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I. XRD ON SINGLE LAYERS

Select reference samples of single layers of Ta and of Cu have been fabricated and measured.

In Fig.S1 a), the XRD patterns of pure Ta layer of 100 nm thickness deposited on Cu300nm/Si

substrate is reported. Apart from the peaks of the underneath Cu layer, the Ta layer appears to

be in the beta-phase and preferentially oriented along the [001] direction. The Cu buffer layer, in

Fig.S1 b), shows polycrystallinity due to the presence of different reflections and as well as some

oxidation due to air exposure.

FIG. S1. XRD diffraction of the a) 100nm Ta layer deposited on Cu (300nm) buffer on S and of b) blank

Cu buffer layer. The peaks labelled with asterisks indicate spurious reflections due to non-monochromatic

radiations (kβ , tungsten)

.
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II. AFM

FIG. S2. AFM images for the Cu 5nm/Ta5nm x 11 sample before and after annealing at 800◦C. Note the

different vertical scales.

The average surface roughness derived by AFM in a 5 x 5 µm2 area is always around or less

than 2 nm for all the as deposited samples. After 800◦C annealing, the average surface roughness

in the same area is around 70-80 nm.
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III. SHEET RESISTANCE MEASUREMENTS

Sheet resistance measurements were performed on select samples at room temperature by using

a 4-probe resistance setup composed of four equally spaced tungsten metal tips with finite radius.

Each tip is supported by springs on the other end to minimize sample damage during probing. In

this configuration, sheet resistance (Rs) is measured and if the thickness (t) of the conducting layer

is known, the resistivity can be obtained. The sheet resistance for Cu thin films was converted to

resistivity, ρ (ρ = Rst), for each known thickness as shown in Figure S3:
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FIG. S3. Resistivity of Cu films

For 300 nm Cu films we find Rs = 69 mΩ�−1 which corresponds to ρ= 2.07×10−8 Ω m.

The obtained value is similar to the nominal bulk value for Cu found in literature. The observed

trend with Cu thickness indicates an expected size effect that can be modeled considering the

contribution of grain boundary scattering introduced by Mayadas et al.1 for a metal thin film with

columnar grains with an average lateral grain size (D).2 For W, we measured a 300 nm layer and

find Rs= 300 mΩ�−1 and ρ= 9×10−8 Ω m, also in line with the nominal bulk value.

We note that the measured electrical resistance from four-point-probe is in-plane, due to the

geometry, while the thermal conductivity measurements from TDTR presented in the paper are

out-of-plane. An out-of-plane measurement would require a proper contact design, including a

bottom electrode with specific dimensions, which was not be fabricated for this sample set. We find

the sheet resistance measured for each Cu/Ta(N) sample in the as deposited state to fall between

62 and 67 mΩ m, which is indicated by the gray region of Figure S4.

As all multilayer samples are fabricated upon a 300 nm Cu layer, there is potential for convo-

lution of the resultant measured electrical resistance. However, a significant change is observed

in the case of high temperature annealing (800 ◦C). When the multilayer systems degrade into

nanocomposites, a significant increase in resistance is observed. This is in contrast to the ther-
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FIG. S4. Sheet resistance measured for the Cu/Ta(N) multilayers before and after annealing. The gray

region indicates the window of values found for all the multilayers in the as-deposited state while the red

region indicates the window of values found for the multilayers, independently of their thickness, after

annealing. The points displayed are for a representative sample, Cu 5nm/Ta 5nm x 11.
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FIG. S5. Sheet resistance measured for the Cu/W multilayers as a function of anneal temperature. The

points displayed are for a representative sample, Cu 5nm/W 5nm x 100.

mal conductivity measurements in which large increases in thermal conductivity are observed.

However, this finding serves to enforce the veracity that the two measurements are fundamentally

different: in the case of nanocomposite formation, scattering sources are formed in an other-

wise pristine layer, which reduces the in-plane conductivity measured through four-point probe

measurement. In contrast, the loss of distinct layers in the cross-plane direction reduces carrier

scattering, yielding a higher thermal conductivity in the cross-plane direction, observed in TDTR

measurement.

In addition, sheet resistance measurements were performed on a Cu/W 5 nm/5 nm x 100 sam-

ple, in the as-deposited state as well as after annealing, shown in Figure S5. Analogously to
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Cu/Ta(N), the sheet resistance increases upon annealing, but with an onset beginning at lower

temperatures. The Cu/W system decomposes gradually by thermal annealing starting at T ≥

500 ◦C and the degradation process continues up to 800 ◦C where a complete multi-layer-to-

nanocomposite transition is achieved.3,4
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IV. THERMAL MEASUREMENT SENSITIVITIES
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FIG. S6. Example parameter sensitivity calculations for the Cu/Ta, Cu/TaN samples. The sensitivity, Sx,

to a given parameter, x, is calculated in the method laid out by Gundrum et. al5 as both a function of time

(a,c) and frequency (b,d). The parameters of the thermal model are tabulated in Table S1. The sensitivity of

the thermal model is calculated for parameters including the thermal conductivity, κ , of each layer, as well

sensitivity to layer thickness, d. In the thermal model, the thermal conductivity of the multilayer region, κ2,

and the thermal boundary conductance between the aluminum capping layer and metal multilayer region,

G1, are used as fitting parameters. It can be seen from the sensitivity analysis that there is high sensitivity

to the metal multilayer region as it is one of the most thermally resistive regions. Furthermore, sensitivity

to the region increases at higher frequencies. As such, TDTR measurements are performed at 10 MHz.
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TABLE S1. Material properties used for the Cu/Ta, Cu/TaN sensitivity analysis (Figure S6). For both

material systems, a seven layer model is applied, along with pump and probe diameters of 33 and 14 µm,

respectively. The thermal conductivity of the multilayer region, κ2, and the thermal boundary conductance,

G1, between the aluminum capping layer and the multilayer region are used as fit parameters in the thermal

model. In the example shown, the fitted thermal conductivity and thermal boundary conductance were found

to be 8.82 W m−1 K−1and 121 MW m−2 K−1, respectively. The heat capacity of the multilayer region is

calculated by applying a rule of mixtures formulation to the constituent heat capacities. In a previous study,6

it was demonstrated that in dielectrics and oxides greater than 10 nm, the bulk of the thermal resistance

is intrinsic to the film as opposed the interfacial resistances, and therefore we approximate the intrinsic

thermal resistance of the other films to be much higher than their associated interfacial resistance, and

set the associated thermal boundary conductances as infinite. The thicknesses of the multilayer region,

Cu buffer layer, and Ta(N) buffer layer are measured with cross sectional scanning electron microscopy

(XSEM). Other parameters such as heat capacity of the films, Cv are taken from literature.

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

Cu/Ta(N)

1 Al 80 2.437–9 1359,10

2 Cu/Ta(N) 238 2.89 8.82

3 Cu 268.1 3.4511 39812,13

4 TaN 28.59 2.1814 315

5 SiN 100 2.116 2.117,18

6 SiO2 100 1.659 1.359,18

7 Si bulk 1.659 14019
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FIG. S7. Example parameter sensitivity calculations representative of the Cu/W samples. The sensitivity

is calculated in the same way as in the Cu/Ta(N) case, but assuming a four layer model, the parameters of

which are laid out in Table S2. Similar to Figure S6, (a) and (c) display the measurement sensitivity as a

function of delay time to the film thermal conductivities and thicknesses, whereas (b) and (d) display this

information as a function of modulation frequency.
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TABLE S2. Material properties used for the Cu/W sensitivity analysis (Figure S7). A four-layer model is

applied, along with pump and probe diameters of 33 and 14 µm, respectively. The thermal conductivity of

the multilayer region, κ2, and the thermal boundary conductance, G1, between the aluminum capping layer

and the multilayer region are used as fit parameters in the thermal model. In the example shown, the fitted

thermal conductivity and thermal boundary conductance were found to be 19.8 W m−1 K−1and 68.9 MW

m−2 K−1, respectively. The thermal boundary conductance between the other regions is treated as infinite

as described in Table S1. Furthermore, as in the previous example, the heat capacity of the multilayer region

is calculated by applying a rule of mixtures formulation to the heat capacity values of the constituent layers.

Other properties are taken from literature, and cited accordingly.

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

Cu/W

1 Al 80 2.437–9 1359,10

2 Cu/W 1300 3.25 19.8

3 W 25 2.5620 52.221

4 Al2O3 bulk 3.027 3519
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V. CU, W THERMAL CONDUCTIVITIES
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FIG. S8. Films of Cu and W were deposited upon Al2O3 wafers to provide reference thermal conductivities

for the Cu and W buffer layers within the multilayer stacks. Film thicknesses ranged from 200 - 600 nm. The

samples were coated with an 80 nm layer of Aluminum and measured with TDTR as described in the main

manuscript. The TDTR data was analyzed as a three-layer model including the Al transducer, Cu or W film,

and the Al2O3 substrates. the Thermal conductivity of the film as well as the thermal boundary conductance

between the aluminum film were treated as fitting parameters. The backside thermal boundary conductance

was assumed as 200 MW m−2 K−1, which is typical for metal films on dielectric substrates.22,23 For the

highest film thickness of 600 nm, the Cu and W films have nominal thermal conductivities of 405 and 100

W m−1 K−1, respectively. Within the literature, the thermal conductivity of bulk Cu and W are found to

be on the order of 39813 W m−1 K−1and 17824 W m−1 K−1, respectively. The nominal fitted value of

the Al/Cu interfaces ranged from 145 - 163 MW m−2 K−1 and 117 - 128 MW m−2 K−1 for Al/W. We

observe high sensitivity to the thickness of Al transducer layer, and account for the standard deviation of

the Al film thickness (± 3 nm), as well as measurement repeatability in the uncertainty assessment of the

measurements. While films within this thickness range do not display significant size effects, the W buffer

layer used in the multilayer samples is 25 nm in nominal thickness, and as such we utilize a lower thermal

conductivity of 52.2 W m−1 K−1, taken from the literature,21 for thin film W in the thermal model applied

to the multilayer samples.
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VI. NML LAYER PROPERTIES

TABLE S3. Layer properties for each of the NMLs. The labels correspond to the letters beside each sample

plotted in Figure 5 of the main manuscript. dCu and d f ilm are the nominal film thicknesses of the copper and

adjacent films within a given multilayer sample. d is the thickness of the overall sample. For the Cu/Ta and

Cu/TaN multilayer materials, the thickness of the multilayer region was directly measured with XSEM; the

nominal thickness was utilized in for the Cu/W multilayer samples as the thickness was much greater than

the Cu/Ta or Cu/TaN samples. κmeasured is the thermal conductivity of the multilayer region as measured

through TDTR. GCu/ f ilm is the mean thermal boundary conductance between the copper and adjacent films

within the multilayer region, which was calculated for the Cu/W NMLs in the main manuscript.

NML Fig. 5 label dCu d f ilm d κmeasured Gcu/ f ilm

(nm) (nm) (nm) (W m−1 K−1) (GW m−2 K−1)

Cu/Ta a 5 5 238 8.8 -

b 5 2 112.7 9.8 -

c 5 5 117.9 8.9 -

d 6 6 110.1 8.1 -

e 8 8 117.9 8.6 -

f 10 10 120.4 10.1 -

g 20 20 120.4 10.7 -

Cu/TaN a 5 2 118.5 8.5 -

b 5 3.5 136 7.4 -

c 5 5 115.6 7.0 -

d 10 3.5 115.6 12.8 -

e 5 5 253.5 6.3 -

Cu/W a 3 3 600 11.3 4.1

b 5 3 800 15.6 4.3

c 10 3 1300 19.8 3.3

d 10 5 1500 25.6 3.9

e 5 5 1000 17.1 3.8
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