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We investigated the dependence of the thermal boundary resistance of the W/Al,O3 interface in W/Al,O3/W three-layered thin films on the
interface morphology. The layered structures, Al,Oj3 thin layers with thicknesses from 1 to 50 nm covered by top and bottom W layers with a
thickness of 100 nm, were fabricated by magnetron sputtering using a W target (99.99%) and an Al,O3 target (99.99%). The fabrication of
polycrystalline W and amorphous Al,O3 films was confirmed by structural analysis. The morphology of the bottom W layer/Al,O3 layer and Al,O3
layer/top W layer interfaces showed a wavelike structure with a roughness of about 1 nm. Thermophysical properties and thermal boundary
resistance were measured by a pulsed light heating thermoreflectance technique. The thermal boundary resistance of the W/Al,O3 interface was
1.9 x 10~ m? KW~-", which corresponds to the thermal resistance of a 3.7-nm-thick Al,Os film or a 120-nm-thick W film.
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1. Introduction

The thermal boundary resistance (TBR), number of interfaces
per unit length, and thermal conductivity of each layer are
important factors for determining the overall thermal resis-
tance of a multilayered thin film. The most important factor is
the carrier that dominates the heat conduction of the layers of
both sides of the interface. Heat is mainly carried by electrons
in pure metals, whereas it is carried by phonons in dense
insulators. Therefore, there is an essential difference in the
mechanism of TBR of metal /metal,'” metal /insulator,* and
insulator/insulator interfaces. Since both electrons and pho-
nons contribute to heat conduction in semiconductors and
electrical conducting transparent thin films,”® the mechanism
is even more complex when both or either side of the interface
is semiconductor or an electrical conducting transparent thin
film. It is also proposed that TBR is related to phonon
mismatch at the interface formed by dissimilar substances.
In the case of the W/Al,Oj3 interface, electrons are the main
heat carriers in tungsten and only phonons are the heat carriers
in alumina. Thus, the TBR between one thin film where
electrons are the main heat carriers and another thin film where
only phonons are the heat carriers is discussed in this study.
There are also many factors that affect on thermal re-
sistance in the interface region disordered by chemical reac-
tion,'®!" contamination, or roughness,m these are assigned
to a scale larger than the atomic level. The thermal resist-
ances originated in these larger-scale effects are reported to
be as large as the order of 1 x 108t 1 x 1079 m2KWL;
however, these larger-scale effects are outside the scope of
this study. According to the measurements obtained by
pulsed light heating thermoreflectance methods under the
configuration of rear heating and front temperature detection,
which is also called the ultrafast laser flash method,'>'> the
TBR of metal/oxide interfaces ranges from 1 x 107 to 1 x
1073 m2 K W1 3416719 which is equivalent to the thermal
resistance of several-ten-nm-thick oxide films, whereas the
TBR of metal/metal interfaces ranges from 1 x 107! to
1 x 107°m? KW~'."? In multilayered thin films, the max-
imum number of interfaces per unit length that can be
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fabricated mainly depends on the morphology of the surface
of the constituent layers. The thermal insulating performance
resulting from the high-density package of interfaces in
multilayered thin films was reported. Costescu et al.>” calcu-
lated the effective thermal conductivity to be 0.6 Wm~' K~!
for a few-nanometer-thick region of thin films including a
W/Al,O3 interface, which is lower than the thermal con-
ductivity of amorphous Al,O3, when the number of interfaces
per unit length reached 0.4nm~'. This calculation suggests
a reasonable conclusion, that is, high-density package of
interfaces with ordered layer structures is necessary for
realizing a higher thermal resistance in multilayered thin
films. Oka et al.'” observed heat transport across the Mo/
Al,O3/Mo three-layered films after being heated by ultra-
short laser pulses, where the thickness of the Al,O3 layer
was varied from 0.5 to 100nm. They obtained a TBR of
1.5 x 1072 m2 K W~! between the Al,O3 and Mo layers.

In both previous studies, the total thermal resistance of
those metal/oxide three-layered thin films with oxide layers
of several nanometers is smaller than the extrapolated values
from the results of those with oxide layers thicker than 10
nm. They pointed out the possibilities that such thin Al,O3
layers could not perfectly separate metal layers and that both
sides of metal layers could contact each other directly.
However, the morphological characteristics of the film (e.g.,
surface roughness or nanoscale interfacial region) should be
carefully observed and studied before drawing conclusions.

The purpose of this study is to understand the effect of
nanoscale morphology on TBR. Firstly, we fabricated W/
Al,O3/W three-layered thin films by paying careful attention
to the reduction in the roughness of the interface. Secondly,
we investigated the correlation between material character-
istics and TBR systematically by quantitative thermophysical
property measurement and structural analysis.

2. Experimental Methods

2.1 Sample preparation

To investigate the TBR of the Al,O3;/W interface, a set of
W/ALLO;/W three-layered films were prepared, as shown
in Fig. 1(a). There are two interfaces in a three-layered
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Fig. 1.
(c) morphology of Al,O3 layer.
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oy ALO; (1 nm) ——AL0; (3 nm)
W (110 nm, W (110 nm) W (110 nm)
Substrate Substrate Substrate

Ra: 0.9 nm
(a)

Ra: 0.8 nm
(b)

Ra: 0.5nm
(©

Fig. 2. Surface morphologies of (a) W film (110nm), (b) Al,O3 (1 nm)/W (110nm) film, and (c) Al,O3 (3nm)/W (110nm) film.

film. The Al,Oj3 layer thickness (dai,0,) Was varied from 1 to
50 nm. In addition, a W monolayer film with a thickness of
210nm was prepared as da,0, = Onm sample.

Before sputtering, the sputtering chamber was evacuated
to less than 7.0 x 107* Pa. Firstly, a bottom W layer (Wy)
with a thickness of 100 nm was deposited on an alkali-free
glass substrate by dc magnetron sputtering using a W target
(99.99%, 3 in. in diameter) and a pure Ar gas (=99.999%) at
a substrate temperature of 450 K. The sputtering was carried
out at a total gas pressure of 1.0 Pa and a dc power of 100 W.
Secondly, an Al,O; layer was deposited on the bottom W
layer by rf magnetron sputtering using an Al,O; target
(99.99%, 3 in. in diameter) and a pure Ar gas at 450 K. Here,
the total gas pressure was 0.5Pa and the rf power was
100 W. Finally, a top W layer (W,) with a thickness of 100
nm was deposited on the Al,O3 layer again. The sputtering
conditions of the top W layer were the same as those pre-
viously mentioned. Those W/Al,03/W three-layered films
were fabricated with no exposure to atmosphere between
deposition processes.

In addition to the above samples, some monolayer and
two-layer samples, as shown in Figs. 1(b) and 1(c), were
prepared to observe their surface morphology and determine
their phases (and other physical properties). Here, the sput-
tering conditions of those monolayer and two-layer films
were the same as those of the three-layered films. The surface
roughness was measured by atomic force microscopy (AFM;
Shimadzu SPM-9500). The crystal structure was estimated
by X-ray diffraction (XRD; Shimadzu XRD-6000).
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2.2 Measurement of thermal boundary resistance of
W/AI,O3 interface

A picosecond pulsed light heating thermoreflectance
system'*!> was used to measure the TBR and thermal
diffusivity. This system’" operates under the following
principles to observe heat transfer across the thin film.
A pump laser pulse with a wavelength of 1550 nm, a pulse
width of 0.5 ps, and an optical power of 20 mW is focused on
the rear side (transparent substrate side) of the W/Al,O3 /W
sample and a fraction of its energy is absorbed at the skin
depth of the W layer and converted into heat. The generated
heat diffuses one-dimensionally toward the front side of the
sample when the laser spot size is much larger than the film
thickness. A probe laser pulse with a wavelength of 775 nm,
a pulse width of 0.5 ps, and an optical power of 1-2mW is
used to detect the temperature change at the front side as a
change in reflectivity. The transient temperature is recorded
as a function of the delay time relative to the pump laser
pulse. To determine the thermal diffusivity of the Al,O3 film
and the thermal boundary resistance between the Al,O3; and
W films, a set of transient temperature data with different
Al,O3 film thicknesses are analyzed by the areal heat
diffusion time method.??

3. Results and Discussion

3.1 Interface morphology and layered structure
The interface morphology and layered structure of the three-
layered film were estimated using the separately fabricated W
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Fig. 3. Cross-sectional TEM images of W/Al,O3/W three-layered films
with Al,Oj3 thicknesses of (a) 2 and (b) 1 nm.

monolayer and Al,O3/W two-layered films. Figure 2 shows
the surface morphologies of the 110-nm-thick W monolayer
film, 1-nm-thick Al,O3/110-nm-thick W film, and 3-nm-
thick Al,03/110-nm-thick W film measured by AFM. These
morphologies can be the same as those of Al,O3/W; and
W,/AL,O3 (1, 3 nm) interfaces in the three-layered films.

For the W monolayer film, the roughness (R,) is 0.9 nm,
which is attributed to the crystal growth of tungsten grains.
The morphology of the Al,O3/W, interface can be the same
as the R,. After the deposition of the 1-nm-thick Al,O; film
on the W monolayer film, R, becomes 0.8 nm, as shown in
Fig. 2(b). This roughness is almost comparable to the
thickness of the Al,Os film. As a result, it is controversial
whether the 1-nm-thick Al,O3 layer can entirely cover the
bottom W layer. If the I-nm-thick Al,O3; layer does not
isolate both metal layers in the three-layered films, part of
the bottom W layer can contact directly with the top W
layer. For the Al,O3 (3nm)/W (110nm) film, R, decreases
to 0.5nm. Since this roughness is much smaller than the
thickness of the Al,Oj3 layer, it can be considered that the 3-
nm-thick Al,O3 layer is capable of isolating the metal layers
in the three-layered film. Figure 3 shows the cross-sectional
images of the three-layered films with da,0, = 1 and 2nm
observed by transmission electron microscopy (TEM; JEOL
JEM-4010). The Al,O3 layers are not straight but have fine
curved interfaces along with the roughness of the Wy, layer.
The amplitude of the wave is about 1.5nm, which agrees
with R, (0.9 nm) observed by AFM. The thickness of Al,O;
layer is comparable to the roughness of the interface, as
shown in the AFM results. The layered structure of the 1-
nm-thick Al,O3 layer is partially not distinct and there is a
possibility for the existence of contact regions between the
Wy, and W, layers. On the other hand, the 2-nm-thick Al,O3
layer seems to isolate the W layers.
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Fig. 4. XRD patterns of (a) W (110nm), (b) W (100nm)/
Al,O3 (50nm)/W (100 nm), and (c) Al,O3 (300 nm)/W (100 nm) films.
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Fig. 5. Cross-sectional TEM image of W/Al,03/W three-layered films
with Al,O3 layer of 1 nm thickness.

Figure 4 shows the XRD results of some layered samples.
For the 110-nm-thick W monolayer film, the diffraction peak
from the W(110) plane was observed at 40.3°. From this
XRD result, the W}, layer was considered the polycrystalline
and its estimated grain size was 24 nm. The XRD pattern of
the W/Al,O3 (50nm)/W three-layered film only shows a
peak from the W(110) plane at 40.3°. On the basis of these
data, there is no difference between the Wy, and W, layers.
On the other hand, no Al,O3 peaks were observed. We also
prepared an Al,O3 (300nm)/W (110nm) two-layered film
for XRD measurement as shown in Fig. 4(c), but still no
peaks from Al,O3; planes were observed. Thus, it can be
considered that the Al,O3 layers in the W/Al,O3/W three-
layered film were amorphous.

3.2 Analysis of transient temperature of W/Al,O3/W
three-layered films and thermal boundary resistance
of W/AI>O3 interface

Figure 5 shows a cross-sectional TEM image of the W/

Al,O3/W three-layered thin film with an Al,O3 layer of
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Fig. 6. Transient temperatures of W (100nm)/Al,O3/W (100nm) three-
layered films with Al, O3 layers of thicknesses (da,0,) from O to 50 nm. The
da1,0, values are shown in this figure. Here, the film of daj,0, = Onmisa W
monolayer film with a thickness of 210 nm.

I nm thickness. The three-layered structure was fabricated
and the film thicknesses of the W, and W, layers were about
100 nm. Figure 6 shows the transient temperatures of the
W/AlL,O3/W three-layered films with Al,Os; layers with
thicknesses from 0 to 50nm. The rate of temperature
increase decreases with increasing Al,Oz layer thickness.

4 d3,
CaL,0,dAL0; + =Cwdw | — +
A= 3 Kw

Chdiy

CaL0,dAL0, 6

(9]
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Fig. 7. Areal heat diffusion time of W/Al,0O3/W three-layered films
versus the Al,Os layer thickness.

The TBR between the W and Al,O; layers was determined
by the areal heat diffusion time method.?? From Fig. 6,
the areal heat diffusion time is defined as the area
surrounded by the transient temperature, a horizontal line
at normalized temperature = 1 and 7= 0, which can be
described as*>?¥

1 d/2\1203
+ —CanL0,dA1,0;, + Cwdw | ——
KALO,

Ca1,0,dAL,0, + 2Cwdw

2Cwdw(Cal,0,dA1,0, + Cwdw)
CaL,0,dA1,0, + 2Cwdw

bd>

where A is the areal heat diffusion time, C is the heat
capacity per unit volume, d is the film thickness, « is the
thermal diffusivity, and Rpq is the thermal boundary
resistance. Here, the subscripts indicate the layers. Before
the analysis, we measured the thermal diffusivity of the W
monolayer (kw) as 2.5 x 107> m?s~!. The heat capacity per
unit volume of W (Cyw) was 2.55 x 10°Tm—3 K~!, which
was derived from the density of 19300kgm™3?* and the
specific heat capacity of 132 Tkg~! K~'.?» The specific heat
capacity of the Al,O3 was 775 kg~ K='.2» For the Al,O;3
density, the Al,O3; monolayer film with a thickness of
190 nm was measured by an X-ray reflectivity technique
(XRR; Rigaku SmartLab), and the value was 3080 kg m3.
The heat capacity per unit volume of the Al,O3 (Cal,0,) film
was thereby derived to be 2.39 x 10°Jm—> K~!.

Figure 7 shows the areal heat diffusion time of the
W/AL,O3/W three-layered films as a function of Al,O3
interlayer thickness. The curve in this figure shows the fitting
result of Eq. (1), where the data of da,0, =0, 1, and 2nm
are excluded from the fitting. The Rpy between the Al,O;
and W films is 1.9 x 107 m®KW~!, which corresponds
to the thermal resistance of a 3.7-nm-thick Al,O5 film or a
120-nm-thick W film. Our TBR is about half of the value
of 3.8 x 107 m> KW' reported by Costescu et al.>” The
observed thermal diffusivity of the Al,Os layeris 8.1 x 1077
m?s~!, which is much lower than that of a sapphire crystal
(1.5 x 1073 m?s™1),” but is almost the same as the value of
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9.5 x 107" m?s~! for the amorphous Al,O; films reported
by Oka et al.'”

In Fig. 7, itis noted that the areal heat diffusion times of the
1 and 2nm AlL,O; interlayer decrease from the curve of
Eq. (1). As previously mentioned, we suppose that the 1-nm-
thick Al,O3 layer does not entirely cover the Wy, layer from
the AFM and TEM results. Therefore, the direct contacts
between the W layers seem to lead to the decrease as observed
by Oka et al.'"” The 2-nm-thick Al,O5 layer seems to isolate
the W layers as observed by TEM, but the existence of direct
contact cannot be excluded completely. Consequently,
regardless of the formation of the Al,O3;/W flat interface,
the decrease in areal heat diffusion time occurs when the
Al,Oj3 interlayer is thinner than 2 nm. In this study, the nature
of this decrease cannot be concluded because the contribu-
tions of electron heat conduction on direct contact, quantum
effects, and heat transport of thin interlayers are not clear.

4. Conclusions

The dependence of TBR of the Al,O3/W interface in the W/
Al,O3/W three-layered thin film on the interface morphol-
ogy was investigated. W/Al,03/W three-layered thin films
were fabricated by sputtering. The thermophysical properties
of each constituent layer and TBR of Al,O3;/W interface
were evaluated using a pulsed light heating thermoreflec-
tance system. Consequently, the TBR of the Al,O3/W inter-
face was found to be 1.9 x 1072 m2 KW', which corre-
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sponds to the thermal resistance of a 3.7-nm-thick Al,O;
film or a 120-nm-thick W film. When the Al,O3 interlayer
thickness was below 2nm, the areal heat diffusion time
decreased from the extrapolated values from the results of
those with oxide layers thicker than 3 nm. The heat transport
mechanism that leads to the decrease in areal heat diffusion
time is under discussion. In future works, to determine
the origin of the mechanism, two possible heat transport
mechanisms will be investigated. One is electron heat con-
duction by direct contact between metal layers and the other
is heat transport driven by quantum effects.
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