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We examine the thermal conductivity k and interface thermal conductance G for amorphous
and crystalline Zry;Cus;Al;3Nig alloys in contact with polycrystalline Y,05. Using time-domain
thermoreflectance, we find k=45 Wm™' K™! for the amorphous metallic alloy of
Zr47Cuy Al j3Nig and k=5.0 W m™! K=! for the crystalline Zr,;,Cus Al;5Nig. We also measure
G=23 MW m2 K" for the metallic glass/Y,0O; interface and G=26 MW m2K~!' for the
interface between the crystalline Zr,;Cus;Alj3Nig and Y,05. The thermal conductivity of the
crystalline Y,O5 layer is found to be k&=5.0 W m~! K~!, and the conductances of Al/Y,0; and
Y,0,/Si interfaces are 68 and 45 MW m™2 K~!, respectively. © 2009 American Institute of

Physics. [DOL: 10.1063/1.3090487]

As the feature size of modern electronic devices contin-
ues to decrease, the influence of interfaces on heat transfer
becomes increasingly important. With layer thicknesses typi-
cally in the range of tens to hundreds of nanometers, the
interface thermal resistance can often dominate over the ther-
mal resistances intrinsic to the layers themselves. In many
instances, heat must be transferred from metallic layers to
nonmetallic layers, thus better understanding of the flow of
heat between metals and nonmetals would lead to improved
thermal management and enhanced overall performance in
electronic devices.

The flow of heat from a metal to a nonmetal requires that
the energy carried by the electrons in the metal be transferred
to the lattice of the nonmetal where thermal energy is carried
in the form of lattice vibrations (phonons). This energy can
(a) be transferred directly from the electrons in the metal to
the lattice of the nonmetal, or (b) it may first be transferred
from the electrons in the metal to the lattice of the metal and
then to the nonmetal via phonon-phonon coupling at the
interface.' The relative importance of each of these two path-
ways has remained difficult to assess experimentally. In this
work, we examine the thermal conductivity and interface
thermal conductance of amorphous and crystalline metallic
alloys of Zr,;Cusz;Al3Nig in contact with polycrystalline
Y,03. By changing the structure, but not the composition, of
the alloys, we aim to gain some insight into the role of the
metallic lattice on the interface thermal conductance as well
as thermal conductivity of these materials.

In the amorphous form, metallic alloys are often known
as bulk metallic glasses (BMGs), and they exhibit great
strength, hardness, toughness, corrosion resistance, and
elasticity.zf7 For example, BMGs may possess twice the
strength to weight ratio of steels, and they are tougher yet
more elastic than ceramics. Their unique properties have led
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to the use of BMG in a variety of applications, such as linear
actuators, fuel-cell separators, aircraft parts, and sporting
goods.8 In addition to their amorphous glass form, these me-
tallic alloys can often be fabricated in a crystalline form if
they are cooled slowly during casting.

The amorphous and crystalline Zr,,Cus; Al;3Nig samples
are prepared by arc melting a mixture of the constituent met-
als of Zr, Cu, Al, and Ni (>99.9% in purity) in a Ti-gettered
argon atmosphere. To ensure a homogeneous distribution of
the chemical elements, the ingot is melted and flipped three
times. The glassy alloy is fabricated using a copper-mold
casting method. The amorphous substrates are produced
from cylindrical rods that are 4 mm in diameter and 50 mm
in length. The crystalline Zr,;Cu;;Al;3Nig ingots are melted
in the same condition and are cooled slowly. Polycrystalline
Y,0;5 films are deposited on the metallic alloys by pulsed
laser deposition at 400 °C.

The thermal conductivity and interface thermal conduc-
tance of the samples are found using time-domain thermore-
flectance (TDTR).”'® TDTR is a pump-probe optical tech-
nique that takes advantage of the fact that the reflectance of a
metal depends slightly on temperature. A laser pulse with a
wavelength of 800 nm is split into two beams, and the modu-
lated pump beam is used to heat the sample. The time-
delayed probe beam reflects off an aluminum layer that coats
the surface of the sample and into a photodetector, giving a
measure of the temperature decay at the surface since the
reflectivity of aluminum depends on temperature. Lock-in
amplifiers measure the in-phase and out-of-phase signals
from the photodetector. The thermal conductivity and inter-
face thermal conductance are extracted simultaneously by
comparing the experimental data to a thermal model and
adjusting the two parameters until the model matches the
data.!" The inputs to the model include the thickness, heat
capacity, and thermal conductivity for each layer in the
sample. Interfaces are treated as thin layers (1 nm thick)
where the conductance is given by the ratio of the thermal

® 2009 American Institute of Physics
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FIG. 1. TEM micrographs of (a) crystalline Zr,;,Cus Al 3Niy with Y,05 and
Al and (b) amorphous Zr4;Cus, Al;3Niy with Y,03 and Al. Note the presence
of a ~5 nm thick oxide layer on the surface of metallic alloy layers. The
lack of structure in the Al layer and the blurriness of the entire image in (a)
is an artifact due to the unfortunately large thickness of the TEM specimen.
The TEM specimen for sample (b) is considerably thinner, thus the image is
sharper. The change in structure in the Al layer in (b) after ~20 nm is likely
due to a sudden change in the deposition rate of the Al during electron beam
evaporation. The two blocks at the top of the Al layer are crystallites. En-
ergy dispersive x-ray spectroscopy analyses on both aluminum layers con-
firm that the entire layers are essentially pure aluminum. The change in
structure of the aluminum throughout the layer should have minimal effect
on our results since the heat capacity and thermal conductivity of aluminum
are not significantly influenced by these changes in morphology.

conductivity to the heat capacity for the layer.

The overall structures of the samples of interest consist
of the metallic alloy substrate (~1 mm thick), followed by a
Y,0; layer (~95 nm thick) that is coated with a reflective
aluminum layer (~80 nm thick). Transmission electron mi-
croscopy (TEM) images of the Al/Y,05/alloy structures are
shown in Fig. 1, and x-ray diffraction (XRD) patterns appear
in Fig. 2. The XRD results in Fig. 2 confirm that a polycrys-
talline Y,0O; layer was deposited on both metallic alloy sub-
strates and that one metallic alloy was amorphous while the
other was crystalline. Before we can extract the thermal con-
ductivity of the metallic alloy and the conductance of the
alloy/Y,05 interface, we first need to find the thermal con-
ductivity k for the Y,05 layer and the interface thermal con-
ductance G for the Al/Y,0O; interface by examining a sepa-
rate reference sample.

Thus, we first prepare a sample consisting of a silicon
wafer coated with polycrystalline Y,05 (Fig. 2) and alumi-
num. We determine the thermal conductivity of the alumi-
num to be k=190 W m~! K=! with four-point probe mea-
surements of the electrical conductivity in conjunction with
the Wiedemann—Franz law. We use literature values for the
thermal conductivity of Si,12 and the heat capacities of Si,12
AL" and Y,03."* The thickness of the Al (~82 nm) and
Y,0; (~73 nm) layers are found from acoustic echoes'
with speeds of sound of 6420 m/s for Al (Ref. 13) and 7000
m/s for Y203.16’17 These thickness measurements are con-
firmed with TEM. With a laser modulation frequency of
f=9.86 MHz, we find k=5 Wm™' K™! for the Y,0;, G
=68 MW m2 K™ for the Al/Y,0; interface, and G
=45 MW m2 K~! for the Y,05/Si interface. The thermal
conductivity of the thin Y,O; layer is about a factor of 5
smaller than a reported value of k=27 W m™' K~! for a bulk
Y,0;3 crystal.18

Next we turn our attention back to our Al/Y,0;/metallic
alloy samples. The heat capacity of the Zir;-Cua; Al3Niy al-

Appl. Phys. Lett. 94, 081912 (2009)

I Y,0, (11 )
Si (400) .
CugZr 1
Al 05CUq 921
Alzr,

> Y,0,0on
= crystalline 7
alloy 4

Y,0; on 7]
amorphous

T

L

> vV o % e

Intensity (a.u.)
)

Y,0, on Si|

Blank J
h Sample
Holder ]
0 l L
20 40 60 80
20

FIG. 2. XRD patterns for Y,05, amorphous and crystalline Zr,;Cus;Al;3Nig
alloys, and Si. The XRD patterns are obtained using K-alpha emission from
copper with a wavelength of 1.5406 A. The sharp peaks for Y,0; and one
alloy indicate that the materials are partially crystalline, while the broad
peak for the second alloy demonstrates that it is amorphous. The labels on
the plot refer to peaks that are matched with materials in the Powder Dif-
fraction File database (PDF). The sharp peaks that appear in the blank
sample holder are partially attenuated in the Y,O5 on Si sample, and fully
attenuated in the metallic alloy samples due to the increased thickness of
these samples.

loy is calculated to be C=2.24 J cm™ K~! using the Kopp-
Neumann law. This calculated value is close to an experi-
mentally determined value'” of €=2.28 JTem2 K™! for a
similar metallic glass, ZrssCusgAl;(Nis. In order to confirm
our results and to increase the sensitivity of the measure-
ments, we examine the Al/Y,05/alloy samples at modula-
tion frequencies of f=9.86 MHz and f=4.77 MHz. Since
the penetration depth of the thermal wave is inversely pro-
portional to the square root of the modulation frequency, the
lower frequency gives us better sensitivity to the Y,0Os/alloy
interface that is buried deeper in the sample, while the higher
frequency measurements allow us to confirm our previous
measurements for k of the Y,0; layer and G for the
Al/Y,0j5 interface. Thermoreflectance data are shown in Fig.
3 along with “best-fit” curves from the thermal model.
From the TDTR measurements, we find that &
=45 Wm ™' K™! for the amorphous alloy, and &k
=5.0 Wm ! K! for the crystalline alloy. These thermal
conductivity values are similar to those reported by Ya-
masaki et al. for amorphous ZrssAloNisCus, (Ref. 19,
50W m™' K™!) and for amorphous Zry Ti;4Cu;,Ni;oBe,s
(Ref. 20, 4.6 Wm™ K~'). We can estimate the electronic
contribution k, to each thermal conductivity value by again
using the Wiedemann—Franz law in conjunction with the Van
der Pauw method for electrical conductivity measurements.
We find k,=3.75 W m~! K~! for the amorphous alloy and
k,=4.0 W m™' K~! for the crystalline alloy, which leaves
lattice (phonon) components &, of the thermal conductivity
of k,=0.75 W m~! K~! for the amorphous alloy and k,
=1.0 Wm ™' K! for the crystalline alloy. As a point of
comparison, we calculate the minimum lattice thermal
Cond!lcti‘.’i,t}'ZI 1sing material  properties  for. a  similar
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FIG. 3. TDTR on the Al/Y,05/alloys and the Al/Y,05/Si sample. V;,/V
represents the ratio of the in-phase/out-of-phase voltage as measured by a
lock-in amplifier. The data taken on the Al/Y,03/Si sample (A) are used to
find the conductivity of the Y,0; layer as well as the conductance of the
Al/Y,05 and Y,05/Si interfaces. The measurements on the crystalline (H)
and amorphous (@) alloys give the conductivity of each alloy along with the
conductance of each Y,0s/alloy interface. The solid lines represent the best-
fit from the thermal model. The models all used identical material properties
for Al, the Al/Y,Oj; interface, and the Y,05 layer.

(ZrssCuzAl;Nis)
=0.6 Wm™ ' K.

Finally, we extract the interface thermal conductance
between the alloy and Y,0O; layer and find G
=23 MW m 2 K~! for the amorphous alloy/Y,O; interface
and G=26 MW m~2 K~! for the crystalline alloy/Y,05 in-
terface. We also point out that there is a ~5 nm thick oxide
layer present at the alloy/Y,Oj; interfaces as is typical of
Zr-based BMG.? Thus, our reported interface conductance is
really the sum of the interface conductance between the
Y,035 and the oxide, the conductance of the oxide layer itself,
and the interface conductance between the oxide and the me-
tallic alloy. However, if we assume a typical oxide conduc-
tivity of 1 W m™' K=! for this layer, the oxide layer itself
would only contribute ~12% of the total thermal resistance
of the interface. Thus, the transfer of energy between the
metal and nonmetal dominates the measured interface con-
ductance. While part of the motivation for this study was to
examine the effect of the alloy structure on the interface
conductance, it is difficult to draw solid conclusions about
the precise role of electron-phonon or phonon-phonon cou-
pling at the interface due to the small separation in the lattice
components of the thermal conductivity of the amorphous
and crystalline layers. Future work will focus on materials
that possess a larger difference in lattice thermal conductivity
between crystalline and amorphous structures.

BMG (Ref. 22) and find Ky,
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