered
system.
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Fig. 1. Schematic diagram of the sample geometry used for the thermal con-
ductivity measurements.

The TiO2 thin films have attracted great attention for elec-
trodes, chemical sensors, ceramic membranes, and of course as
a photo-catalyst. In particular, transparent TiO2 thin film photo-
catalysts are expected to have wide applications for elimination
of environmental pollutants [5]. On the other hand, control of
the film morphology is of interest for increasing the electro-
chemical or photo-catalytic property of thin films [6].

2. Theoretical background

Fig. 1 shows the schematic diagram of the thermal conduc-
tivity measurement system. As shown in Fig. 1, it consists of
three layers, the metal film layer, the thin-film layer, and the
layer of substrate. In the system, when the metal film is Joule
heated periodically with the frequency of w, the ac-temperature
of the metal film surface varied with the frequency of 2w and a
small temperature excursion (AT) about average temperature 7,
can be related linearly to a fractional change (AR) in reflectance
of the surface as follow [7];

— =C)— M)

where R is the surface reflectance, and C(1) is the coefficient of
reflectance-temperature and depends on prove wavelength.

Although the metal film is ac-heated uniformly, an ac-
temperature gradient along the thickness of the metal film layer
may take place. It is assumed in the system that the substrate
layer has infinite thickness, but the metal film layer and the thin
film layer have finite thickness. The one-dimensional thermal
conduction equation of the system in the through-plane direc-
tion was solved analytically and next equation shows the surface
temperature [4].

When the fallowing conditions are valid,
kodo < 1 (3a)
kidy <1 (3b)
Eqg. (2) can be simplified to the following equation:
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The first term of the right-hand side of Eq. (4) is propor-
tional to w2, On the other hand, the second and third terms
of Eq. (4) are real constants independent of w12, The plot
of T(0)/gdo versus w22 gives the slope and the interception
point. So the thermal effusivity of the substrate AsCs can be
determined from the slope, and the sum of the second and third
terms can be determined from the interception point. To deter-
mine an absolute value of the thermal conductivity of a thin
film, the calibration factor of the thermo-reflectance coefficient
must be known. However, it is very difficult to make a cali-
bration using conventional temperature standards, because the
thermo-reflectance coefficients of metals are generally very low.
Therefore, in this study, coefficient of reflectance-temperature
is determined by using the proportionality factor obtained by
dividing the experimental slope with the theoretical slope of the
graph.

Assuming that the thermal effusivity of the metal film 1oCo
is much smaller than that of the substrate A¢;Cs, the third term of
Eq. (4) is reduced to half of the thermal resistance of the metal
film. Assuming that the thermal effusivity of the thin film A1 C;
is much smaller than that of the substrate AsCs, the second term
of Eq. (4) is reduced to the thermal resistance of the thin film.

The value of the third term of Eq. (4) can be determined
theoretically using the known values of dg, Ag, Co, s, and Cs.
The value of the second term of Eq. (4) can be determined by
subtracting the theoretically obtained value of the third term
from the experimentally obtained value of the sum of the second
and third terms.

The following equation, which is a quadratic equation of
112 is given by defining the second term of Eq. (4) as R;

R; = (1— “Q) 4 (5)
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The solution of Eq. (5) is given by the following equation;
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where ¢ denotes the heat per unit volume, dj, ki and A; denote
the thickness of the layer, thermal-wave number in the layer,
and thermal conductivity of that layer, respectively(s, 1, and 0
denotes the substrate, sample film, and metal film, respectively).
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Fig. 2. Microphotographs of TiO, thin films (a) as-prepared; (b) heat treated at 300 °C; (c) heat treated at 600 °C; and (d) heat treated at 900 °C.

Finally, by substituting the experimentally obtained value of R}
into Eq. (6) and using the known values of di, C1, As, and Cs,
the thermal conductivity of the thin film 11 can be determined.

3. Experimental
3.1. Sample preparation

The TiO, thin film samples were prepared by RF sputter-
ing. The 0.6 mm silicon wafers, rinsed with ultra-pure water,
ethanol, and acetone, were used as substrates after the blow-
ing off the dusts and moisture on the wafer surface. Before the
deposition, the sputtering target is fabricated by the compres-
sion of TiO, powders with high pressure and sintered in high
temperature. The initial pressure of the vacuum chamber was
less than 4 x 10~ Torr and the pre-sputtering was performed
for 5min at a pressure of 4 x 10~2 Torr to remove the impurities
and oxidation layers on the target.

During the deposition, the temperature of the substrate and
the pressure of the Ar gas were maintained to 230°C and
1 x 10~2 Torr, respectively. The 200 W RF power was applied
to the target and the distance between the substrate and target
was maintained as 15cm, and the substrate rotates with 5rpm.
The deposition thicknesses of the films were 150 and 300 nm,
and their times were 1.5 and 3 h, respectively. After the depo-
sition, the samples were heat-treated for 1 h at 300, 600, and
900°C.

Fig. 2 shows the microphotograph of four kinds of sam-
ples (one is not heat-treated and another three are heat-treated).
The grain size of not heat-treated sample is very small how-
ever, those of heat-treated samples at 300 °C and 600 °C partly
and fully increase to 30 wm, respectively, and the grain size at
900 °C becomes to 100 pm. From this result, we can find that

the grain size of the sample surface is strongly depends on the
heat-treatment temperature.

3.2. Thermal conductivity measurement

Fig. 3 is a top-view of the block diagram of the experimental
setup. The thermo-electric cooler system keeps the sample stage
at a constant temperature (25 °C). The whole system assembly
is installed in a vacuum chamber to prevent the convection and
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Fig. 3. Block diagram of the experimental setup. The specimen is set vertically
on the sample stage.
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Table 1
Thicknesses and thermophysical properties of materials used in the present study

Materials Thickness Thermal conductivity (Wm~! K—1) Specific heat capacity per unit volume (Jcm=3 K—1)
Silicon wafer 0.6 mm 148 (1s) 1.66 (Cs)
Bismuth film 150 nm 1.46 (Mo) 1.19 (Co)
TiO; film 150 nm, 300 nm (d1) 0.55 (C1)

oxidation. At the front of the chamber, an optical window is pro-
vided to enable thermo-reflectance measurement. The size of the
sample is 25 mm x 12.5 mm. The bismuth metal film with the
thickness of 150 nm is deposited on the sample film by evap-
oration with a mask made of stainless steel foil because the
temperature coefficient of bismuth film is about 900 ppm K—1
and it is quite large compared to other metal films such as gold
of 30 ppm K1 [4]. At both ends of the metal film, a pair of elec-
trodes made of silver paste is printed for supplying ac-current
and detecting ac-voltage.

One of the two-divided He—Ne laser beams by the cubic beam
splitter is reflected from the sample surface and the other one is
reflected from the prism, and both of them go into the differential
photodiode. As the frequency of the ac-current (w) changes, the
variation of the reflectance of sample surface is measured by the
lock-in amplifier (Stanford, SR 830). The sine output signal from
the frequency generator (HP8116A) is amplified by the power
amplifier to energize the metal film deposited on the sample film.
The differential photodiode is plugged into the current input port
of the lock-in amplifier to measure the second harmonic of the
photocurrent signal.

4. Results and discussion

The sample condition and the thermophysical properties used
in the calculation in Eqgs. (4)—(6) are listed in Table 1 [8,9].
Fig. 4(a) and (b) are the average values of the signals, measured
for five times and corrected by Eq. (1), plotted for /2 from the
four kinds of samples for each thicknesses of 150 and 300 nm
TiO;, film samples deposited on silicon, respectively, in the fre-
quency range from 2000 to 10,000 Hz. In this case, the average
value of the correction factor was determined as 3.25 x 10~ by
using the thermal effusivity of silicon wafer. As predicted in Eq.
(4), the plot shows good linearity in the measurement frequency
ranges.

Except the value of interception points, Fig. 4(a) and (b) show
almost the same trends. The apparent thermal resistance R} was
obtained by subtraction the theoretically obtained third term of
Eq. (4) from the experimental results of the interception points.
By substituting R} and the values in Table 1 into Eq. (6), the
thermal conductivity of TiO; thin film was obtained.

The interception points and the obtained thermal conduc-
tivity values are listed in Table 2. From this, we can find that
the obtained thermal conductivity is in the range from 0.7 to
1.7Wm~1K~1 and it agrees well with the literature values
obtained by 3w method [10]. Also it shows that as the tem-
perature of heat treatment increases, the thermal conductivity
increases because the thermal resistance proportional to the
number of heat transfer interfaces decreases as the grain size

of the film becomes large in higher heat-treatment temperatures
as shown in Fig. 2. The grain size of the sample heat-treated at
900 °C became quite larger compared to the case of 300 °C and
600 °C, however, the increment of the thermal conductivity is
relatively smaller because of the density reduction of the film
material caused by the increment of grain size. For the more
detail investigation, the more precise data for the variation of
density is required. The uncertainty in the thermal conductivity
measurement was + 8.5% and it obtained by the variation of the
interception values for the five measurements.

The result also shows that the thermal conductivity of two
time thicker films is larger than thinner films about 30%. This can
be explained by the effect from the thermal resistances between
the metal film, sample film, and the surface of silicon substrate. If
we assume that these resistances exist, the obtained film thermal
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Fig. 4. T(0)/qdo vs. w~Y2 plot for thermal conductivity measurement of the
TiO3 thin films with (a) thickness of 150 nm and (b) thickness of 300 nm.
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Table 2

The obtained thermal conductivity by the measurement of the interception point of the linearly fitted line and the vertical-axis

Thickness Thin film samples Interception point (106 m2 K W—1) Thermal conductivity (Wm~ K1)
No heat-treatment 0.262 0.70 £+ 0.06
150 nm Heat treated at 300 °C 0.217 0.90 £+ 0.07
Heat treated at 600 °C 0.181 1.15 + 0.10
Heat treated at 900 °C 0.169 1.27 £ 0.10
No heat-treatment 0.426 0.92 + 0.07
300 nm Heat treated at 300°C 0.357 1.17 4+ 0.08
Heat treated at 600 °C 0.302 149 + 0.12
Heat treated at 900°C 0.281 1.68 + 0.14

conductivity A1 can be expressed as A1 = Ai/(1 + AjRj/d;), where
Aj is the intrinsic thermal conductivity of thin film independent
to the thickness of film, and R; is the total thermal resistance
between the layers. According to this expression, we can see that
the experimentally obtained thermal conductivity 21 is always
lower than Aj and thinner films show lower A1 than thicker film.
Actually, because the thermal resistance R; of the amorphous
film is in 2-4 x 10~ m? K W~1 [11] depending the thickness,
the thermal conductivity changes about 20-30% at maximum,
therefore for the additional accurate investigations, the real ther-
mal resistance of sample film, substrate, and metal film should
be required.

5. Conclusions

By using the thermo-reflectance method which utilizes the
reflectance variation of the films surface produced by the
periodic temperature variation, the through-plane thermal con-
ductivity of TiO3 thin films, with the thicknesses of 150 nm and
300 nm, deposited on silicon wafers and heat treated at sev-
eral different temperatures were measured. The results showed
that the thermal conductivities were 0.7-1.7Wm~1K~1 and
increase as the heat treatment temperature increases, and could
be explained by relations with the grain size and the density of the
heat treated films. Also the thermal conductivity of 300 nm thick
film is larger than that of 150 nm thick film by 30% and the rea-

son for that was explained by the thermal resistance between the
thin film, metal film and the substrate. This result will be applied
to the electronic circuits which utilize the thermal properties of
the functional thin films.
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