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Abstract  

A number of technological applications and scientific experiments require processes for preparing 

metal multilayers with electronically and thermally conductive interfaces.  We investigate how in-

situ vs. ex-situ synthesis processes effect the thermal conductance of metal/metal interfaces. We 

use time-domain thermoreflectance experiments to study thermal transport in Au/Fe, Al/Cu, and 

Cu/Pt bilayer samples. We quantify the effect of exposing the bottom metal layer to an ambient 

environment prior to deposition of the top metal layer. We observe that for Au/Fe, exposure of the 

Fe layer to air before depositing the top Au layer significantly impedes interfacial electronic 

currents. Exposing Cu to air prior to depositing an Al layer effectively eliminates interfacial 

electronic heat-currents between the two metal layers. Exposure to air appears to have no effect on 

interfacial transport in the Cu/Pt system. Finally, we show that a short RF sputter etch of the bottom 

layer surface is sufficient to ensure a thermally and electronically conductive metal/metal interface 

in all materials we study. We analyze our results with a two-temperature model and bound the 

electronic interface conductance for the nine samples we study. Our findings have applications for 

thin-film synthesis and advance fundamental understanding of electronic thermal conductance at 

different types of interfaces between metals.  

 

1. Introduction 

Interfaces govern thermal and electrical transport in nanostructured materials and devices [1]. Low 

resistance interfaces are important for applications that require efficient heat dissipation, such as 

microelectronic semiconductor devices [2]. The ability to synthesize metal multilayers with 

thermally and electrically conductive interfaces is also important for a number of scientific 

experiments. These include ultrafast optical thermometry [3], spin caloritronic studies [4][5][6],  

as well as femto-magnetism and ultrafast spintronics studies[7][8][9][10][11]. 

Thermal transport at interfaces is characterized by the interfacial thermal resistance R, which 

linearly relates the temperature drop ∆T at the interface to the heat-current J= ∆T/R across the 

interface [12]. The inverse of the interfacial thermal resistance is the thermal boundary 

conductance G= 1/R. The interfacial thermal resistance is caused by scattering of heat carriers. In 

metals, heat is carried by electrons. In non-metals, heat is carried by phonons.  

Interfaces between metals can be significantly more heat conductive than interfaces between 

insulators. The largest thermal interface conductance reported to date is for an interface between 
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Pd and Ir with G ~ 14 GW m−2 K−1 [13]. Reported values for the thermal conductance at 

metal/metal interfaces range from 0.5 to 14 GW m−2 K−1 [1][14][15][16][17]. Alternatively, when 

heat is carried across an interface by phonons instead of electrons, the interface is typically at least 

an order of magnitude less conductive. Reported values for G of metal/insulator or 

metal/semiconductor interfaces range from  0.01  to 1 GW m−2 K−1 [18][19][20][21][22].  

For metal interfaces to be thermally conductive, electrons need to be able to easily traverse the 

interface. Oxide layers, or other interfacial disorder that is electrically resistive, can prevent 

electrons from traversing the interface. Jang et al. report that a 2 nm interlayer of MgO or MgAl2O3 

between Ru and Co results in an interface conductance of ≈ 0.2 – 0.3 GW m-2 K-1. This value is an 

order of magnitude lower than is observed for metal/metal interfaces without oxide interlayers 

[1][13][15]. Since there have been very few experimental studies of thermal transport at interfaces 

between metals with oxide-layers or interfacial disorder, there a clear understanding of how 

thermally conductive imperfect interfaces can be has not yet been established.  

Here, we investigate how different processes for synthesizing metallic bilayers effects interfacial 

thermal properties. Our study has two goals. First, we want to understand what types of metals 

need to be deposited in-situ to ensure that the interfaces can conduct electronic heat-currents. By 

in-situ, we mean the sample is prepared without breaking vacuum in between deposition of the 

two metal layers. Second, we want to identify a process that ensures good thermal contact between 

two metal layers, even if they aren’t prepared in-situ with each other. To accomplish this later goal, 

we explore the ability of RF sputter etching to clean dirty or oxidized metal surfaces prior to 

deposition of the top metal layer.  

We prepare and characterize heat transfer in a total of nine metal bilayers. Each of our nine samples 

is one of three material combinations: Au/Fe, Al/Cu, and Cu/Pt. Each material combination was 

prepared in one of three ways. The first set of samples are prepared in-situ. The second set of 

bilayers are prepared ex-situ, i.e., vacuum is broken in-between the deposition of the two metal 

layers.  Finally, the third set of samples are also prepared ex-situ. Then, prior to depositing the top 

metal layer, the bottom metal layer is RF sputter etched, ex-situ+RF.  

The logic for these material choices was as follows. Au/Fe is a bilayer where the bottom layer 

oxidizes, and the top layer does not. Al/Cu is a bilayer where both top and bottom layers both 

oxidize. Cu/Pt is a bilayer where the bottom layer does not oxidize, and the top layer does. 

Therefore, these material systems allow us to investigate how a metal’s propensity to form oxide 

layers effects thermal transport in samples prepared with ex-situ vs. in-situ processes.  

We find that the interface conductance between Au/Fe and Al/Cu, interfaces are all greater than 4 

GW/(m2-K) when deposited in-situ. For the Cu/Pt system the interface conductance falls between 

3.3 – 5.5 GW/(m2-K). For Au/Fe and Al/Cu systems that were prepared ex-situ, and were also RF-

sputter etched prior to the top metal deposition, we also observe G greater than 4 GW/(m2-K). 

Alternatively, for ex-situ samples that were not RF sputter cleaned, we observe that G depends on 

whether the bottom layer forms a native oxide. Both Cu and Fe form oxides when exposed to air. 
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For ex-situ Al/Cu, we observe a significant reduction of G ≈ 0.065 ± .15 GW/(m2-K). For ex-situ 

Au/Fe, we observe G ≈ 1.7 ± 0.9 GW/(m2-K). Finally, in ex-situ prepared Cu/Pt we observe G ≈ 

5.0 ± 1.3 GW/(m2-K). We credit the high ex-situ Cu/Pt interfacial thermal conductance to the fact 

that Pt surfaces do not form oxides. 

 

2. Experimental Methods 

2.1. Sample Preparation Description 

The metal films were sputter deposited using an Orion series AJA magnetron sputtering system. 

The base pressure of the vacuum chamber prior to DC magnetron deposition was kept bellow 

~3.5e-7 torr. During deposition, the base pressure is raised to 3.5 mTorr by introducing high purity 

Argon via a mass flow controller. All samples are grown at room temperature on a (0001) sapphire 

(Al2O3) substrate. The Al, Cu, and Fe are sputtered from a 2-inch targets at 200 W. The Pt is 

sputtered from a 1-inch target at 10 W.  

As described above, to investigate thermal transport across metal/oxide/metal interfaces we 

created three sets of samples to compare. The first type of sample we study are bilayers that are 

prepared via sequential in-situ magnetron sputter deposition of both layers. This first set of samples 

was sputtered without a vacuum break. As a result, we are reasonably confident there is no 

physically absorbed molecules or oxide layer on the surface of the bottom metal when the 2nd metal 

is deposited. 

The second set of samples were not sputter deposited simultaneously. The first metal layer was 

deposited, and then taken out of the chamber and placed on a hot plate 100 C for ~10 minutes. 

This heat-treatment in an ambient environment was intended to help expedite any chemical 

reactions likely to take place during an extended exposure to air, such as an oxide layer formation 

at the metal surface.  

The third set of samples were identical to the 2nd set described above. Except, after being placed 

back into the chamber, their surface was RF sputter cleaned prior to the deposition of the top metal 

layer. The sample stage was RF biased at 45 W for 300 seconds in an Argon plasma pressure of 

3.5 mTorr. After the RF sputter etch clean, the top metal layer was sputter deposited onto the 

sample.  

To investigate the effect of the RF etching time on thermal transport, we prepared three additional 

ex-situ+RF Al/Cu bilayer samples. We prepared these three additional Al/Cu samples in the same 

way as described above, but with the RF etch time varied. The first sample was RF etched at a 

power of 45 W for 10 seconds.  The second sample was RF etched in a multi-stage process.  The 

plasma was ignited at a power less than 5 W.  Upon ignition of the plasma, the power was linearly 

ramped for 40 seconds to a power of 45 W.  Then, the power was held fixed at 45 W for 30 seconds.  

For the third sample, we followed a similar multi-stage process as for the 2nd sample.  But, after 

ramping, the sample was RF etched at a constant power of 45 W for 60 seconds.   
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2.2. Pump/Probe Experiments 

We use time domain thermo-reflectance (TDTR) experiments to study thermal transport in the 

bilayers. We are primarily interested in the thermal interface conductance between the metals. 

TDTR is a well-established pump/probe technique for measuring thermal properties of thin-films 

and interfaces [23]. TDTR determines thermal properties by measuring the transient evolution of 

the surface temperature that results from heating by pump pulses. The time-evolution of the surface 

temperature is measured with a time-delayed probe pulse. The probe pulse detects temperature-

induced changes to the sample’s reflectance. The time required for the metal film to cool after 

being heated with the pump pulse is determined by the transport properties of the metal, including 

the interfacial thermal conductance between metals. The laser spot size in all our experiments was 

kept constant at w0 ≈ 6.5 μm. The pump modulation frequency in our experiments is f = 10.7 MHz.  

In regular TDTR experiments the pump and probe are both incident on the surface of the metallic 

transducer. In our experiment we used a front back set up for the pump and probe, see Fig 1. This 

means the pump is incident on the first metallic layer through the substrate and the probe was 

incident on the surface of the second metallic layer. In this geometry, TDTR becomes a nanoscale 

laser flash measurement that measures how quickly heat takes to traverse the nanoscale metal 

bilayers [24].  

We measure film thicknesses of our samples using picosecond acoustic signals in our TDTR data. 

We model acoustic wave propagation with an analytical solution to the acoustic wave equation. 

The model uses literature values for the density and elastic constants of metals as inputs, and treats 

the film thickness as a fit-parameter. We compare the predictions of the acoustic model to TDTR 

data after subtracting temperature-induced contributions to the signal, see Fig 2. 

 

Figure 1. Schematic of the optical layout for the front-back pump–probe measurement system. Red 

solid line indicates pump and blue solid line indicates probe. The elements labeled PBS and BS 

are polarizing beam splitters and beam splitters. 
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Figure 2. Picosecond acoustic data and acoustic model predictions for in-situ Au/Fe bilayer. The 

black markers show the TDTR in-phase signal vs delay time after temperature-induced 

contributions to the signal are subtracted out. The red line is a solution of the acoustic wave 

equation with Au and Fe layer thicknesses treated as fit parameters, best fit values are Au 73nm 

and Fe 17 nm. We used a similar analysis to determine layer thicknesses in all samples. 

 

3.  Results and Analysis  

Our TDTR experiments show that the thermal response to pump heating depends on the 

preparation method, see Figs. 3-5. As described above, in these experiments, the heat is deposited 

at the bottom of the bottom metal layer, and the temperature is measured at the surface of the top 

metal layer.  The thermal response of the top layer’s surface depends on the total thermal resistance 

across the bilayer. This total thermal resistance includes the thermal resistance of the bottom metal 

layer, the interface, and the top metal layer. In metal layers with weak electron-phonon coupling, 

e.g. Au, the thermal resistance between electrons and phonons is also significant [24].  

In all three-samples we study, the observed thermal response of in-situ and ex-situ+RF bilayer 

samples are similar. This is the main result of our study. RF sputtering the surface of a metal 

prepared ex-situ is sufficient to ensure both a thermally and electronically conductive interface. 

We observe that 30 seconds of RF etching is sufficient to ensure a thermally conductive interface 

between Al and Cu, see Fig. 6.  Al/Cu samples prepared with RF etch times of 30 and 60 seconds 

have interfaces that are as thermally conductive as the in-situ and ex-situ + 5-minute RF etch 

sample in Fig. 4. Alternatively, the Al/Cu bilayer with only 10 seconds of RF etch time has a 
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thermal response similar to the ex-situ Al/Cu sample.  This indicates that 10 seconds is not enough 

to ensure a high electronic conductance between two metals. 

We now discuss how ex-situ samples compare to the in-situ and ex-situ+RF samples. For the Au/Fe 

bilayer prepared ex-situ, the temperature rise of the Au surface is smaller than for the other two 

bilayers, see Fig. 3. This suggests the thermal resistance between the Fe layer and Au surface is 

larger in the ex-situ sample than in the in-situ or ex-situ+RF samples. However, the effect is small. 

In the Cu/Pt bilayer, the difference in the thermal response between all samples is also small, see 

Fig. 5.  

The method of preparation has the largest effect on the thermal response of the Al/Cu bilayers. For 

the in-situ and ex-situ+RF samples, the Al layer heats up within a picosecond of pump heating. 

Alternatively, for the ex-situ sample, it takes hundreds of picoseconds for the Al film to heat-up. 

This suggests an order of magnitude change in the thermal resistance between the Cu layer and the 

Al surface.  

In the section below, we use a two-temperature model to attempt to quantify the electron-electronic 

conductance of the nine samples. However, we note the experimental data in Fig. 3-5 directly 

addresses the two primary goals of our study without the two-temperature model analysis. 

Examination of Figs. 3-5 reveals that a 5-minute RF sputter etch of metals prepared ex-situ ensures 

thermally conductive metal/metal interfaces. For metals like Pt, which do not form metal-oxide, 

we see that RF sputtering has no observable effect on electronic interfacial transport (Fig. 5) and 

is not necessary. Therefore, we conclude that physisorption of molecules on the Pt surface while 

it is outside vacuum does not adversely affect electronic interfacial transport in the Cu/Pt ex-situ 

bilayer. The effect of ex-situ preparation is largest in the bilayer system where both materials form 

oxides, i.e. Al/Cu.  Ex-situ preparation has a small effect on transport in the Au/Fe bilayer, where 

only the Fe layer forms an oxide, and the oxide is poor conductor [25]. 
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Figure 3. TDTR data for Au/Fe bilayers. Red, black, and blue markers are data for bilayers 

prepared in-situ, ex-situ, and ex-situ with RF sputtering prior to top metal layer deposition, 

respectively. The solid black lines are predictions of the two-temperature model with the electron-

electron interface conductance set to Gee ≈ 5 GW/(m2-K). The green solid line is a two-temperature 

model prediction with the electron-electron interface conductance set to Gee ≈ 1.7 GW/(m2-K).  
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Figure 4. TDTR data for Al/Cu bilayers. Red, black, and blue markers are data for bilayers 

prepared in-situ, ex-situ, and ex-situ with RF sputtering prior to top metal layer deposition, 

respectively. The black solid line is a two-temperature model prediction with the electron-electron 

interface conductance set to Gee ≈ 5 GW/(m2-K). The green solid line is a two-temperature model 

prediction with the electron-electron interface conductance set to Gee ≈ 0.065 GW/(m2-K).  
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Figure 5. TDTR data for Cu/Pt bilayers. Red, black, and blue markers are data for bilayers prepared 

in-situ, ex-situ, and ex-situ with RF sputtering prior to top metal layer deposition, respectively. The 

red and green solid lines are two-temperature model predictions for the thermal response of the 

bilayer with the electron-electron interface conductance set to Gee  ≈ 5 GW/(m2-K). The difference 

in the two curves is that the ex-situ + RF bilayer has a Pt layer that is ~4.5 nm thinner.  
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Figure 6. TDTR data for Al/Cu bilayers for different times of RF etching. Black markers are data 

for bilayers prepared ex-situ with RF sputtering.  The RF sputtering time was varied for all three 

samples, see main text. The red, blue, and black markers correspond to total RF etch times of 100, 

70, and 10 seconds.  The red and black solid lines are two-temperature model predictions for the 

thermal response of the bilayer with the electron-electron interface conductance set to Gee  ≈ 5 

GW/(m2-K). The green solid line is a two-temperature model prediction with the electron-electron 

interface conductance set to Gee ≈ 0.150 GW/(m2-K). 
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3.1. Two Temperature Model Analysis  

To quantitatively relate the observed thermal response of the bilayers to interfacial transport 

coefficients, we analyze our data with a two-temperature model. Our two-temperature model is a 

numerical solution to heat flow in a multilayer two-channel system [26]. Electrons and phonons in 

each layer are treated as coupled thermal reservoirs. Each thermal reservoir has its own heat-

equation. In 1D, the heat equations for each channel are  

Cele 
𝜕Tele

𝜕t
 = Λele 

𝜕2Tele

𝜕z2  - g(Tele − Tph), 

Cph 
𝜕Tph

𝜕t
 = Λph 

𝜕2Tph

𝜕z2  + g(Tele − Tph), 

Where Cele and Cph are specific heats of electrons and phonons, Λele  and Λeph are thermal 

conductivities of electrons and phonons, Teleand Tph are temperatures of electron and phonons, 

and g is energy transfer coefficient between electrons and phonons. Heat-equations between layers 

are coupled via electron-electron and phonon-phonon interfacial boundary conditions. The thermal 

network for Au/Fe system can be seen in Figure 7.  

 

Figure 7. Device structure for Au/Fe System alongside the thermal network. The rate of heat 

transfer between electrons and phonons is governed by a thermal conductance per unit volume,  

gel-ph.  The rate of heat transfer between electrons in the Au and electrons in the Fe is governed by 

an electronic interfacial thermal conductance per unit area, Gel-el. The rate of heat transfer between 

phonons in the Au and phonons in the Fe is governed by an interfacial thermal conductance per 

unit area, Gph-ph. The rate of heat transfer between electrons in the Au and electrons in the Pt is 

governed by an electronic interfacial thermal conductance per unit area, Gel-el. 

 

The model takes the thermal properties and thickness of each layer in the system and outputs a 

prediction temperature for each channel i.e. electrons and phonons.  
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Before comparing our TDTR data and two-temperature model predictions, we need to account for 

a mismatch between what TDTR experiments measure and what the thermal model predicts. Our 

two-temperature model predicts a temperature response of the phonons and electrons as a function 

of time and depth. TDTR measures the thermal response of the metal bilayers through temperature 

induced changes in reflectance[27]. We assume TDTR signals are proportional to a weighted 

average of the two-temperature model predictions for the electron and phonon temperatures at the 

surface of the top layer. We treat the proportionality constant as a fit parameter, and set it so the 

model prediction and ratio data agree at 3000 ps. The relative contributions of electron and phonon 

temperatures to the thermoreflectance signal are also treated as a fit parameter. For example, in the 

Au/Fe system the phonon contribution to the model is 99% and the electron contribution is 1%. 

We set most of the thermal model parameters based on independent measurements, or literature 

values, see Table 1. We treat the electronic and vibrational interface conductance between the two 

metal layers as fit parameters. We adjust these two parameters until model and data agree in the 

range of 1 ps up to 1000 ps.  

In most of our experiments, there is a not one unique combination of electron-electron and 

electron-phonon conductance values that fit our data. There are a range of values we can input into 

the model that lead to an agreement with our data. To quantify this range of values, we calculate 

the root mean square percentage error (RMSE) between the data and model predictions across a 

wide-range of electron-electron and electron-phonon conductance values. In Fig. 8, we show 

contour plot illustrating all pairs of electron-electron and electron-phonon conductance that lead 

to a RMSE of < 7.0% for in-situ and ex-situ Au/Fe, < 5.5% for in-situ Al/Cu, < 16% for ex-situ 

Al/Cu, and < 4.0 % for in-situ and ex-situ Cu/Pt system. The difference in percentage arises from 

a minimum RMSE deviation that depends on the strength of the picosecond acoustic echoes.  The 

effect of the picosecond echoes on the experimental signal is not included in the two-temperature 

model predictions, and the signal from acoustic echoes varies between samples.   
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Figure 8. Contour map of the root mean square percentage error between model fits and TDTR 

data for a) Au/Fe bilayer, b) Al/Cu bilayer, and c) Cu/Pt bilayer. Filled areas indicate conductance 

values that yield two-temperature model predictions whose root mean square percentage error with 

TDTR data is < 7.0% for in-situ and ex-situ Au/Fe , < 5.5% for in-situ Al/Cu, < 16% for ex-situ 

Al/Cu, and < 4.0% for in-situ and ex-situ Cu/Pt. The red shaded region is for the in-situ samples. 

The black shaded region is for ex-situ samples.  

3.2. Discussion 

Our two-temperature model fits suggest the electron-electron interface conductance Gee > 4 

GW/(m2-K) in four of the nine bilayers. These four samples include in-situ and ex-situ+RF Au/Fe 

and Al/Cu samples. All three of the Cu/Pt samples have electron-electron interface conductance 

between 3.3 < Gee < 6.5 GW/(m2-K). It is important to note that 4 GW/(m2-K) is only a lower 

bound to the electronic conductance. The thermal model predictions lose sensitivity to Gee when it 

is larger than 5 GW/(m2-K). This is because the electron conductance stops being a significant 

contributor to the total thermal resistance across the bilayer. We illustrate this in Fig. 8. Fig. 8 

shows the range of phonon and electron interface conductance values that yield a good fit to the a) 

Au/Fe TDTR data b) Al/Cu TDTR data, and c) Cu/Pt TDTR data, i.e. a root mean square 

percentage error less than 7.0%, 5.5%, and 4.0%.  

The two-temperature model provides an explanation for why the in-situ and ex-situ+RF Al/Cu 

bilayer samples have a different thermal response to heating than all other samples.  In the in-situ 

and ex-situ+RF Al/Cu samples, the top layer heats up in less than a picosecond (Fig. 4).  In other 

samples, the thermal response time of the top metal layer is on the order of 100 ps (Figs. 4-6).  This 

difference is explained by the strength of the electron-phonon coupling in top vs. bottom layers.  
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Au and Cu have weak electron-phonon interactions, see Table 1.  Fe, Al, and Pt have comparatively 

strong electron-phonon interactions. In our samples, the Au (weak e-p), Al (strong e-p), and Cu 

(weak-ep) are top layers. The thermal dynamics of the bilayer are governed by the heat-capacities 

and thermal conductance between each thermal reservoir, which include the electron-phonon 

interactions, see Fig. 7.  In the ex-situ+RF and in-situ Al/Cu bilayer, the thermal conductance 

between the Cu electrons, the Al electrons, and the Al phonons is sufficiently high that these three 

sub-systems effectively form a single thermal reservoir. Alternatively, in Au/Fe and Cu/Pt bilayers, 

even when the electronic interface conductance is high, the Au-phonons and Cu-phonons take a 

long time to thermalize with the other sub-systems because Au and Cu have weak electron-phonon 

coupling. This weak electron-phonon coupling forms a significant thermal resistance. The 

interplay of electron-phonon coupling, high electron thermal diffusivity, and large phonon heat 

capacity in metal bilayers was explored in Refs. [24][16].  Our two-temperature modelling results 

are consistent with the conclusions of these prior works.   

We note that the difference in signal in the ex-situ+RF Cu/Pt sample arises from a thinner Pt (~4 

nm thinner), and not a difference in electronic conductance.  Picosecond acoustic signals indicate 

that the Pt layer is thinner in the ex-situ+RF sample, likely as a result of the RF etching prior to 

the top metal deposition.     

Ex-situ preparation of the Au/Fe bilayer leads to a significant reduction in electronic heat transport. 

Assuming the phonon interface conductance is larger than 0.03 GW m-2 K-1, our data suggests the 

electronic interface conductance is between 0.8 < Gee < 1.9 GW/(m2-K), see Fig 8. The electronic 

conductance is impeded, but not completely.  

The ex-situ Al/Cu samples have a thermal response that indicates electrons are not able to traverse 

the metal/metal interface. In the ex-situ Al/Cu bilayer, heat takes ~100x as long to traverse the 

bilayer as compared to the in situ and ex-situ+RF samples. Our data suggests the electronic 

conductance is Gee < 0.08 GW/(m2-K). We are unable to place a lower bound on the electron-

electron conductance of this sample. Therefore, it is possible the electronic conductance is 

essentially zero, and all heat is carried across the interface by phonons.  

The ex-situ Al/Cu sample with different RF etching times indicates that 30 seconds of RF etching 

time is enough to restore thermal and electronic conductance. Both the 30 sec and 60 second 

samples have similar thermal response, and their electronic conductance is Gee > 5 GW/(m2-K). 

The last sample indicates that 10 seconds of RF etching still significantly impedes thermal and 

electronic conductance, the data suggests the electronic conductance is Gee < 0.150 GW/(m2-K), 

which is comparable to Gee < 0.08 GW/(m2-K) we observed for the ex-situ sample with no RF 

etching. 

We expect exposure of a Cu film to an ambient environment at 100°C will form 1-2 nm of copper 

oxide [28][29]. The oxide layer is likely Cu2O, which is a semiconductor [28]. Upon re-loading 

into the sputtering chamber and being deposited, it is possible that Al reacts will react with the 
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copper-oxide and form a few monolayers of Al2O3. The oxide-interlayer is clearly sufficient to 

suppress electronic heat-currents, see Fig. 3.  

Our results for the interface conductance in the ex-situ Al/Cu and Au/Fe bilayers are consistent 

with prior results for phonon interface conductance values [30]. Similarly, our results for the 

interface conductance in the in-situ and ex-situ + RF  bilayers are consistent with prior 

observations of electronic interface conductance [31][32]. Typical phonon interface conductance 

values are around between Gph ≈ 0.05 to 0.3 GW/(m2-K) [30]. The metal/sapphire interface 

conductance values in our systems are  Gph ≈ .265 GW/(m2-K), Gph ≈ .085 GW/(m2-K), and Gph ≈ 

.060 GW/(m2-K) for the Fe, Cu, and Pt systems, respectively. Alternatively, electronic interface 

conductances are typically an order of magnitude larger, Gee > 5 GW/(m2-K) [31][32].  

If we compare the ex-situ Au/Fe and the ex-situ Al/Cu results, it is surprising to see that the Au/Fe 

sample has a conductance that is an order of magnitude larger, Gee ≈ 1.7 GW/(m2-K) vs. Gee ≈ .065 

GW/(m2-K). Intuitively, one would assume that the presence of an electrically resistive oxide layer 

would suppress the electronic conductance to a small value in both systems. This suggests that 

either the thickness of the Fe oxide layer is not thick enough to prevent electrons from traversing 

the interface, or that the oxide layer offers only partial coverage. 

X-ray photoelectron spectroscopy experiments suggest Fe will form 3-4 nm of oxide in a time-

frame of 10 minutes [29]. The oxide is likely to be hematite [29], i.e. Fe2O3. Hematite is a poor 

electrical conductor with a resistivity six to seven orders of magnitude larger than Fe [33]. One 

possible explanation for the high electron conductance we observe in the ex-situ Au/Fe bilayer is 

the incident Au ions that hit the Fe2O3/Fe layer during sputtering of the Au top layer have sufficient 

kinetic energy to partially dislodge the Fe2O3 coating, thereby allowing the Au layer to be in partial 

contact with the Fe metal layer.  

Conclusions  

We conducted pump probe measurements and two temperature modeling of thermal transport in 

Au/Fe, Al/Cu, and Cu/Pt bilayers. We investigate how different preparation of these material 

systems effects interfacial thermal properties. We show that RF-sputtering metal layers prepared 

ex-situ prior to top metal layer deposition ensures good thermal contact between two metal layers. 

We show that without an RF surface treatment, the electronic conductance is significantly lowered 

in the Al/Cu and Au/Fe systems, likely do the formation of Cu and Fe oxide layers. We show that 

for the Al/Cu system, a minimum of 30 seconds of RF etching time is enough to restore both 

thermal and electronic conductance. Finally, we show that for the systems that do not form oxides, 

RF sputtering the ex-situ layer does not appear to be necessary to ensure a both a thermally and 

electrically conductive interface. 
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Table 1: Two temperature model parameters 

a   Reference [36]. 

a1 Reference [35]. 

a2 Assume to be the same as Pt 

b Electrical thermal conductivities are determined from the Wiedemann-Franz law and electrical 

conductivities.  Electrical conductivity for each metal was determined via four-point probe measurements 

of single-layer thin-film samples sputtered separately from the bilayers 

d Reference [37]. 

e Reference [34]. 

f Reference [38]. 

g Reference [39]. 

h Reference [16]  

j Reference [40]. 

k Reference [41]. 

 

 Au Fe Al Cu Ta Pt Al2O3 

Thermal Conductivity  

Λph (W m-1 K-1) 

 

3g 10a 10a 10a 10a 7e 38 

Thermal Conductivity  

Λel (W m-1 K-1) 

 

190b 15b 250b 190b 50b 2b  

Specific Heat  

Cph (MJ m-3 K-1) 

 

2.49f 3.53 2.42 3.45 2.40 2.84d 3.08 f 

Specific Heat 

Cel (MJ m-3 K-1) 

 

2.02×104 2.04×105 2.80×104a1 3.15×104a1 1.2×105 a2 1.2×1055a1  

Electron-Phonon 

Coupling  

gel-ph (W m-3 K-1 ) 

 

2.0×1016h 100×1016 25×1016 a1 5.5×1016 a1 8.8×1016j 6.0×1017c  

Refractive Index 

n+ik at 783 nm 

 

 

.178+ 

i5.76 h 

2.89+ 

i3.32 

2.60+ 

i8.44 k 

.25+ 

i5.03 

1.1+ 

i3.5 k 

2.7+ 

i5.9h 

1.77 
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Table 2: Two temperature model parameters for Au/Fe System  

 

 

 

 

 

 

 

 

i Obtained from fitting parameters from thermal analysis. 

j Obtained from fitting parameters from picosecond acoustics 

 

  

 Au/Fe 

Interface 

Conductance 

in-situ exsitu+RF ex-situ 

Gph (GW m-2  K-1) .200 i 200 i 200 i 

Gel (GW m-2  K-1) > 4 i > 4 i 1.7 i 

Gsub (GW m-2  K-1) .265 i .265 i .265 i 

Phonon 

Contribution  [%] 

99 i 99 i 99 i 

Au thickness (nm) 73 nm j 74 nm j 73 nm j 

Fe thickness (nm) 17 nm j 16 nm j 18 nm j 
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Table 3: Two temperature model parameters for Al/Cu System  

 

 

 

 

 

 

 

 

i Obtained from fitting parameters from thermal analysis. 

j Obtained from fitting parameters from picosecond acoustics 

 

  

 Al/Cu 

Interface 

Conductance 

in-situ exsitu+RF exsitu 

Gph [GW/(m2-K)] 200 i 200 i 200 i 

Gel [GW/(m2-K)] >4 i >4 i .065 i 

Gsub [GW/(m2-K)] .080 i .080 i .080 i 

Phonon 

Contribution  [%] 

99 i 99 i 99 i 

Al Thickness (nm) 13 nm j  14 nm j 14 nm j 

Cu Thickness (nm) 50 nm j 52 nm j  50 nm j 
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Table 4: Two temperature model parameters for Cu/Pt System  

 

 

 

 

 

 

 

 

i Obtained from fitting parameters from thermal analysis. 

j Obtained from fitting parameters from picosecond acoustics 

 

 

 

 

 Cu/Pt 

Interface 

Conductance 

in-situ exsitu+RF ex-situ 

Gph [GW/(m2-K)] .200 i 200 i 200 i 

Gel [GW/(m2-K)] 3.3-5.6 i 3.3-5.6 i 3.8-6.5 i 

Gsub [GW/(m2-K)] .60 i .060 i .060 i 

Phonon 

Contribution  [%] 

99 i 99  99  

Cu Thickness (nm) 82 82 nm  82 nm 

Pt Thickness (nm) 13 nm 10 nm 13 nm 
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