
UCLA
UCLA Previously Published Works

Title
Nanoscale heat conduction across tunnel junctions

Permalink
https://escholarship.org/uc/item/3sq2g9p3

Journal
Applied Physics Letters, 86(20)

ISSN
0003-6951

Authors
Ju, Y. Sungtaek
Hung, M T
Carey, M J
et al.

Publication Date
2005-05-01
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3sq2g9p3
https://escholarship.org/uc/item/3sq2g9p3#author
https://escholarship.org
http://www.cdlib.org/
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Nanoscale heat conduction across tunnel junctions prepared through natural oxidation of metal
electrodes is experimentally studied. The thermal resistance of AlOx tunnel barriers increases
linearly with barrier thickness, which is consistent with the prevailing theory of heat conduction in
highly disordered materials. Heat conduction across tunnel junctions is strongly impeded by finite
thermal resistance at interfaces between barrier and electrode layers, which can be exploited to
create superior thermal barrier coatings. The thermal conductivity of nanolaminates consisting of a
series of Ta/TaOx tunnel junctions is determined to be well below the minimum thermal
conductivity limit. © 2005 American Institute of Physics. fDOI: 10.1063/1.1931827g

Understanding nanoscale thermal phenomena is impor-
tant in optimizing or enabling a variety of nanotechnology
applications employing tunnel junctions. Reliable operation
of a magnetic tunnel junction is compromised by degradation
of thin tunnel barriers under simultaneous electrical and ther-
mal stresses.1 Nanolaminates consisting of a series of tunnel
junctions are also promising as thermal barrier coatings and
components of thermoelectric devices because heat conduc-
tion is strongly impeded by the thermal interface
resistance.2,3 Nanolaminates are attractive as thermal protec-
tion coatings for gas turbine blades, machining tool bits, and
gun barrels since they do not incorporate pores or microscale
defects that compromise mechanical or chemical protection
properties. They are also well suited as thermal barrier layers
in nanoscale electronic and data storage devices2 that have
stringent roughness requirements. Heat conduction across
tunnel junctions is also of great fundamental interest. The
type of dominant heat carriers switches between phonons
and electrons across the metal–barrier interface. The situa-
tion is very different from semiconductor superlattices and
quantum wells where phonons are dominant heat carriers
throughout the entire thickness.

The present letter reports an experimental study of heat
conduction across tunnel junctions and nanolaminates con-
sisting of a series of multiple tunnel junctions. We measure
the thermal resistance of aluminum oxide tunnel barriers and
TaOx tunnel junctions that are synthesized through repeated
deposition and oxidation of thin metal films. Our data show
that the thermal interface resistance between a tunnel barrier
and electrodes is significant but is smaller than most previ-
ously reported values for metal–dielectric interfaces. The ef-
fective thermal conductivity of Ta/TaOx nanolaminates as
small as 0.35 W/m K is demonstrated at room temperature.
This is well below the minimum thermal conductivity limit
and among the smallest values obtained for nonporous inor-
ganic solids.

During the past two decades a number of studies re-
ported measurements of heat conduction properties of thin

dielectric films and interfaces between metallic and dielectric
materials.4–6 In the present work, we employ electrical tech-
niques that use a lithographically patterned metal stripe as a
heater and electrical resistance thermometer.7,8 We apply ei-
ther dc or harmonic current to the heater and monitor result-
ing changes in its electrical resistance, which can be pre-
cisely calibrated as a function of temperature.

We prepare tunnel junctions using multitarget magnetron
sputtering systems with a base pressure of,1310−8 Torr.
One of the systems has been used extensively to synthesize
magnetic tunnel junctions for data storage applications. Fur-
ther discussion of the deposition system and properties of
tunnel barriers produced were described elsewhere9 and will
not be repeated here. We prepare two different types of
samples, one incorporating AlOx barriers of different thick-
nesses and the other consisting of multiple Ta/TaOx junc-
tions, on prime quality silicon wafers.

The first set of samples contains 20 nm Ta/AlOx
barrier/20 nm Ta. The AlOx barriers are produced by fully
oxidizing 1-nm-thick Al films in 1 Torr O2 for 15 min with-
out breaking vacuum. Transmission electron microscopy
sTEMd studies10 showed that the thickness of naturally oxi-
dized AlOx barriers is approximately 1.3 times that of start-
ing Al layers. The Al deposition and oxidation step are re-
peated multiple times to obtain thicker barriers.

In the second set of samples alternating steps of Ta layer
deposition and oxidation are repeated to yield nanolaminates
of Ta/TaOx. The thickness of the Ta layer before oxidation
is varied from 2 to 10 nm. Part of the Ta layers is converted
into TaOx during oxidation. In calculating the laminate ther-
mal conductivity, we use the measured total thickness of the
nanolaminates, which ranges from 12 to 105 nm depending
on the initial Ta thickness and the number of repetitions. A
SiOx insulation layer and an aluminum layer are subse-
quently deposited on each nanolaminate sample. The alumi-
num layer is patterned lithographically to create metal stripe
heaters with various widthss1–40mmd and lengths
s250–1500mmd.

In studying heat conduction across nanoscale films and
interfaces, accurate determination of the substrate and other
parasitic thermal resistance in the sample is critical. Analytic
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heat conduction models are often used to predict substrate
thermal resistance. Although these models yield very useful
physical insights, they invoke various approximations whose
validity requires careful examination for each situation. We
perform measurements on dedicated reference samples to in-
dependently determine the substrate and other parasitic ther-
mal resistance. The differential measurement approach was
demonstrated for the characterization of sputtered AlOx
films.8 By comparing data obtained from heaters of different
dimensions with numerical simulation results, we check the
consistency in our data reduction procedure.

Figure 1 shows the thermal resistance of the AlOx tunnel
barriers as a function of thickness. The substrate and other
parasitic thermal resistances have already been subtracted
from the data. The reference sample is identical to the tunnel
junction samples except that it does not have an AlOx bar-
rier. The thermal resistance of the AlOx tunnel barriers in-
creases approximately linearly with thickness. This is consis-
tent with the prevailing theory of heat conduction in
amorphous materials where strong structural disorder is be-
lieved to limit the effective mean free path of heat carriers to
the order of interatomic spacing. The thermal conductivity of
the AlOx tunnel barriers is estimated to be 1.5 W/m K,
which is comparable to that of sputtered AlOx films.8

By extrapolating the linear fit to zero barrier thickness,
we estimate the average thermal interface resistance between
the barrier and Ta electrode layers to be approximately 3.5
310−9 m2 K/W. This is greater than the thermal boundary
resistance of TiN films epitaxially grown on crystalline MgO
substrates.11 There is some question, however, about the ac-
curacy of the TiN data since analysis of the thermal resis-
tance of SiOx films reported in the same study yields nega-
tive thermal interface resistance. The present value is smaller
than most other reported values for metal–dielectric inter-
faces, which often deviated considerably from predictions of
the diffuse mismatch theory.6 The presence of defects or con-
tamination layers near the interfaces has often been cited as a
possible source of discrepancy. Interfaces in the present tun-
nel barrier samples are formed on freshly deposited metal
films in a controlled vacuum environment. The thermal re-
sistance obtained here is indeed similar to that of interfaces
found in AlOx–W nanolaminates3 and ZnS–SiOx nanocom-
posites synthesized in an ultrahigh vacuum chamber.12

Our data, however, should not be considered as direct
evidence of the possible impact of interface defects or con-

tamination layers. The thermal interface resistance values ob-
tained for epitaxially grown TiN–MgO and TiN–Al2O3 in-
terfaces were similar, for example, even though the latter is
expected to possess significant defects due to large lattice
mismatch.11 We also would like to point out the considerable
challenges involved in accurate measurements of thermal in-
terface resistance. Data reduction procedures can introduce
significant bias errors.

Figure 2 shows the effective thermal conductivity of Ta–
TaOx tunnel junction nanolaminates. The thermal conductiv-
ity decreases monotonically with decreasing Ta thickness and
hence increasing interface density. This is consistent with the
fact that the interface resistance dominates the total thermal
resistance. The out-of-plane thermal conductivity of the
present nanolaminates is as small as 0.35 W/m K, which is
smaller than that of W–AlOx nanolaminates,3 ZnS:SiO nano-
composite films commonly used in phase change recording
media,12 and ZrO and related films widely used as thermal
barrier coatings for gas turbine blades.13 Controlled oxida-
tion or nitridation of thin metal films is a promising approach
to pushing the limits of interface density in nanolaminate-
based thermal barriers.

Recently we proposed a model for the thermal resistance
of a metal nanostructure surrounded by a dielectric
medium.14 When energy transfer across a metal–insulator in-
terface is mediated only by phonons, it introduces size-
dependent extra thermal resistance resulting from nonequi-
librium between electrons and phonons in the metal. For a
planar metal film sandwiched between two insulating films,
the continuum two-fluid heat conduction equations are
solved to express the thermal resistance of the metal film
Rmetal9 as

Rmetal9 =
L

kph + ke
+ 2S ke

kph
DS d

kph + ke
DSeL/d − 1

eL/d + 1
D . s1d

Here,L is its thickness,kph andke are the phonon and elec-
tron thermal conductivity, respectively, andd is the electron–
phonon coupling distance given asfkekph/Gske+kphdg1/2. The
first term of Eq.s1d is the thermal resistance as predicted
from the conventional continuum theory. The second term is
the extra resistance due to electron–phonon spatial nonequi-
librium. The electron–phonon coupling constantG can be
determined using ultrashort pulse pump–probe experiments

FIG. 1. Thermal resistance of AlOx tunnel barriers as a function of
thickness.

FIG. 2. Effective thermal conductivity of Ta/TaOx tunnel junction nano-
laminates as a function of the Ta layer thickness before oxidation. The solid
line corresponds to the model prediction that takes into account electron–
phonon nonequilibrium in the metal layers as discussed in the main text.
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and typical values for transition metals are of the order of
1017–1018 W/m3 K.15 The corresponding electron-phonon
coupling distanced is of the order of one nanometer.

The total thermal resistance of the present nanolaminates
is the sum of the thermal resistance of the Ta layers as given
in Eq. s1d, the thermal resistance of the TaOx layers, and the
intrinsic thermal interface resistance between the Ta and
TaOx layers. The intrinsic thermal interface resistance is ex-
pected to be primarily a result of mismatch in atomic vibra-
tional properties as assumed in the diffuse mismatch model.
The solid line in Fig. 2 corresponds to the model prediction
with the following parameters: ke=10 W/m K, kph
=1 W/m K for the Ta and barrier layer, andd=1 nm. The
electronic thermal conductivity is estimated from the mea-
sured electrical resistivity data but the other parameters
should be viewed only as first order estimates. The intrinsic
thermal interface resistance of 2310−9 m2 K/W, which is
comparable to prediction of the diffuse mismatch theory,
yields a good fit to the present data.

In summary, we experimentally study nanoscale heat
conduction across tunnel junctions. Substrate heating and
other parasitic thermal resistance in the samples are deter-
mined independently using a reference sample to ensure ac-
curate measurements of the thermal resistance of nanoscale
thin films. The thermal resistance of AlOx tunnel barriers
increases linearly with barrier thickness, providing evidence
that nanoscale heat conduction in highly disordered materials
can be described using the continuum theory. The significant
thermal resistance at the barrier and electrode interface sug-
gests a promising approach to realizing superior thermal bar-
riers. We report the effective thermal conductivity of
Ta/TaOx nanolaminates as small as 0.35 W/m K at room
temperature, which is well below the minimum thermal con-

ductivity limit and among the smallest values obtained for
nonporous inorganic solids.
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