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We study the interplay between the contributions of electron thermal flux and interface scattering

to the Kapitza conductance across metal-metal interfaces through measurements of thermal con-

ductivity of copper-niobium multilayers. Thermal conductivities of copper-niobium multilayer

films of period thicknesses ranging from 5.4 to 96.2 nm and sample thicknesses ranging from

962 to 2677 nm are measured by time-domain thermoreflectance over a range of temperatures from

78 to 500 K. The Kapitza conductances between the Cu and Nb interfaces in multilayer films are

determined from the thermal conductivities using a series resistor model and are in good agreement

with the electron diffuse mismatch model. Our results for the thermal boundary conductance

between Cu and Nb are compared to literature values for the thermal boundary conductance across

Al-Cu and Pd-Ir interfaces, and demonstrate that the interface conductance in metallic systems is

dictated by the temperature derivative of the electron energy flux in the metallic layers, rather than

electron mean free path or scattering processes at the interface. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4913420]

Modern development in nanostructure fabrication tech-

niques has led to a great reduction in the size of electronic

devices. As these characteristic sizes decrease, understanding

the mechanisms of thermal transport across interfaces

becomes indispensable to improve device performance and

reliability.1 Measurements of the thermal boundary conduct-

ance, or the Kapitza conductance, have formed the basis to

understand the physics of heat carriers across boundaries

between different materials.2,3 For the past two decades,

multilayers (superlattices) of semiconducting materials have

presented a suitable system to study and demonstrate phonon

mediated heat flow processes across interfaces in a variety of

engineered devices.4,5

Compared to its phonon counterpart, the physics of elec-

tron thermal conductance across solid interfaces has received

far less attention, even though metal-metal interfaces provide

the foundation for a wide array of technical advances. For

example, in nuclear applications, interfaces can act as sinks

to store radiation-induced damage, and metallic multilayers

have been developed to serve as radiation tolerant shields in

advanced nuclear systems.6,7 In magnetic applications, ther-

mal transport across metallic interfaces can provide a better

understanding of mechanisms driving the giant magnetore-

sistance (GMR) phenomenon.8,9 Despite these important

applications, research in the domain of electron thermal

transport across metallic interfaces has been very limited and

focused on electrical properties,10 validation of the

Wiedmann-Franz law11,12 or the contribution of electrons to

the Kapitza conductance across metallic-nonmetallic interfa-

ces.13–16 Very few studies have focused on the Kapitza con-

ductance between different metals.12,17–19

When considering thermal transport and electron Kapitza

conductance, electrons are generally treated as non-spectral

heat carriers with a single electron energy and mean free

path being sufficient to describe the dominant modes of trans-

port.20 An examination of different metallic multilayer sys-

tems, in which electrons have appreciably different mean free

paths, may provide an insight into the effect of electron char-

acteristic lengths on Kapitza conductance. Gundrum et al.17

reported an interface conductance of � 3.7 GW m�2 K�1

across aluminum-copper interfaces at room temperature.

Wilson and Cahill12 measured the highest ever reported inter-

face conductance between two solids, 12.1 GW m�2 K�1,

across palladium-iridium interfaces at room temperature.

These results are surprising in light of the large difference in

electron mean free paths and thermophysical properties of

these two systems. While aluminum and copper are both free

electron metals with mean free paths of �15 and 25 nm (see

the supplementary material21), respectively, palladium and

iridium are both transition metals and have corresponding

electron mean free paths of � 2 and 4 nm, respectively. The

fact that a free electron metallic system shows the lower inter-

face conductance is counter intuitive when comparing to pho-

non mediated systems. It has been shown that the interface

conductance between individual layers in phonon mediated

multilayers depends on the period thickness of these
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multilayers.22–25 This dependence has been observed in

GaAs/AlAs,22 W/Al2O3,24 and AlN/GaN.25 Koh et al.25

explained this dependence in terms of the spectral nature of

phonons, where interfaces tend to scatter short wavelength

phonons more efficiently than the long wavelength phonons.

This suggests that electronic contribution to thermal transport

across interfaces is fundamentally different from that of pho-

nons and requires a better understanding of the interplay

between materials’ intrinsic properties and electrons scattering

mechanisms at interfaces.

In response, we report on the interface conductance

between Cu and Nb in Cu-Nb multilayers with period thick-

nesses between 5.4 and 96.2 nm and total film thicknesses

between � 1 and 2.6 lm over a temperature range of

78–500 K. We report a value of 4.7 GW m�2 K�1 for Kapitza

conductance between Cu and Nb interfaces at room tempera-

ture. Our results are in good agreement with the electronic

diffuse mismatch model (EDMM). We show that for Cu-Nb

interfaces, assumptions of the EDMM are acceptable for

describing electron transport across these interfaces. Our

results are compared to previously reported values on Al-

Cu17 and Pd-Ir12 interfaces. This comparison leads to the con-

clusion that Kapitza conductance is largely dictated by the

electron energy flux in the metallic layers more so than the

mismatch in electronic properties between layers or the elec-

tron mean free path in the considered system. We demon-

strate that the EDMM can be easily implemented to engineer

metallic multilayers with specific thermal properties.

The phase diagram of binary Cu-Nb shows that this sys-

tem is immiscible and no intermixing should occur in the

equilibrium state.26 This is due to the difference in crystal

structure, fcc for Cu and bcc for Nb, and the large atomic

radii mismatch between the constituent atoms. Interfaces in

sputter deposited Cu-Nb multilayers form along the close

packed planes of the {111} Cu and {110} Nb and predomi-

nately exhibit a Kurdjumov-Sachs orientation relationship,

where h111iNbjjh110iCu. Given these properties, recent mo-

lecular dynamics calculations suggest that the Cu-Nb inter-

face remains unmixed up to temperatures as high as 873 K.27

Moreover, experimental investigations demonstrate that the

h111iNbjjh110iCu texture is retained after annealing at tem-

peratures as high as 973 K.28 As a result, Cu-Nb is a well

suited system to study the effect of length scale on electron

transport across chemically abrupt interfaces.

Seven samples of Cu-Nb multilayer films were synthe-

sized via DC magnetron sputtering. Sample details are

given in Table I. The films were grown on intrinsic (100)

Si substrates. The deposition was performed at room

temperature with 4 mTorr argon partial pressure at a depo-

sition rate of � 0.6 nm/s. The copper and niobium targets

were 100 mm in diameter and were held at powers of

100 W and 200 W, respectively. Layer thicknesses were

verified by cross sectional TEM. Figure 1 shows high-

angle annular dark-field scanning transmission electron

microscope (HAADF STEM) images for samples 1, 3, 5,

and 6. TEM images show large waviness at the interfaces.

Since Cu and Nb are completely immiscible, this waviness

is merely a morphological roughness. The corresponding

selected area diffraction pattern (SADP) in the inset of

Fig. 1 shows a broad Bragg peak corresponding to {110}

bcc Nb and {111} fcc Cu and further demonstrates that

there is no chemical intermixing at the interface. The wavi-

ness leads to large variations in the measured period thick-

nesses. The uncertainties in period thickness measurements

arising from waviness are listed in Table I and are taken

into consideration in the calculation of Kapitza conduct-

ance. All the samples were coated with � 70 nm of alumi-

num, which acts as a temperature transducer for our

thermal measurements.

The thermal conductivities of the Cu-Nb multilayers

were measured by time-domain thermoreflectance

(TDTR).29–31 Details of the experimental setup are given in

the supplementary material.21 A total of five measurements

were taken on each sample over the temperature range from

78 to 500 K in a cryostat with optical access that is kept

under vacuum (<10�6 Torr). Thermal conductivity results

are shown in Fig. 2 plotted as a function of period thickness

for four different temperatures. The Cu-Nb Kapitza conduct-

ance is calculated using the thermal resistor model17

Rtot ¼
d

jmeasured

¼ R0 þ
n

hCu–Nb

; (1)

where Rtot is the total resistance of the Cu-Nb film, d is the

sample thickness, R0 is the thermal resistance due to the

Cu-Nb layers without the interfaces, n is the number of inter-

faces, jmeasured is the thermal conductivity of the Cu-Nb film

TABLE I. Layer, period, and total thicknesses of the seven Cu-Nb samples.

Sample pNb (nm) pCu (nm) p (nm) d (nm)

1 (Fig. 1(A)) 2.3 3.1 5.4 6 0.5 2677.0

2 2.1 4.4 6.5 6 1.0 1614.6

3 (Fig. 1(B)) 2.8 5.6 8.4 6 1.1 1396.3

4 2.5 6.0 8.5 6 0.9 1069.5

5 (Fig. 1(C)) 5.7 6.8 12.5 6 1.4 1252.1

6 (Fig. 1(D)) 11.0 10.4 21.4 6 2.0 1069.5

7 48.0 48.2 96.2 6 4.1 962.0

FIG. 1. HAADF STEM images for Cu-Nb multilayers in (A) sample 1,

(B) sample 3, (C) sample 5, and (D) sample 6. The insets show the corre-

sponding SADP.

093114-2 Cheaito et al. Appl. Phys. Lett. 106, 093114 (2015)
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measured by TDTR, and hCu–Nb is the Kapitza conductance

across Cu-Nb interface. Equation (1) can be rewritten to

express the measured thermal conductivity in terms of the

period thickness. Substituting d¼ pn/2 and rearranging

1

jmeasured

¼ R0

d
þ 2

phCu–Nb

; (2)

where p is the period thickness. The solid lines in Fig. 2 are

the best fit curves for Eq. (2) treating R0/d and hCu–Nb as free

parameters. The best fit values for hCu–Nb are shown in Fig. 3

along with the EDMM. Data and EDMM for Al-Cu17 and

Ir-Pd12 are also shown for comparison.

The EDMM is given by

h1!2 ¼
1

4
f1!2Ce;1�F;1 ¼ f1!2

@q1

@T
; (3)

where Ce,1 is the electronic heat capacity of the metal on side

1 given by32 Ce ¼ ðp2=3ÞDðeFÞk2
BT, where kB is

Boltzmann’s constant, q1 is the electrons energy flux in side

1, T is the temperature, and f1!2 is the transmission coeffi-

cient given by

f1!2 ¼
D eF;2ð Þ�F;2

D eF;2ð Þ�F;2 þ D eF;1ð Þ�F;1
; (4)

where D(eF) is the density of states at the Fermi level and �F

is the Fermi velocity. 1 ! 2 denotes that transport is from

side 1 to side 2. Values for D(eF) and �F are given in

Table S1 of the supplementary material.21 We note that in

the calculations of the EDMM, we use literature values for

the density of states at the Fermi level instead of the low

temperature values for c used in Refs. 12 and 17, where the

electronic heat capacity is given by Ce¼ cT. Thus, the

EDMM for Pd-Ir and Al-Cu plotted in Fig. 3 are slightly dif-

ferent from the model calculations in Refs. 12 and 17.

Our results on hCu–Nb shown in Fig. 3 are in reasonable

agreement with the EDMM and further demonstrate the use-

fulness of this simple model. The surprising result in Fig. 3

is that hAl–Cu is less than hPd–Ir and hCu–Nb. Given the higher

thermal conductivities and longer electron mean free paths

in Cu and Al one might expect Al-Cu to show the highest

interface conductance. This expectation is based on similar

mean free path assertions in previous work of phonon

Kapitza conductance,25 as discussed in more details below.

To gain further insight, we consider the right hand side

of Eq. (3), where Kapitza conductance is written as the prod-

uct of the transmission coefficient and the temperature deriv-

ative of the electronic energy flux in side 1. The values for

f1!2 are listed in Table II along with the values of @q1/@T
for the three discussed systems. We also plot @q1/@T as a

function of temperature for all the metallic layers forming

the three systems in Fig. 4 along with the Kapitza conduct-

ance predictions from the EDMM. A comparison between

Al-Cu and Pd-Ir shows that both systems have almost identi-

cal transmission coefficients, and thus electron fluxes in the

Pd and Ir layers cause hPd–Ir to be a factor of � 2.5 higher

than that of hAl–Cu. A similar comparison can be made for

Cu-Nb and Al-Cu. Although Cu-Nb has a lower transmission

coefficient than Al-Cu (setting Nb and Al to side 1), the fact

that @qNb/@T is twice than that in aluminum produces the

higher Kapitza conductance in Cu-Nb. This brings us to the

conclusion that the magnitudes of thermal boundary conduc-

tances across metallic interfaces are not necessarily dictated

by the mismatch in electronic properties (density of states

and Fermi velocity) given by the transmission coefficient,

but are directly correlated to the temperature derivative of

the electronic energy flux incident on the interface. This

FIG. 2. Thermal conductivity results from TDTR measurements for the 7

Cu-Nb samples plotted versus period thickness over the temperature range

of 78–500 K. The horizontal error bars are the uncertainty in period thick-

ness listed in Table I. Lines are the best fit curves for Eq. (2) treating R0/d
and hCu–Nb as free parameters.

FIG. 3. Kapitza conductance data and EDMM calculations given by Eq. (3)

for Cu-Nb (this work), Al-Cu (Ref. 17), and Ir-Pd (Ref. 12) versus tempera-

ture. Error bars in hCu–Nb represent the error in TDTR measurement and the

uncertainty in the period thickness measurement listed in Table I. Density of

states and Fermi velocities used in the calculation of EDMM are given in

Table S1 of the supplementary material.21

TABLE II. Transmission coefficient for the Cu-Nb, Al-Cu, and Pd-Ir and

the temperature derivative of electrons energy flux in the metal on side 1.

Side 1 Side 2 f1!2 @q1/@T (GW m–2 K–1)

Cu Nb 0.67 0.025T

Nb Cu 0.33 0.051T

Al Cu 0.48 0.026T

Cu Al 0.52 0.024T

Pd Ir 0.47 0.066T

Ir Pd 0.53 0.059T

093114-3 Cheaito et al. Appl. Phys. Lett. 106, 093114 (2015)
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conclusion is further examined in the inset of Fig. 4, where

we plot the effective electron mean free path for the three

metallic systems. Details of this calculation are given in the

supplementary material.21 The calculated mean free path in a

hypothetical Al-Cu multilayer is one order of magnitude

higher than those of Pd-Ir and Cu-Nb. It has been previously

shown, in phonon mediated multilayers, that Kapitza con-

ductance increases with a decrease in period thickness. This

increase has been attributed to the increased contribution of

long wavelength phonons to transport across interfaces.25

Interfaces in multilayers are thus more efficient in transmit-

ting long wavelength phonons. In light of these findings on

phonons, one would expect that Al-Cu would show the high-

est Kapitza conductance of the three metallic systems as

interfaces would be more efficient in transmitting the long

mean free path electrons. Nevertheless, Al-Cu shows the

lowest Kapitza conductance of all three systems. This result

demonstrates that electron transport and phonon transport

are fundamentally different in multilayer systems. We attrib-

ute this difference to the spectral nature of phonons.

Changing the period thickness in a phonon mediated multi-

layer system alters the portion of the spectrum dominating

the transport. In electron dominated systems, and at rela-

tively low electron temperatures, spectral effects do not play

a role (under the diffusive assumption) and electrons in these

metals can always be described with single mean free path.

It is hence the “availability” of heat carrying electrons repre-

sented by the electron energy flux (@q/@T) that dictates the

magnitude of interface conductance regardless of the charac-

teristic lengths of carriers.

The electron flux inside the metallic layers is an intrinsic

property of the material and can be relatively well predicted

from accurate considerations of a material’s electronic heat

capacity without any assumptions of the interfacial scattering

mechanisms. Such assumptions often rely on the nature of

electron scattering and energy transfer across interfaces,

which can complicate analyses. This conclusion means we

can predict Kapitza conductance by the simple considera-

tions of the EDMM. As an example, we consider a

palladium-platinum interface. Following the EDMM, we

find that fPt!Pd¼ 0.64, @qPt/@T¼ 0.036 T, and hPd–Pt

¼ 0.023 T in units of GW m�2 K�1. The Pd-Pt system falls

between Pd-Ir and Cu-Nb, where hPd–Ir¼ 0.031 T and

hCu–Nb¼ 0.017 T GW m�2 K�1. This demonstrates the possi-

bility of using the EDMM in engineering interfaces with spe-

cific Kapitza conductances.

We note that in our treatment we ignored any ballistic

contribution to the transport across interfaces. We recognize

that the effective mean free path in a hypothetical Cu-Nb

layer is �1.6 nm, which is less than the shortest period thick-

ness in our Cu-Nb samples. While this does not refute the

possibility of the existence of ballistic electrons contributing

to the measured Kapitza conductance, we argue that it would

be extremely difficult to detect this in a Cu-Nb multilayer

over the temperature range of interest in our current study. A

multilayer grown from free electron metals (e.g., Al-Cu)

would be ideal to test for ballistic transport in the case where

electrons effective mean free path is larger than the period

thickness.

In conclusion, we report on the Kapitza conductance in

Cu-Nb multilayers. Our results are in good agreement with

the EDMM. We demonstrate that Kapitza conductance is

mostly dictated by the electron energy flux in the metallic

layers more so than the mismatch in electronic properties

between layers or electron mean free paths in the system.
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