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Abstract

The interfacial effect on thermal conductivity is studied with Y, O3 thin films deposited on an Al, O substrate. Y,O3 thin films with the thickness
between 100 and 500 nm are prepared using rf magnetron sputtering and thermal conductivity of the films is measured using the 3w method. The
strong film thickness-dependent thermal conductivity due to the interfacial thermal resistance is observed. The film thickness-dependent thermal
conductivity is explained by an interface thermal resistance between the film and substrate.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Yttrium oxide (Y203) is a suitable material for a metal/
insulator/semiconductor structure due to its particular physi-
cal properties such as a high dielectric constant (12-18), a
wide band gap energy (5.5eV), and high thermal stability up
to 2300°C [1]. The interfacial effect becomes more impor-
tant in determining the physical properties as the system size
decreases [2]. There have been reports on the reduced ther-
mal conductivity of dielectric material consisting of nano-sized
grains and films [3-5]. Nanocrystalline yttria-stabilized zirconia
(YSZ) showed the strongly grain size-dependent thermal con-
ductivity at temperatures between 6 and 480 K and the interfacial
thermal resistance of grain boundaries was determined with the
measured grain size-dependent thermal conductivity of YSZ [3].
Yamane et al. [4] reported the film thickness-dependent thermal
conductivity of SiO» thin films deposited on Si and obtained the
interfacial thermal resistance of SiO»/Si from the film thickness-
dependent thermal conductivity. As the technology to produce
miniature devices has developed rapidly, the interfacial effect
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becomes more important. While Y203 has been considered as a
suitable material for a metal/insulator/semiconductor structure,
no much work about the interfacial effect on thermal conductiv-
ity of Y503 thin films has been performed. This work focuses
on the interfacial effect on thermal conductivity of thin films.

In this study, the interfacial effect on thermal conductivity
is studied with Y203 thin films deposited on Al,O3 substrates.
Y203 thin films with thickness between 100 and 500 nm are
prepared on Al,O3 substrates using rf magnetron sputtering.
The optimized conditions for the growth of Y,Oj3 thin films
are determined as varying the rf power, substrate temperature,
post-annealing temperature, and deposition time. Thermal con-
ductivity of Y,03 films was measured using the 3w method and
the film thickness-dependent thermal conductivity is understood
with the interfacial thermal resistance.

2. Experimental details

Y203 films are deposited on Al,O3 substrates using rf mag-
netron sputtering. The source material is a Y203 ceramic target
of 2in. diameter and 0.25 in. thickness with 99.99% purity. Dur-
ing the deposition, the substrate is heated and rotated with 3 rpm
for the uniform film growth. Y,03 films are grown as varying
the rf power, substrate temperature, gas pressure, post-annealing
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Table 1

Sputtering conditions for the growth of Y03 thin films

Substrate Al,O3

Target Y03 ceramic target
Substrate-target distance 8cm

Sputtering gas Ar (99.999 %), O, (99.99 %)
Base pressure 5x 108 Torr
Working pressure 3 x 102 Torr
Substrate temperature 600°C

rf power 160 W
Post-annealing 800°C for 2h
Deposition time 25-150 min

temperature, and deposition time. The film structures are ana-
lyzed with an X-ray diffraction (XRD: Rigaku GDX-11P3A)
patterns obtained with Cu Ko radiation (A =0.15406 nm). Scan-
ning electron microscopy (SEM: Hitachi S-4200) is used to
confirm the film surface and thickness. The best growing con-
ditions are determined with the crystal structure and surface
roughness of films. Table 1 shows the sputtering conditions for
Y203 thin films. The deposition rate is obtained from the rela-
tionship between deposition time and film thickness, and then the
thickness of Y03 films is controlled between 100 and 500 nm
as varying the deposition time.

Thermal conductivity of Y203 (=14.2 W m~1 K=1) thin films
is measured using the 3w method. Gold is used for the metal line
which serves as both heater and thermometer, and chromium is
used for an intermediate layer to improve the adhesion of gold.
Gold and chromium are deposited on a sample by electron beam
evaporation and a metal line is patterned with photolithogra-
phy and etching process. ac current of frequency w is driven
to the metal line, which results in generating heat of frequency
2w. Since the resistance of the metal line increases linearly as
the temperature increases, the frequency-dependent temperature
oscillation of the metal line is obtained from the voltage oscilla-
tion at frequency 3w measured with a lock-in amplifier (SR850).
The experimental details of the 3w method are well described
elsewhere [4,5]. Measurements of the thermal conductivity of
Y203 thin films with thickness 120, 200, 360 and 500 nm are
performed three times at room temperature. We measure the
electrical resistance, R, of a metal line on each film at four dif-
ferent temperatures. dR/dT of metal lines on 120, 200, 360 and
500 nm films is 0.02063, 0.01879, 0.02262, and 0.01736 2/°C,
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Fig. 2. XRD patterns of Y203 films with 120, 200, 360, and 500 nm thicknesses.

Table 2
X-ray diffraction peak positions and FWHM obtained from the XRD patterns
of Y203 films shown in Fig. 2

Film thickness (hm) Peak position (°) FWHM (°)
120 29.083 0.437
200 29.075 0.427
360 29.123 0.399
500 29.130 0.386

respectively, with which the temperature of metal lines are cal-
ibrated.

3. Results and discussion

It is found from the measurement of the film thickness with
SEM that the film thickness increases linearly with a deposition
time, which gives the deposition rate, 3.05nm/min. The film
thickness can be controlled as varying the deposition time. Fig. 1
shows the cross-sectional and surface SEM images of a 360 nm
thick Y03 films after post-annealing at 800 °C for 2 h.

Fig. 2 shows the XRD patterns of 120, 200, 360, and 500 nm
thick Y,03 films grown for 25, 50, 100, and 150 min, respec-
tively. The main XRD peak at 29.15° corresponds to the (22 2)
reflections in bulk Y,03 crystals [6]. Table 2 presents the main
peak positions and the full widths at half maximum (FWHM)
of the Y,03 films from the analysis of XRD results. The main

Fig. 1. SEM images of cross-sectional and surface views of a 360 nm thick Y03 film after post-annealing at 800 °C for 2 h.
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Fig. 3. Schematic diagram of heat flow through thin film and substrate in 3w
measurement. Heat is represented with arrows. # and 2b are film thickness and
metal line width, respectively.

peak positions of thin films shift close to 29.15° and FWHM of
the peak decreases as the film thickness increases. This result
indicates that the lattice constant of Y503 films is larger than
that of bulk Y,03 due to the strain of the lattice-mismatched
substrate which becomes weaker as the film becomes thicker.

Fig. 3 shows schematically the heat flow through thin film
and substrate in the 3w method. The thermal conductivity of
thin film is smaller than that of substrate. Fourier’s law explains
the one-dimensional heat flow in the film where the film thick-
ness is smaller than the thermal penetration depth of film. The
heat flow in the substrate is frequency-dependent radial flow,
where the substrate thickness is much larger than the thermal
penetration depth in the substrate. The temperature oscillation
of the metal line is represented with the temperature oscillations
of the substrate, ATs, and thin film, AT; [4,5]:

AT(0) = ATs(0) + ATt
P (™ sin?(Ab) Pt
ks Joo (b2 (A2 + ¢2)Y? 21bks

@)

where P is the power, [ and b the length and half-width of the
heater, respectively, ¢ the complex thermal wave number, # the
film thickness, and ks and k¢ are thermal conductivity of the
substrate and the film, respectively. If |g|b <1, the temperature
oscillation of metal line is approximated as

P (1. Ds 1 i Pt
AT(w) = ke <2 Inﬁ +n- 2 In(2w) — 4> + bkt (2)
where Dy is the thermal diffusivity of the substrate and w is a
frequency of the driven current [4,5].

Thermal conductivity of the substrate can be obtained from
the amplitude of temperature oscillation of the metal line as
a function of frequency. Fig. 4 shows the measured ampli-
tude of the temperature oscillation of the heater on a bare
Al>O3 substrate. The length, /, and width, 2b, of the heater
are 3.123mm and 29.268 p.m, respectively. The in-phase ampli-
tude represented by the closed squares shows a good agreement
with the calculated in-phase amplitude of the temperature oscil-
lation given by Eq. (2). The thermal conductivity of Al,O3,
35.82Wm~1 K1 is determined from the slope of the in-phase
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Fig. 4. The amplitude of the temperature oscillation of a heater on a bare Al,03
substrate as a function of the frequency of a driven current. The closed squares
(M) and closed triangles (A) represent the measured in-phase and out-of-phase
amplitudes of the temperature oscillation, respectively. The solid line represents
the calculated in-phase amplitude.

temperature amplitude of the metal line as a function of loga-
rithmic frequency.

The temperature oscillation of thin film which is frequency-
independent, the second termin Eq. (2), is the difference between
the measured temperature oscillation of metal line and the tem-
perature oscillation of the substrate. Thermal conductivity of the
film can be determined by
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Fig. 5 shows the amplitude of temperature oscillation of the
heater (I=3.123mm and 2b=29.268 .m) on a 360 nm thick
Y203 film deposited on the Al,O3 substrate. The tempera-
ture oscillation of the substrate is shown with a solid line.
The amplitude of the temperature oscillation in the presence
of Y203 film on substrate increases compared with that of
a bare substrate. The increment of amplitude due to the thin
film is independent of the frequency of the driven current. The
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Fig. 5. The amplitude of the temperature oscillation of a heater on a 360 nm
thick Y,Oj3 film as a function of frequency of driven current. The closed squares
(M) and closed triangles (A) represent the measured in-phase and out-of-phase
amplitudes of temperature oscillation, respectively. The solid line represents the
calculated in-phase amplitude of temperature oscillation in the Al,O3 substrate.
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Fig. 6. The measured thermal conductivity of Y,O3 films on Al,O3 substrates
as a function of film thickness. The measured thermal conductivity of Y,03
films is represented by the closed squares (M). The solid line is a fit of the result
by Eq. (4).

thermal conductivity of 360 nm thick Y2 O3 film at room temper-
ature, 5.8334Wm~1K~1 is calculated from Eq. (3). Thermal
conductivities of 120, 200 and 500 nm thick Y,0s3 films are
also obtained as following the same procedures and the film-
thickness dependence of thermal conductivity is shown in Fig. 6.
Y203 thin films exhibit substantially reduced thermal conduc-
tivity compared with single crystal Y,03 due to the interfacial
effect.

In order to understand the interfacial effect on thermal con-
ductivity, we can model a temperature profile across a thin film
having an interface with a substrate as shown in Fig. 7. It is
assumed in this model that the thermal conductivity of a interior
region of films is independent of film thickness. Temperature
difference across a thin film consists of temperature difference
in an interior region of film, Ty, and temperature discontinuity
at an interface, Tqy. The effective thermal conductivity of thin
film can be defined as [3,4,7]

ki

k=
14 kiRx/t

(4)

where k; is thermal conductivity of an interior region of film, Ry
is an interfacial resistance (the Kapitza resistance), and # is a
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Fig. 7. One-dimensional temperature profile across thin film in response to
an applied heat flux. The temperature drop across an interior region of film
is denoted by Ty. Tqp denotes a temperature discontinuity resulting from the
interfacial resistance.
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Fig. 8. Thermal resistance of Y,03 films on Al,O3 substrate as a function of
film thickness denoted by closed squares (H). The result is fitted by Eq. (5) and
represented by a solid line.

film thickness. The solid line in Fig. 6 is a fit to the experimental
data given by Eq. (4). The effective thermal resistance, Rs, of a
thin film can be written from Eq. (4) as

Fig. 8 shows the effective thermal resistance obtained from the
measurement. The closed squares and solid line represent the
experimental values and a fit to the data by Eq. (5), respectively
and the intercept on a y-axis gives the value of interfacial thermal
resistance.

The interfacial thermal resistance between Y,03 and Al,Os3,
Rk =3.1954 x 108 m? kw1, and thermal conductivity of the
interior region, ki =12.217 Wm~1 K~1, were determined from
the fits in Figs. 6 and 8. Thermal conductivity of the interior
region is approximately 85% of the intrinsic thermal conductiv-
ity of Y203 from Ref. [8].

There are only a few materials known for the interfacial ther-
mal resistance. Since the interfacial resistance is the order of
107 t0 108 m2 kw1, it has only a small effect on an effective
thermal conductivity in bulk systems. As systems become minia-
ture, the interfacial effect should be considered in determining
thermal properties of the system.

4. Conclusion

Y203 films are deposited on Al,O3 substrates using rf mag-
netron sputtering as varying the film thickness between 100 and
500 nm. The film thickness, structures, and surface conditions
are analyzed with XRD patterns and SEM images. Thermal
conductivity of Y03 thin films is measured with the 3w method.

Y203 thin films on Al,O3 substrate exhibit the apparent film
thickness-dependent thermal conductivity. As the thickness of
Y203 thin films decreases, thermal conductivity of Y503 films
is reduced due to the interfacial thermal resistance. The intrinsic
thermal conductivity of Y,0Oj3 thin film and interfacial thermal
resistance between Y03 and Al,O3 are determined with the
measured thickness-dependent thermal conductivity of Y203
films.
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The interfacial thermal resistance between Y03 and Al,O3
is higher than those reported in other metal oxides, which impli-
cates the potential as thermal barrier materials. It still needs more
study about mechanical properties, stability of interfaces, etc.
for real applications. Since the interfacial effect varies with the
combination of materials, experimental study of the interfacial
resistance between various metal oxides needs to be performed.
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