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Nanomultilayers are complex architectures of materials stacked in sequence with layer thicknesses in the nanometer

range. Their application in microelectronics is challenged by their thermal stability, conductivity and interface reactivity

which can compromise their performance and usability. By using different materials as thermal barriers and by changing

their thickness, it is possible to manipulate interfacial effects on thermal transport. In this work, we report on the thermal

conductivity of Cu/W, Cu/Ta, and Cu/TaN sputter deposited nanomultilayers with different thicknesses. The resistive

interfacial effects are rationalized and discussed also in relation to the structural transformation into a nano-composite

upon high temperature annealing.

I. INTRODUCTION

Nanomultilayers (NMLs) represent an important class of

nanomaterials, which find numerous applications in the fields

of micro and nano electronic, optical, medical and sensing de-

vices. These nano-architectures can be made functional, and

their mechanical, chemical and/or physical properties can be

tailored through microstructural and interfacial design. Cur-

rently, Cu/W, Cu/Ta, and Cu/TaN remain among the most

ubiquitous multilayers used in interconnect systems, which

can be attributed to longstanding fabrication infrastructures,

cost considerations, and scalability1–10. Despite the capability

of manufacturing smaller period thicknesses, reduced device

dimensions give rise to several engineering challenges. For

example, NML systems are known to be intrinsically thermo-

dynamically unstable as compared to their respective bulk ma-

terials, due to the high amount of excess energy contributions

arising from internal interfaces (i.e. phase and grain bound-

aries) and internal residual stresses11–13. Furthermore, the in-

terfaces in these systems strongly affect the thermal properties

and yield a reduced thermal conductivity in comparison to the

pure constituent bulk materials.

With regard to the influence of interfaces on structural and

thermal stability, a number of recent studies have highlighted

the advantages and challenges associated with copper-based

NMLs. For example, Xue et al.14 investigate the role of

period thickness on the thermal stability of Cu/W NMLs,

demonstrating a reduction in mechanical integrity amongst

the thinnest periods. Correspondingly, Dong et al.15, have

reported a significant reduction in the thermal conductivity

of Cu/W multilayers scaling with period thickness, which is
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largely attributed to a reduction of interface coherence. In

other copper-based multilayers, including Cu/Ta, Powers et

al.16, have demonstrated that hillock formation at elevated

temperatures can exacerbate the issue of loss of interface co-

herence.

For layer thicknesses on the order of carrier mean free

paths, interface resistance becomes a critical impediment to

heat transfer17,18. In the case of NMLs consisting of con-

stituent layers of different material or phase, this can arise

from the combination of poor mechanical or chemical ad-

herence at the interface and a thermal expansion mismatch

between the constituent layers, inhibiting the transfer of vi-

brational energy across the interface. While lowering ef-

fective thermal conductivity by adding interfaces is advan-

tageous for thermoelectric and thermal barrier coating ap-

plications, it is undesirable for microelectronic applications

where there is a need to dissipate ever increasing amounts

of waste heat. Moreover, the thermal resistance of inter-

faces degrades the performance of materials intended for

thermal management, such as polycrystalline diamond19 and

nanoscale composites20. It is then clear that a trade-off should

be sought among different combinations of metallic and bar-

rier materials depending on the final application.

In this work, we report a systematic comparison between

the thermal conductivity of Cu-based nanomultilayers with

different barrier layers: Ta, TaN, and W. The thermal bound-

ary conductance (TBC) is derived through a series resistance

model and is discussed in relation to the interface density and

layer thickness. For further insight into microstructural effects

on thermal transport within the NMLs, samples are addition-

ally annealed until the point of layer diffusion. At sufficiently

high temperatures, the NMLs composed of alternating metal-

lic and barrier layers are found to degrade into nanocompos-

ites (NCs). Starting from a NML structure of alternating, im-

miscible metals, the high-temperature thermal degradation of
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the NML proceeds by thermal grooving of grain boundaries,

pinching-off of the nanolayers and subsequent spheroidization

of residual layer-fragments, leading to a NC formation21–24.

The NML to NC transformation is accompanied by complete

stress relaxation in both layers22,23.

The results of this study provide useful insight for a number

of engineering disciplines as understanding of thermal trans-

port in nano- sized features is critical for next generation de-

vice functionality including multilayered structures. Further-

more, while the majority of works investigating the effects of

interfacial resistances on thermal transport have focused upon

non-metal/non-metal or metal/non-metal interfaces, consider-

ably fewer works have been focused upon metal/metal inter-

faces in which thermal transport is electron dominated, and

Kaptiza conductances are much higher25–28.

II. EXPERIMENTAL PROCEDURE

A. Material deposition

The Cu/Ta and Cu/TaN multilayers were deposited on 300

mm diameter Si (001) substrates using an industry standard

physical vapor deposition (PVD) tool29. Prior to Cu/Ta(N)

multilayer formation, a 100 nm thick thermal oxide was

grown on the Si (001) substrate followed by plasma enhanced

chemical vapor deposition (PECVD) of 100 nm thick SiN and

25 nm thick PVD Ta(N) adhesion layers. An approximately

400 nm Cu buffer layer was subsequently deposited by com-

bined PVD and electroplating methods followed by a chemi-

cal mechanical polish to planarize and reduce the Cu layer to

a final layer thickness of 300 nm. The Cu/Ta(N) multilayers

were subsequently deposited on the 300 nm Cu by PVD with

period thicknesses ranging from 5 – 40 nm. The Cu/Ta(N)

layers were fabricated on the 300 nm thick Cu layer to mimic

the use of Ta and TaN as diffusion barriers in microelectronic

Cu metal interconnects.Cu/W NMLs were deposited on 2′′ α-

Al2O3 and Si single-crystalline substrates, sapphire-C (0001)

and Si (100)+ 15 nm of Si3N4 wafers, by DC unbalanced mag-

netron sputtering in a high vacuum chamber (base pressure

< 10−8 mbar) from two 2′′ targets of pure W (99.95%) and

Cu (99.99%) confocally arranged and operated at 200 Watts.

Before insertion in the deposition apparatus, the sapphire sub-

strates were ultrasonically cleaned using acetone and ethanol.

Prior to deposition, possible surface contamination on the α-

Al2O3 substrates (mostly adventitious carbon) was removed

by Ar+ sputter cleaning for 5 min applying a RF bias of 100 V.

First, a 25 nm-thick W buffer layer was deposited on the

sputter-cleaned substrate. Next, 100 repetitions of alternat-

ing Cu and W layers with a different (nominal) thickness of 5,

3 and 10 nm were deposited on top. For the heat treatment, se-

lect as-prepared samples were isothermically annealed ex-situ

at temperatures ranging from 500 to 800 ◦C for 100 min in

vacuum (< 10−5 mbar)21,23. For clarity of sample structure, a

schematic of each NML system is shown in Fig. 1. For further

details on individual samples, we refer the reader to Table S3

of the supplementary material.

Al (80 nm)

Cu/Ta(N) (100 - 250 nm)

Cu (300 nm)

Ta(N) (25 nm)
Si3N4 (100 nm)

SiO2 (100 nm)

Si

Al (80 nm)

Cu/W (600 - 1500 nm)

W (25 nm)

Al2O3

a) b)

FIG. 1. Representative schematic of the layer contents, with nomi-

nal thickness, are displayed in a) and b) for the Cu/Ta(N) and Cu/W

NML systems, respectively.

B. Characterization

A Bruker D8 Discover X-ray diffractometer, operated in

Bragg-Brentano geometry, was used to measure 2-theta (2θ )

scans for the as-deposited and annealed samples. To access

the texture, pole figures of Cu {111} and Ta/TaN {110} fam-

ily of planes were recorded in point focus geometry. XRD

scans and texture measurements were measured at room tem-

perature on ex-situ annealed samples.

For thermal property characterization, the samples were

coated with an 80 nm film of Al to serve as a transducer for

time domain thermoreflectance (TDTR). In short, TDTR is a

non-contact optical pump probe technique which is used to

monitor the change in reflectance of a sample surface in re-

sponse to a modulated heating event. The output of an ultra-

fast pulsed laser is split into a pump and probe path: the pump

path is modulated at a particular frequency, ultimately induc-

ing the modulated heating event at the coated sample surface.

The probe path is concentrically focused onto the sample sur-

face with the pump, and the impingement upon the sample

surface of the pulsed probe can be delayed relative to that of

the pump via a mechanical delay stage, enabling high tempo-

ral resolution. For our measurements, we utilize a Ti:sapphire

laser with a repetition rate of 80 MHz with a central wave-

length of 800 nm and bandwidth of 11 nm. The pump path is

frequency doubled to 400 nm with a bismuth triborate (BIBO)

crystal, and modulated at 10 MHz using an electro-optic mod-

ulator.

The modulated response of the reflected probe is monitored

with a lock-in amplifier as a function of delay time. As the

measured change in reflectance is directly proportional to the

change in temperature of the surface, the reflectivity decay as

a function of time can be fit with a thermal model30–33, with

the parameters of interest used as fitting parameters in the

model (typically thermal conductivity, κ , or thermal bound-

ary conductance, G). As there are numerous layers within

the system, and because we are interested in the overall ther-

mal conductivity of the multilayer region, we treat the mul-

tilayer region as a single continuum within the sample stack.

The dimensions of the sample stacks are determined through

cross sectional scanning electron microscopy (XSEM). For

the Cu/Ta and Cu/TaN samples, the sample stack is consid-

ered as a seven-layer model comprising of: an 80 nm Al cap-

ping layer, a 100 - 250 nm multilayer region, 300 nm copper
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FIG. 2. Plan-view and cross sectional SEM images of the as deposited (a, b, e, and f) and annealed (c, d, g, h) NMLs. Cu/Ta is displayed in a -

d, whereas Cu/TaN is displayed in e - h. For these images, the NMLs consist of 5nm/5nm layers repeated 25 times, and correspondingly after

annealing at 800 ◦C.

buffer layer, 25 nm Ta(N) adhesion layer, 100 nm SiN adhe-

sion layer, and a 100 nm SiO2 oxide layer all atop a silicon

substrate. The Cu/W samples, fabricated upon Al2O3 sub-

strates, are represented by a four-layer model: an Al capping

layer, the multilayer region, and a TaN buffer layer atop the

Al2O3 substrates. The thickness of the Cu buffer layers, as

well as the Ta(N) buffer layers are determined from XSEM

measurements. Beneath the Ta(N) there is reduced sensitivity

to particular layer thickness (see supplementary material, Fig-

ure S2), and the nominal thicknesses of the Si3N4 and SiO2

layers are utilized. The heat capacity of the multilayer region

is calculated by applying a rule of mixtures formulation with

the heat capacity values of the constituent layers. The heat

capacity and thermal conductivity of the other films are as-

sumed from literature; particular parameters for each layer in

the thermal model are outlined in Table I.

The thermorelectance data for these NMLs is analyzed in

the same method as Cheaito et al.25, who previously analyzed

Cu/Nb multilayers, by treating the thermal conductivity of the

multilayer region and interface between the Al transducer and

multilayer region as fitting parameters in the thermal model,

and neglecting the interface resistances for layers underneath

the multilayer region. We verify our sensitivity to the thermal

resistance of each layer by performing sensitivity analyses in

the method of Gundrum et al.26 and find that the measure-

ments are most sensitive to the thermal conductivity of the

multilayer region, as it is the most thermally resistive region

within the sample. Sensitivity analyses as a function of both

delay time and modulation frequency are provided in the sup-

plementary material (Figure S2).

III. RESULTS AND DISCUSSION

A. Microstructure

The microstructure of the as-deposited and annealed NMLs

were investigated by SEM analysis; micrographs of the as-

deposited and 800 ◦C heat-treated NML are shown in Fig. 2,

TABLE I. Thickness (d), thermal conductivity (κ) and volumetric

heat capacity (Cv) values used in the thermal model of the TDTR

data. The thermal conductivity of the multilayer region as well as

the thermal boundary conductance were used as fitting parameters

within the model. Thermal properties of the other layers within the

system are taken from literature and referenced accordingly.

System Layer Material d (nm) Cv (MJ m−3 K−1) κ (W m−1 K−1)

Cu/Ta(N)

1 Al 80 2.4334–36 13536,37

2 Cu/Ta(N) 110 - 238 2.89 - 3.13 Fig. 5

3 Cu 268 - 304 3.4538 39839,40

4 TaN 22 - 31 2.1841 342

5 SiN 100 2.143,44 2.145

6 SiO2 100 1.6536,44 1.3536

7 Si bulk 1.6536 14046

Cu/W

1 Al 80 2.4334–36 13536,37

2 Cu/W 600 - 1500 3.02 - 3.25 Fig. 5

3 W 25 2.5647 52.248

4 Al2O3 bulk 3.0234 3546

(both in plan and cross-sectional view). The surface of the

as-deposited NMLs demonstrates uniformity and exhibits a

grain-like morphology (as originating from the waviness of

the deposited nanolayers; see Ref. 21) with no evidence of

cracks, voids and/or delaminations (Fig. 2a and e). The aver-

age surface roughness (Ra) derived by AFM (see supplemen-

tary materials) is always equal or less than 2 nm, indicating a

smooth flat surface. In cross-sectional view, the 300 nm thick

Cu bottom layer and the periodicity of the alternating Cu/Ta,

TaN layers is clearly resolved (Fig. 2b, f), with the deposited

nanolayers maintaining relative uniformity across the entire

thickness. After annealing at 800 ◦C, the surface morphology

changes drastically (fig. 2c, g). The Ra is now around 70-

80 nm (See supplementary materials), considerably increased

with respect to the as deposited state and the original strati-

fied structure degrades into a nanocomposite structure, con-
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FIG. 3. XRD on the series of a) Cu/Ta and b) Cu/TaN NMLs with different thicknesses. The Cu, Ta and TaN references are also indicated.

sisting of globular Ta,TaN agglomerates embedded in a Cu

matrix (Fig. 2d, h). The elemental composition of the differ-

ent region in 2d, h) has been derived by EDX analysis. SEM

analysis of Cu/W NMLs before and after heat treatment has

been extensively performed and reported in Refs. 21,23. The

NML to nano-composite transformation was found to occur

at T > 750◦C resulting in the formation of NCs, consisting

of W particles in a Cu matrix, and the microsctructure of the

degraded NML is found to depend strongly on the layer thick-

ness and number of repetitions of the original nanolayers.

XRD analysis of the as-deposited mulitlayers of Cu/Ta is

shown in Fig. 3. In the supplementary material, the XRD

measurements of the single Ta and Cu layers are also pre-

sented (Fig.S1). The Cu buffer layer is polycrystalline with

a [111] texture, typical of Cu sputtered PVD films49. The

Ta layer grown on the Cu buffer layer is primarly composed

of the β -Ta phases with [001] preferential growth direction.

The more common α-Ta can hardly be distinguished in the as

deposited state and becomes evident only after annealing at

600◦ C (see next paragraph). The Cu/Ta multilayers present

the typical intensity modulation of periodic superlattices50;

the oscillations are compatible with the β -Ta phase oriented

along the [001] direction and the Cu layers oriented along

[111], superimposed on the narrower Cu(111) peak from the

buffer layer. Similarly, the Cu/TaN NMLs, show preferential

growth directions of [111] and [101] for the Cu and TaN lay-

ers, respectively. The as-deposited multilayers show similar

XRD patterns independent of the layer thickness and period.

No clear satellite peaks and pronounced finite size oscillations

are observed indicating similar disorder and defect concentra-

tion in the initial NMLs state. The TaN broad peak in the as

deposited scan (Fig. 4d) corresponds to the (101) bragg reflec-

tion. The Cu/TaN NMLs appear to be more disordered with

broader and less intense peaks in the as-deposited state, com-

pared to Cu/Ta NMLs. The pole figure in Fig.4a confirms the

polycrystallinity of Cu with a preferential [111] orientation

with a fiber texture (rotational symmetry) in-plane. The β -Ta

{110} pole figure also presents an in-plane fiber texture and

2 rings: one more pronounced at a tilt angle of ∼ 65◦ and a

lower intensity ring at 30◦. The most intense ring corresponds

to the angle between the {110} planes and the [001] direction

confirming the preferential orientation of the Ta layers along

[001]. The TaN pole figure in Fig.4b confirms the disordered

and partially amorphous nature of the TaN layer: only diffuse

intensity is observed and no poles neither rings are observed

at any tilt angles.

In Figs. 4c and d, the structural evolution of the NMLs

with temperature is reported. Up to an annealing temper-

ature of 600 ◦C, no distinct structural changes are detected

by XRD. Pronounced structural transformations are observed

for both samples (i.e. Ta and TaN), with and without N,

for annealing temperatures T ≥ 700◦C. The β -Ta in Cu/Ta

NMLs transforms into α-Ta phase after annealing at 600 ◦C

(Fig. 4c). Moreover, at 800 ◦C, the formation of Ta silicate

phases are observed. On the contrary, no silicate phase for-

mation is observed in Cu/TaN NMLs after high temperature

annealing, demonstrating that TaN is a better Si diffusion bar-

rier, which is in accordance with the literature51,52. For the

Cu/TaN NMLs, the TaN layers are polycrystalline and a sub-

stoichiometric cubic phase develops during the annealing. In

particular, the TaN0.5 phase is formed at 700 ◦C and addition-

ally, at 800 ◦C, the Ta0.75N phase is formed in coexistence

with the TaN0.5 phase. In the Cu/W NMLs, the periodic struc-

ture is preserved up to 700 ◦C and for the individual layer

thickness of 10 nm, the multilayer structure is maintained up

to 800 ◦C21,23. If the Cu or W layer thickness is less than 10

nm, the NML structure is completely destroyed after anneal-

ing at T ≥750 ◦C and the system is transformed into NCs.

In the following section, we compare the thermal conductiv-

ity of all the annealed NMLs: after 800 ◦C annealing, all the

systems are completely transformed into NCs.

B. Thermal conductivity and thermal boundary
conductance

The results of the TDTR measurements for the thermal con-

ductivity of the multilayer regions are plotted in Figure 5 as a
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FIG. 4. a)-b) Pole figures of Cu {111} and Ta/TaN {101} of Cu5nm/Ta5nm x25 and Cu10nm/TaN3.5 NML x 8 in the as deposited state. c)

and d) are the XRD pattern of the Cu/Ta and Cu/TaN NMLs respectively, collected in the as deposited and after different annealing treatments.

The reference bulk reflections of Ta, Ta2Si, Ta-β and TaN are also indicated as they are observed.

function of Cu thickness, period thickness (the bilayer thick-

ness of two adjacent films), and the interface density, which is

defined as the number of film interfaces per nanometer within

the transverse direction of the multilayer region. As Cu is the

most thermally conductive material within the NML system,

a general increase in thermal conductivity is observed with

increasing cumulative Cu layer thickness (5a). Correspond-

ingly, the thermal conductivity increases in a similar manner

as the total period thickness is increased (5b).

For a given period thickness, trends in the measured thermal

conductivity are closely coupled to the Cu concentration of a

given period, which can explain the behavior of films which

appear to be outliers of the general trend. For example, for

the Cu/Ta films, a large increase in the intrinsic thermal con-

ductivity is observed in the 7 nm period case, which can be

attributed to the fact that there is a 5/2 Cu/Ta ratio as opposed

to a 1/1 ratio in the other Cu/Ta films. And similarly for the

13.5 nm period Cu/TaN sample, the increased thermal con-

ductivity can be attributed to the 10/3.5 Cu/TaN ratio, which

is a higher Cu concentration than in the other Cu/TaN period

thicknesses. Individual films thicknesses for each NML sys-

tem are tabulated and provided in the supplementary material

(Table S3).

In contrast to the positive trends in 5(a) and 5(b), for the

Cu/W NMLs, as the interface density is increased, there is an

observable reduction in the overall thermal conductivity of the

multilayer region due to the cumulative thermal resistance of

the interfaces (5c). To quantify the conductance of the inter-

faces, the thermal boundary conductance is calculated in the

same manner as in Refs. 53 and 54, in which the resistances

of the individual layers and corresponding interfaces within

the multilayer region are assumed to add in series. The aver-

age thermal boundary conductance of the multilayer system,

G, is then considered as the mean resistance between adjacent

layers within a period according to the equation:

G = 2

[

dCu +d f ilm

κmeasured

−
dCu

κCu

−
d f ilm

κ f ilm

]−1

(1)

where κmeasured is the measured thermal conductivity of the

multilayer region, dCu and d f ilm are the thicknesses of adja-
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FIG. 5. Measured thermal conductivity of the NMLs as a function of a) Cu thickness (of a single period), b) period thickness, and c) interface

density. The letters beside each data point are provided so that individual samples can be distinguished between each panel. For reference,

the nominal period compositions are provided in the adjacent table. Complete details for each individual film are tabulated in Table S3 of the

supplementary material.

cent layers, and κCu and κ f ilm are corresponding bulk copper

and adjacent film thermal conductivities. We note that the sub-

script, f ilm, in this notation is in reference to the film adjacent

to Cu (in this case, W). A series of films with different thick-

nesses of the respective pure metals were deposited on sap-

phire substrates to determine the bulk thermal conductivities

of Cu and W. The thermal conductivities of the thickest films

(600 nm) were measured with TDTR, and found to be 405

and 100 W m−1 K−1 for Cu and W, respectively (see supple-

mentary material, Figure S4). Upon calculation of Equation

1, the average TBC for all Cu/W samples is found to be 3.9

± 0.4 GW m−2 K−1 and does not demonstrate an observable

dependence upon the interface density. For reference, this de-

rived value is within the range of other copper-metal interfaces

calculated through a similar approach; for example, Cheaito

et al.25 calculates the thermal boundary conductance between

Cu/Nb multilayers as 4.7 GW m−2 K−1 while Gundrum et

al.26 find that of Cu/Al to be 3.7 GW m−2 K−1.

While a clear reduction in thermal conductivity is observed

with increasing interface density for the Cu/W NMLs, a neg-

ative trend in thermal conductivity is not observed for Cu/Ta

and Cu/TaN NMLs, indicating that measurement of the mul-

tilayer systems is insensitive to the thermal boundary conduc-

tance, and thus calculation of the TBC via Equation 1 would

not be applicable.

For further insight into expected differences in thermal

boundary conductance between the different material inter-

faces, we consider values calculated from the electronic dif-

fuse mismatch model (EDMM). This model assumes diffuse

scattering of electrons at the interface and has been demon-

strated as reasonably accurate at capturing trends in TBC,

even at low temperatures25,26,57,58. Using the same analytical

formalism outlined by Cheaito et al.25, the thermal boundary

conductance at a metal/metal interface can be expressed as:

G1/2 = 1/4ζ 1/2Ce,1vF,1 (2)

Where ζ1/2 is the transmission coefficient from layer 1 to layer

2, and Ce,1 and vF,1 are the electronic heat capacity and Fermi

velocity of layer 1. The product of 1/4Ce,1vF,1 is also defined

as the derivative of the electronic energy flux at the interface

(∂q1/∂T ). The Electronic heat capacity of layer 1 is defined

as π2/3D(EF,1)k
2
BT , where kB is the Boltzmann constant and

D(EF,1) is the density of states at the Fermi energy of layer 1.

The transmission coefficient of the interface is then given as:

ζ1/2 =
D(EF,2)vF,2

D(EF,2)vF,2 +D(EF,1)vF,1
(3)

Using these equations, we calculate the expected thermal
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boundary conductance for the elemental metals measured in

this study (i.e. Cu, W, and Ta), for which the Fermi energy,

velocity, and density of states are well defined. For reference,

we tabulate the necessary parameters for the transmission co-

efficient calculation in Table II. In all cases, the density of

states at the Fermi energy, as well as the Fermi velocity have

been taken from literature. We note that in some cases, the

Fermi velocity has been calculated from the Fermi energy, EF ,

from the relation vF =
√

2EF/m, where m is the mass of an

electron.

Metal D(EF ) (1047 m−3) vF (106 m s−1)

Cu 1.4125 1.1225

Ta 0.2959 1.8359

W 1.6360 1.4361

Interface1/2 ζ1/2 G1/2 (GW m−2 K−1)

Cu/Ta 0.25 1.85

Cu/W 0.60 4.36

TABLE II. Resultant transmission coefficients and thermal boundary

conductance as calculated by the EDMM, outlined by Equations 2

and 3. For reference, the density of states and Fermi velocity values

used in the calculations are also provided.

With these values, we calculate room-temperature thermal

boundary counductances of 1.85 and 4.36 GW m−2 K−1 for

Cu/Ta and Cu/W, respectively. Despite the simplicity of this

analytical model, there is relatively good agreement with the

experimentally determined TBC for Cu/W (for example, 3.9

± 0.4 as opposed to 4.36 GW m−2 K−1 for the experimentally

determined and theoretical values, respectively).

While TBC has been shown to be closely correlated with

the derivative of the electronic energy flux at the interface25,

∂q1/∂T , is the same as all metals are interfaced with copper.

However, the transmission coefficient for Cu/W is found to

be higher than that of Cu/Ta, which is attributed to the higher

density of states at the Fermi energy in W, and thus gives rises

to the higher overall TBC.

As an additional demonstration of the role of interfacial re-

sistance on the thermal transport of the NMLs, we observe

changes in the thermal conductivity as a function of annealing

temperature, displayed in Figure 6. Cu/Ta, Cu/TaN, and Cu/W

samples with a nominal period thickness of 10 nm, were each

annealed at a constant temperature in the range of 500 - 800
◦C. The total thickness of the multilayer regions were 238,

253.5, and 1000 nm for the Cu/Ta, Cu/TaN, and Cu/W mul-

tilayers, respectively. No change in thermal conductivity is

observed for the anneals below 600 ◦C as the multilayer stack

retains the integrity of its layered structure as described in pre-

vious section. However, while the NML structure does not

degrade into a nanocomposite until annealing above 750 ◦C,

recent works have demonstrated that subtle interface alter-

ations occur at lower temperatures, which can subsequently

impact carrier transport. For example, in a study by Pow-

ers et al.16, it has been demonstrated that for anneals below

400 ◦C, interfaces within Cu/Ta NMLs retain a flat surface,

while for temperatures above 600 ◦C, hillock formations have
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FIG. 6. Thermal conductivity of the Cu/Ta, Cu/TaN, and Cu/W mul-

tilayer regions as a function of anneal temperature. Prior to the an-

neal, the period thickness for each multilayer system was 10 nm,

whereas the total multilayer thickness of the layer is 238, 253.5, and

1000 nm, for Cu/Ta, Cu/TaN, and Cu/W, respectively.

been observed. Furthermore, the NMLs within the figure are

composed of 10 nm periods; in another recent work on Cu/W

multilayer systems, Dong et al. have demonstrated that in sys-

tems with layers less than 12 nm, phonon transport also plays

a non-negligible role. In the case of phonon transport, inter-

facial resistance is inherently linked to the overlap of phonon

states between two adjacent materials; and therefore any in-

termixing of adjacent materials at the interface, could have

an averaging effect on the vibrational spectra63–66, thereby re-

ducing the interfacial resistance, and increasing the measured

thermal conductivity.

Outside of reductions in interfacial resistance, increases in

the thermal conductivity at temperatures ≤ 700 ◦C could be

correlated to the formation of lower resistivity phases. For

example, XRD measurements of the annealed films demon-

strate the formation of α-Ta by 600 ◦C in the Cu/Ta multi-

layers (Figure 4c), and TaN0.5 in the Cu/Ta at 700 ◦C (Figure

4d). The film resistivity can, in some cases, be reduced by an

order of magnitude or more, such as in the case of β -Ta to

α-Ta as discussed by Wang et al.67 and Grosser et al.68 and

investigated through first-principles calculations by Lanzillo

et al.10. As the electronic contribution to thermal conductivity

is inversely proportional to the thermal conductivity through

the Wiedemann-Franz law, a corresponding increase in ther-

mal conductivity would be expected with the onset of these

lower resitivity phases.

Once the annealing temperature approaches 800 ◦C, the

layered structure of the multilayer region is lost as there is sig-

nificant diffusion between the Cu and W, Ta, or TaN films. As

such, there is a reduction in the interface density of the region,
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and the thermal conductivity is enhanced. While all samples

display an increase in thermal conductivity as a function of the

annealing temperature, a slight decrease is observed for the

Cu/Ta NML annealed at 800 ◦C. As previously discussed in

the XRD results, at 800 ◦C, the formation of Ta silicate phases

are observed, indicating Si diffusion from the substrate into

NML region. The presence of Ta silicate in the region could

prove as a source of alloy scattering, and could consequently

be responsible for the reduction in measured thermal conduc-

tivity.

IV. CONCLUSION

In summary, a comprehensive comparison has been pre-

pared for Cu-based nanomultilayers. NMLs were grown over

a range of layer and period thicknesses for films of Cu/Ta,

Cu/TaN, and Cu/W, and the thermal and structural proper-

ties of the films were characterized through TDTR, SEM,

and XRD measurements. For further insight into the role of

the NML structure upon thermal transport, samples were an-

nealed to the point of layer diffusion, yielding significant in-

creases in the measured thermal conductivity, demonstrating

the critical role of interfacial resistance on thermal transport

within these systems.
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