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Abstract

Interfaces play an essential role in phonon-mediated heat conduction in solids, impacting appli-

cations ranging from thermoelectric waste heat recovery to heat dissipation in electronics. From

a microscopic perspective, interfacial phonon transport is described by transmission and reflection

coefficients, analogous to the well-known Fresnel coefficients for light. However, these coefficients

have never been directly measured, and thermal transport processes at interfaces remain poorly

understood despite considerable effort. Here, we report the first measurements of the Fresnel trans-

mission coefficients for thermal phonons at a metal-semiconductor interface using ab-initio phonon

transport modeling and a thermal characterization technique, time-domain thermoreflectance. Our

measurements show that interfaces act as thermal phonon filters that transmit primarily low fre-

quency phonons, leading to these phonons being the dominant energy carriers across the interface

despite the larger density of states of high frequency phonons. Our work realizes the long-standing

goal of directly measuring thermal phonon transmission coefficients and demonstrates a general

route to study microscopic processes governing interfacial heat conduction.

a These authors equally contributed to this work.
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Transport across interfaces in heterogeneous media is a fundamental physical process

that forms the basis for numerous widely used technologies. For example, the reflection

and transmission of light at interfaces, as described by the Fresnel equations, enables wave-

guiding with fiber-optics and anti-reflection coatings, among many other functionalities.

Interfaces also play an essential role in phonon-mediated heat conduction in solids.1 Material

discontinuities lead to thermal phonon reflections that are manifested on a macroscopic scale

as a thermal boundary resistance (TBR), also called Kapitza resistance, Rk, that relates the

temperature drop at the interface to the heat flux flowing across it. TBR exists at the

interface between any dissimilar materials due to differences in phonon states on each side

of the interface.2 Typical interfaces often possess defects or roughness which can lead to

additional phonon reflections and hence higher TBR.

TBR plays an increasingly important role in devices, particularly as device sizes decrease

below the intrinsic mean free paths (MFPs) of thermal phonons.1 At sufficiently small length

scales, TBR can dominate the total thermal resistance. For instance, the effective thermal

conductivity of a superlattice can be orders of magnitude smaller than that of the constituent

materials due to high TBR.3–6 This physical effect has been used to realize thermoelectrics

with high efficiency7,8 and dense solids with exceptionally low thermal conductivity.9 On the

other hand, TBR can lead to significant thermal management problems10–12 in applications

such as LEDs13,14 and high power electronics.12,15

Thus both scientifically and for applications, a fundamental understanding of thermal

transport across solid interfaces is essential. In principle, Fresnel transmission coefficients

can also be used to provide a microscopic description of thermal phonon transport at in-

terfaces owing to the similarities between photons and phonons. However, despite decades

of work, the microscopic perspective of heat transport across interfaces remains poorly de-

veloped compared to that available for photons. Today, interfaces are most often studied

using macroscopic measurements of TBR or thermal conductivity. For example, numerous

works have studied interfacial thermal transport by observing the temperature dependence

of the thermal conductivity16 or interface conductance, G = 1/Rk
17–21 or by correlating

changes in bonding strength and interface conductance.22,23 However, these experimental

approaches provide limited information about the transmission coefficients because the ob-

servable quantities are averaged over all phonons and thus obscure the microscopic processes

of interest.
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As a result, considerable uncertainty exists as to the values of the phonon transmission

coefficients at solid interfaces. Commonly used analytical models for the transmission co-

efficients include the gray model, in which the transmission coefficients are a constant for

all phonon modes,24–26 the acoustic mismatch model27,28 and the diffuse mismatch model

(DMM),29–31 yielding incompatible predictions for the transmission coefficients. Further,

their predictions are in poor agreement with experiment, and none are able to account

variations in the atomic structure of actual interfaces. Atomistic methods such as molec-

ular dynamics32–40 and atomistic Green’s functions41–45 have been extensively applied to

obtain the transmission coefficients, predicting the phonon transmission coefficients to de-

crease with increasing phonon frequency. However, no direct experimental verifications of

these predictions have been reported. Prior experimental observations have reached con-

flicting conclusions, with one reporting that the transmission coefficients follow the trend of

atomistic calculations16 while another reaching the opposite conclusion that high frequency

phonons are the dominant heat carriers across the interface.46 Therefore, despite consid-

erable experimental and theoretical study, the phonon transmission coefficients at actual

interfaces remain unclear.

Here, we report the first measurements of the Fresnel transmission coefficients for thermal

phonons at a solid interface. Our approach is based on applying our recent advances in ab-

initio phonon transport modeling based on the phonon Boltzmann transport equation (BTE)

to interpret measurements from the time-domain thermoreflectance (TDTR), a widely-used

optical experiment in the thermal sciences. Our measurements reveal that low frequency

phonons are nearly completely transmitted across solid boundaries while high frequency

phonons are nearly completely reflected, leading to an interfacial heat flux distribution

that is dominated by low to mid frequency phonons. Further, our approach demonstrates a

general route to directly experimentally study the microscopic transport processes governing

interfacial heat conduction.

TDTR WITH AB-INITIO PHONON TRANSPORT MODELING

Our measurement is based on the TDTR experiment, an optical pump-probe technique

that is used to characterize thermal properties on micron length scales. In this experiment,

a femtosecond pulsed laser beam is split into a pump and a probe beam. The pump pulse
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train is modulated at a frequency from 1 to 15 MHz to enable lock-in detection, and is then

used to impulsively heat a metal film coated on the sample. The transient temperature

decay at the surface is detected as a change in optical reflectance by the probe beam.47

Typically, this temperature decay curve is fitted to a standard multilayer heat diffusion

model based on Fourier’s law with the substrate thermal conductivity and metal-substrate

interface conductance as fitting parameters.48,49 This method is now a standard thermal

metrology technique.

Recently, considerable interest has focused on quasiballistic heat conduction in TDTR

in which a lack of phonon scattering in the substrate leads to the breakdown of Fourier’s

law. Many experimental reports have demonstrated clear evidence of quasiballistic heat

transport in different material systems in the form of thermal properties that appear to

deviate from their bulk values.50–55 In this work, we interpret these effects as fundamentally

originating from the non-equilibrium phonon distribution emerging from the interface. As

illustrated in Fig. 1(a), when MFPs are much shorter than the characteristic length scale

of the thermal gradient, information about the phonon distribution at the interface is lost

due to scattering. On the other hand, if some phonons have sufficiently long MFPs, the

non-equilibrium distribution penetrates into the substrate and affects the resulting heat

conduction, thereby providing direct information about the spectral phonon distribution at

the interface.

While the required data is straightforward to obtain, the key to extracting the trans-

mission coefficients is to rigorously interpret the data with the ab-inito phonon transport

modeling based on the BTE. It is this step that has long impeded efforts to study interfaces

due to the extreme cost of solving the BTE for the TDTR experiment. A number of sim-

plified models55–61 have been proposed to explain these observations. However, all of these

models make various approximations that limit the information that can be extracted from

the measurements.

In this work, we overcome this challenge using two recent advances we reported for

rigorously solving the spectral BTE under the relaxation time approximation (RTA), with

no additional simplifications, that yield a factor of 104 speedup compared to existing methods

and allows the first ab-initio phonon transport modeling of TDTR free of artificial parameters

or simplifications of the phonon dispersion. First, we have obtained an analytical solution of

the spectral BTE in a semi-infinite substrate subject to an arbitrary heating profile.62 Second,
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we have employed a series expansion method to efficiently solve the spectral, one-dimensional

(1D) BTE in a finite layer, suitable for the transducer film.63 In this work, these two solutions

are combined using a spectral interface condition57 that expresses the conservation of heat

flux at each phonon frequency. Following the conclusions of prior computational works17,64

that the energy transmission at the interfaces considered here is elastic, we enforce that

phonons maintain their frequencies as they transmit through the interface; direct electron-

phonon coupling and inelastic scattering is neglected (see Supplementary Information).

The details of the calculation are in the Supplementary Information. The only inputs to

our calculation are the phonon dispersions and lifetimes, calculated using density functional

theory (DFT) with no adjustable parameters by Jesús Carrete and Natalio Mingo, and the

only unknown parameter is the spectral transmission coefficients across the interface. We

adjust the spectral transmission coefficients to obtain the best fit of the simulated surface

temperature decay to the experimental measurement. The reflection coefficients are specified

by energy conservation once the transmission coefficients are known.57

MEASUREMENTS OF PHONON TRANSMISSION COEFFICIENTS

We demonstrate our transmission coefficient measurements by performing a TDTR mea-

surement of an Al film on Si substrate with the native oxide removed by Hydrofluoric acid

prior to Al deposition, yielding a clean interface. The TEM image in Fig. 1(b) shows the

interface thickness is less than 0.5 nm. The amplitude and phase of a typical signal from the

lock-in amplifier are given in Figs. 1(c) & (d). To begin, we follow the typical procedure of

fitting data with the standard heat diffusion model to extract thermal conductivity k and

interface conductance G.65,66 We obtain G ≈ 280 MW/m2-K and k ≈ 140 W/m-K, which

is in good agreement with prior works and literature values for the thermal conductivity of

Si.46,52

Due to the good agreement, this measurement is typically taken as evidence that phonon

MFPs in silicon are small compared to the thermal length
√

α
f0

∼ 1 µm, where α is the

thermal diffusivity of silicon and f0 is the modulation frequency. However, a number of

ab-initio calculations, by different groups and with different computational packages, clearly

show that a substantial amount of heat is carried by phonons with MFPs exceeding 1

µm.67,68 This prediction has recently been experimentally confirmed by Cuffe et al using
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FIG. 1. Measurements and simulations of TDTR experiments on Al/Si with a clean

interface. (a) Schematic of the principle underlying the measurement of transmission coefficients.

If the characteristic length scale of the thermal transport is much longer than the phonon MFPs,

information about the interfacial distribution is lost due to strong scattering. If some MFPs are

comparable to the thermal length scale, the non-equilibrium distribution at the interface propa-

gates into the substrate where it can be detected. (b) TEM image showing the clean interface

of a Al/Si sample with the native oxide removed. The interface thickness is less than 0.5 nm.

Experimental TDTR data (symbols) on this sample at T = 300 K for a modulation frequency

f = 10.2 MHz along with the (c) amplitude and (d) phase fit to the data from the BTE simula-

tions (dashed lines), demonstrating excellent agreement between simulation and experiment. (e)

Apparent thermal conductivity and (f) apparent interface conductance of the experiments (sym-

bols) and BTE simulations (lines) versus modulation frequency. These quantities are extracted by

fitting the data and simulations to a thermal diffusion model. The pairs of solid lines denoted BTE

bounds correspond to the uncertainty in the measured transmission coefficients plotted in Fig. 2.
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thermal measurements on variable thickness silicon membranes.69 This fact implies that

quasiballistic transport should be readily observable in a typical TDTR experiment on Si,

despite the seemingly correct thermal properties measured.

This apparent contradiction can be resolved by considering the spectral profile of the

transmission coefficients. Our BTE calculations reveal that the measurements from TDTR

on this sample strongly depend on the spectral profile of the transmitted phonon spectrum,

a dependence that does not occur in the heat diffusion regime. This dependence allows the

transmission coefficients to be directly obtained from the TDTR data by adjusting them to

fit the surface temperature data from the lock-in amplifier in a procedure exactly analogous

to that used to measure bulk thermal properties.

We performed the fitting of transmission coefficients by adjusting them until the simulated

surface temperature curve and experimental data from the lock-in amplifier matched each

other. This comparison for all samples can be found in Supplementary Information. To

more compactly report the data, we further process the BTE results by fitting the simulated

surface temperature decay curves to the same heat diffusion model used in the experiments to

extract the apparent thermal conductivity and interface conductance at different modulation

frequencies. If these two parameters at each modulation frequency match, then the fitting

curves will also match, enabling a compact comparison of the simulation and experimental

data sets. However, we emphasize that the use of the heat diffusion model is for ease of

comparison only and was not used in the transmission coefficient measurement.

An example of the measurement process for the data shown in Figs. 1(e) & (f) is given

in Fig. 2. Prior works57,70 used a constant transmission coefficient profile that explained the

apparent interface conductance. However, we find that this profile predicts a modulation-

frequency dependent apparent thermal conductivity that becomes as low as 100 W/m-K,

in strong disagreement with experiment. Similarly, other commonly used models such as

the DMM predict the wrong trend of thermal conductivity and interface conductance as a

function of modulation frequency. (See Supplementary Information)

The only transmission coefficient profile that is able to simultaneously match the appar-

ent thermal conductivity and interface conductance in Figs. 1(d) & (e) from the experiment

is shown in Fig. 2(a). The figure shows that the transmission coefficient from Si to Al for

longitudinal phonons, TSi→Al(ω), starts at unity, its maximum possible value and decreases

steadily to near zero for high phonon frequencies. The transmission coefficient profiles for
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FIG. 2. Transmission coefficients and spectral heat flux at the interface. Transmission

coefficients of longitudinal phonons TSi→Al(ω) (blue shaded region) versus (a) phonon frequency

and (b) phonon wavelength, along with the constant transmission coefficient profile (green dashed

line) that gives the same interface conductance as the measured TSi→Al(ω). The boundaries of the

shaded region correspond to the BTE bounds in Figs. 1(e) and (f). Our measurement shows that

low frequency phonons have a much higher transmission probability across the interface than high

frequency phonons. (c) Spectral heat flux with the measured (blue shaded region) and constant

(green dashed line) transmission coefficient profiles across the interface versus phonon frequency.

(d) Normalized accumulative interface conductance with the measured (blue shaded region) and

constant (green dashed line) transmission coefficient profile versus phonon wavelength. Contrary

to the prediction of the constant transmission coefficient profile, low-frequency/long-wavelength

phonons carry a significant amount of heat across the interface.

the other polarizations have similar shapes, and so throughout the paper we plot only the

longitudinal transmission coefficients for simplicity. The transmission coefficients from Al to
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Si, TAl→Si(ω) are calculated by satisfying the principle of detailed balance; the relationship

between TSi→Al(ω) and TAl→Si(ω) reflect the differences in density of states and group ve-

locity between the two materials. The transmission coefficients for each side of the interface

and for the other polarizations are given in the Supplementary Information.

Our measured transmission coefficient profile thus indicates that low frequency, long

wavelength phonons are transmitted to the maximum extent allowed by the principle of

detailed balance, while high frequency, short wavelength phonons are nearly completely re-

flected at the interface. This result is consistent with many prior works in the literature.

First, our result qualitatively reproduces the physically expected behavior that transmission

coefficient increases with decreasing phonon frequency because phonons with sufficiently

long wavelength do not perceive the atomistic disorder at the interface. The absence of

acoustic reflections in our TDTR signal confirm the good acoustic match between the two

materials and support our finding that long-wavelength phonons are mostly transmitted at

the interface. Second, the measured transmission coefficient profile agrees with the experi-

mental studies of polycrystalline silicon by Wang et al,16 which suggested that transmission

coefficient should decrease with increasing frequency. Finally, the measurement also agrees

with numerous molecular dynamics and atomic Green’s function calculations, essentially all

of which predict a decreasing transmission coefficient with increasing phonon frequency.42–45

Our work is thus able to provide direct experimental confirmation of these predictions for the

first time while eliminating other possibilities for the transmission coefficients that appear

in the literature.

Using this transmission coefficient profile, we plot the spectral interfacial heat flux versus

phonon frequency and accumulative heat flux versus phonon wavelength in Figs. 2(c) & (d),

respectively. In contrast to the prediction by the constant transmission coefficient profile,

our results show that most of interfacial heat flux is carried by low to mid frequency phonons,

with the contribution from high frequencies strongly reduced due to their small transmission

coefficients. This observation highlights the importance of our ab-initio phonon transport

modeling approach, as prior works neglected the contribution of these low-frequency phonons

to interfacial heat flux.58 In fact, we are unable to explain the magnitude of the observed

interface conductance without the contribution of phonons of frequency less than 3 THz.

Similarly, we find that we can only explain the measurements using the exact phonon dis-

persion for Al computed from DFT; simple dispersion relations such as Debye model cannot
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FIG. 3. TDTR measurements on Al/Si at different temperatures and Al/SiGe. (a) Ap-

parent thermal conductivity and (b) apparent interface conductance versus modulation frequency

from experiments (symbols) and simulations (shaded regions) for Al on Si with a clean interface

at 300 K, 350 K and 400 K. (c) Apparent thermal conductivity and (d) apparent interface con-

ductance versus modulation frequency from experiments (circles: this work; triangle: Ref. 50) and

simulations (shaded regions) for Al on SiGe with a clean interface. The magnitude and trend of

the experimental data are reproduced using the same transmission coefficient profile as in Fig. 2.

explain the data because they underestimate the contribution of low frequency phonons to

thermal transport.

Since the energy transmission at the interfaces is considered elastic, the transmission

coefficient profile in theory should be independent of temperature. To confirm the robustness
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of the measured transmission coefficients, we conducted experiments at 350 K and 400 K

and compared the experimental results with the calculations using the same transmission

coefficient profile measured at 300 K. As shown in Figs. 3 (a) & (b), the transmission

coefficient profile measured at 300 K yields excellent agreement between simulations and

experiments at higher temperatures.

To further support our measurements, we additionally measure the transmission coeffi-

cients for Al on SiGe. While this material has an additional point defect scattering mecha-

nism compared to pure Si, we expect the transmission coefficients to be nearly the same given

that the host lattice is unchanged. Figs. 3(c) & (d) plot the apparent thermal conductivity

and interface conductance, demonstrating that our BTE modeling with the exact transmis-

sion coefficient profile shown in Fig. 2(a) agrees well with the measured apparent thermal

conductivity and interface conductance for Al/SiGe. This result confirms that the measured

transmission coefficients for Si and SiGe substrates are indeed the same. Importantly, the

apparent thermal conductivity of SiGe differs from its actual thermal conductivity, mea-

sured by Thermtest as 50.7 ± 0.5 W/m-K using the transient plane source method on a

bulk sample. This discrepancy highlights the strong influence of the transmission coefficient

profile on the measurements from TDTR.

So far, the measurements indicate that low frequency phonons are nearly completely

transmitted through a clean interface. We next seek to determine what types of interfacial

disorder can reflect these modes. We conducted additional measurements for Al on Si with

a native oxide layer (thickness ∼ 1 nm as shown in a TEM image in Fig. 4(a)) and Si with

thermally grown oxide layer (thickness ∼ 3.5 nm as shown in a TEM image in Fig. 4(b)).

Since the oxide layers are sufficiently thin to neglect their thermal capacitance, we can treat

them as part of the interface that modifies the transmission coefficient profile in our current

BTE model.

By again fitting the BTE results to the measurement as in Figs. 4(c) & (d), we are

able to find the transmission coefficient profiles for these two cases as shown in Figs. 4(e)

& (f). Compared to a clean interface, the transmission coefficients for Al on Si with a

native oxide are reduced for all phonon modes. However, low-frequency phonons experience

a larger reduction in transmission coefficient than do high-frequency phonons, which have

transmission coefficients close to zero even at a clean interface. When the roughness of the

interface increases with a thicker oxide layer, the transmission coefficient keeps decreasing
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FIG. 4. Transmission coefficient measurements of Al/Si with different types of inter-

faces. TEM images showing the Al/Si sample with (a) native oxide layer (thickness ∼ 1 nm)

and (b) thermally grown oxide layer (thickness ∼ 3.5 nm). (c) Apparent thermal conductivity

versus modulation frequency and (d) apparent interface conductance versus modulation frequency

of experiments (symbols) and simulations (shaded regions) for Al on Si with native oxide layer and

Si with thermally grown oxide layer. The lines give the upper and lower bounds of the BTE simu-

lations used to determine the transmission coefficients. The corresponding transmission coefficient

profiles versus (e) phonon frequency and (f) phonon wavelength show that as the interface gets

rougher, low frequency/long wavelength phonons are more likely to be reflected.
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and more phonons, especially those with wavelengths between 1 and 2 nm, are reflected at

the interface. Therefore, our measurements show that phonons with wavelength shorter than

the interface roughness are more likely to be reflected by the interface than long-wavelength

phonons, and as the interface gets rougher, a larger fraction of the phonon spectrum is

affected by the interface.

DISCUSSION

Our work has considerable implications for thermal metrology and technological applica-

tions. First, TDTR is a widely used characterization tool to measure the thermal properties

of thin films and bulk materials. However, this work demonstrates that in the quasiballistic

regime, the apparent thermal conductivity and interface conductance measured by TDTR

may not reflect bulk properties because both are strongly affected by the transmission coef-

ficient profile. The apparently correct measurement of silicon thermal conductivity appears

to be a fortuitous cancellation of two factors: the high transmission coefficient of low fre-

quency phonons leads to an increased contribution to heat flux that offsets the deviation

from Fourier’s law that occurs due to a lack of scattering. If these two factors were not

balanced, the apparent thermal conductivity of Si would not coincide with the bulk value.

In fact, these factors are not balanced in SiGe, resulting in an apparent thermal conductiv-

ity that is substantially smaller than the actual value. Additionally, the apparent thermal

interface conductance measured in SiGe deviates from the value measured in Si despite the

fact that the transmission coefficients are exactly the same. These observations are further

evidence that the apparent thermal properties extracted in a conventional TDTR inter-

pretation approach do not necessarily reflect the actual physical properties of the materials.

Although this situation is undesirable from a thermal metrology perspective, our work shows

that TDTR is capable of providing considerable microscopic detail about thermal phonons

provided the measurements can be properly interpreted.

Second, our measurements show that the spectral profile of transmission coefficients is

essential to understanding thermal transport across interfaces. Due to a lack of knowledge

about interfaces, the phonon transmission coefficients are often taken to be a constant or

calculated using the DMM. However, this work shows that both of these simple models

are incapable of explaining the experimental measurements. Although the gray model and
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measured transmission coefficient profiles yield the same apparent interface conductance,

the spectrum of heat transmitted across the interface is completely different, resulting in

opposite conclusions regarding the primary heat carriers across the interface. Therefore,

considering the spectral transmission coefficient profile across an interface is essential to

accurately describing thermal phonon transport.

Third, our work provides strong evidence that elastic transmission of phonons across an

interface is the dominant energy transmission mechanism for materials with similar phonon

frequencies. Our BTE model does not incorporate electrons or inelastic scattering yet is able

to explain all of the measurements we performed. We conclude that inelastic transmission

and coupling between electrons in metals and phonons in semiconductors have little influence

on the energy transport for the materials considered here.

Fourth, our results demonstrate that disorder at interfaces plays an important role in

the spectral content of the heat transmitted through the interface and provides strategies

to alter interface conductance. For instance, in applications like LEDs where the heat dissi-

pation rate across interfaces is to be enhanced, the key to increasing interface conductance

is to minimize the reflection of high frequency phonons by reducing defects; low frequency

phonons are likely to be mostly transmitted already. On the other hand, the strong frequency

dependence of the transmission coefficients can be exploited to create thermal phonon fil-

ters to selectively remove parts of phonon spectrum, analogous to optical long-pass filters.

Phonons with wavelength much longer than the characteristic roughness of an interface are

more likely transmitted through the interface while short-wavelength phonons are mostly

reflected. The thermal phonon spectrum responsible for heat conduction can thus be ma-

nipulated by controlling the atomistic roughness of an interface.

Finally, our work exemplifies the powerful insights that can be obtained through ab-

initio phonon transport modeling, free of artificial parameters or arbitrary divisions of the

phonon spectrum into diffusive and ballistic modes. Most of the previous studies focused on

developing simplified thermal models to explain the modulation-dependent measurements for

alloys such as SiGe but did not consider the contradictory observations in silicon. Obtaining

the transmission coefficients from measurements that appear to be in good agreement with

diffusion theory would be challenging without the predictive calculations reported here. Our

work thus demonstrates a general approach that can be used to advance our knowledge of

thermal phonons to a level on par with that of photons.
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METHODS

Sample preparation Commercial high-purity natural Si (100) wafer and Si-Ge (1.5-2

at % Ge) wafer (100) from MTI Corp. were used in the experiments. Before coating Al

on the samples, three different surface conditions of the samples were prepared. First, the

native oxide was removed with buffered HF acid to obtain a clean surface of Si and SiGe.

After etching, the samples were immediately put into a vacuum chamber for Al deposition.

Second, the native SiO2 layer was left in place. No further treatment was taken for this

condition before Al deposition. Finally, a thermally grown SiO2 layer as fabricated by

putting the Si samples into a tube furnace for three hours. The thickness of the native SiO2

layer and thermally grown SiO2 layer was measured by ellipsometry and TEM to be ∼ 1 nm

and ∼ 3.5 nm, respectively. A thin film of Al was deposited on all samples using electron

beam evaporator. The thickness of the Al transducer layer was 70 nm, measured by atomic

force microscopy.

TDTR measurements The measurements are taken on two-tint TDTR. The details

are available in Ref. 64. The probe diameter is 10 µm and the pump diameter is 60 µm.

Both beam sizes are measured using a home-built two-axis knife-edge beam profiler. With

60 µm pump heating size, the heat transfer problem can be treated as one-dimensional. All

the measurements at T = 300 K are performed under ambient conditions, and the additional

measurements at T = 350 and 400 K are performed in an optical cryostat (JANIS ST-100)

under high vacuum of 10−6 torr.

TEM images The TEM samples were prepared by standard FIB lift-out technique in

the dual beam FE-SEM/FIB (FEI Nova 600). To protect the top surface, a Pt layer with

thickness ∼ 300 nm was deposited with electron beam evaporation followed by another Pt

layer with thickness ∼ 3-4 µm by Ga ion beam. The lamella was cut parallel to the chip edge

which was aligned to the wafer flat edge during initial cutting in TDTR sample preparation.

As a result, the cutting surface normal was along (110) direction and all the TEM images

were taken parallel to the Si (110) crystallographic zone axis. High resolution transmission

electron microscopy (HRTEM) analyses were carried out in a FEI Tecnai TF-20 TEM/STEM

at 200 kV. To avoid damage from the high energy electron beam, the beam exposure on

region of interest was minimized especially at high magnification during operation.

Ab-initio modeling Thermal transport in TDTR experiments, assuming only cross-
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plane heat conduction, is described by the spectral, one-dimensional (1D) BTE under RTA.72

Efficiently solving this equation for the conditions of the TDTR experiment required two of

our recent computational advances. First, we have obtained an analytical solution of the

spectral BTE in a semi-infinite substrate subject to an arbitrary heating profile.62 Second,

we have employed a series expansion method to efficiently solve the spectral 1D BTE in a

finite layer, suitable for the transducer film.63 In this work, these two solutions are combined

using a spectral interface condition57 that expresses the conservation of heat flux at each

phonon frequency. Following the conclusions of prior computational works17,64 that the

energy transmission at the interfaces considered here is elastic, we enforce that phonons

maintain their frequency as they transmit through the interface; direct electron-phonon

coupling and inelastic scattering are neglected. The details of the calculation are in the

Supplementary Information. The only inputs to our calculation are the phonon dispersions

and lifetimes, calculated using DFT with no adjustable parameters by Jesús Carrete and

Natalio Mingo, and the only unknown parameters are the spectral transmission coefficients.

ACKNOWLEDGEMENTS

The authors thank J. Carrete and N. Mingo for providing the first-principles calculations

for silicon, Prof. Nathan Lewis group for the access to the ellipsometer, and the Kavli

Nanoscience Institute (KNI) at Caltech for the availability of critical cleanroom facilities.

X. C. thanks Melissa A. Melendes, Matthew H. Sullivan and Carol M. Garland from the

KNI for fabrication assistance, and Victoria W. Dix from the Lewis group at Caltech for

the help with the ellipsometer measurements. This work was sponsored in part by the

National Science Foundation under Grant no. CBET 1254213, and by Boeing under the

Boeing-Caltech Strategic Research & Development Relationship Agreement.

16



† aminnich@caltech.edu

1 David G. Cahill, Paul V. Braun, Gang Chen, David R. Clarke, Shanhui Fan, Kenneth E.

Goodson, Pawel Keblinski, William P. King, Gerald D. Mahan, Arun Majumdar, Humphrey J.

Maris, Simon R. Phillpot, Eric Pop, and Li Shi. Nanoscale thermal transport. ii. 20032012.

Applied Physics Reviews, 1(1):011305, 2014. URL http://scitation.aip.org/content/aip/

journal/apr2/1/1/10.1063/1.4832615.

2 E. T. Swartz and R. O. Pohl. Thermal boundary resistance. Rev. Mod. Phys., 61:605–668, Jul

1989. URL http://link.aps.org/doi/10.1103/RevModPhys.61.605.

3 Sune Pettersson and G. D. Mahan. Theory of the thermal boundary resistance between dissim-

ilar lattices. Phys. Rev. B, 42(12):7386–7390, October 1990. URL http://link.aps.org/doi/

10.1103/PhysRevB.42.7386.

4 G. Chen. Thermal conductivity and ballistic-phonon transport in the cross-plane direction of

superlattices. Phys. Rev. B, 57:14958–14973, Jun 1998. URL http://link.aps.org/doi/10.

1103/PhysRevB.57.14958.

5 Jayakanth Ravichandran, Ajay K. Yadav, Ramez Cheaito, Pim B. Rossen, Arsen Soukiassian,

S. J. Suresha, John C. Duda, Brian M. Foley, Che-Hui Lee, Ye Zhu, Arthur W. Lichtenberger,

Joel E. Moore, David A. Muller, Darrell G. Schlom, Partick E. Hopkins, Arun Majumdar,

Ramamoorthy Ramesh, and Mark A. Zurbuchen. Crossover from incoherent to coherent phonon

scattering in epitaxial oxide superlattices. Nature Materials, 13:168–172, 2014.

6 Peixuan Chen, N. A. Katcho, J. P. Feser, Wu Li, M. Glaser, O. G. Schmidt, David G. Cahill,

N. Mingo, and A. Rastelli. Role of surface-segregation-driven intermixing on the thermal

transport through planar Si/Ge superlattices. Phys. Rev. Lett., 111:115901, Sep 2013. URL

http://link.aps.org/doi/10.1103/PhysRevLett.111.115901.

7 Bed Poudel, Qing Hao, Yi Ma, Yucheng Lan, Austin Minnich, Bo Yu, Xiao Yan, Dezhi Wang,

Andrew Muto, Daryoosh Vashaee, Xiaoyuan Chen, Junming Liu, Mildred S. Dresselhaus, Gang

Chen, and Zhifeng Ren. High-thermoelectric performance of nanostructured bismuth antimony

telluride bulk alloys. Science, 320(5876):634–638, 2008.

8 K. Biswas, J. He, I. V. Blum, C. I. Wu, T. P. Hogan, D. N. Seidman, V. P. Dravid, and M. G

Kanatzidis. High-performance bulk thermoelectrics with all-scale hierarchical architectures.

17

mailto:aminnich@caltech.edu


Nature, 489:414–418, 2012.

9 C. Chiritescu, D. G. Cahill, N. Nguyen, D. Johnson, A. Bodapati, P. Keblinski, and P. Zschack.

Ultralow thermal conductivity in disordered, layered wse2 crystals. Science, 315:351–353, 2007.

10 Eric Pop. Energy dissipation and transport in nanoscale devices. Nano Research, 3(3):147–169,

2010. ISSN 1998-0124. URL http://dx.doi.org/10.1007/s12274-010-1019-z.

11 Arden L. Moore and Li Shi. Emerging challenges and materials for thermal management of

electronics. Materials Today, 17(4):163 – 174, 2014. ISSN 1369-7021. URL http://www.

sciencedirect.com/science/article/pii/S1369702114001138.

12 Jungwan Cho and Kenneth E. Goodson. Thermal transport: Cool electronics. Nature Materials,

14:136–137, 2015.

13 Zonghui Su, Li Huang, Fang Liu, Justin P. Freedman, Lisa M. Porter, Robert F. Davis, and

Jonathan A. Malen. Layer-by-layer thermal conductivities of the group iii nitride films in

blue/green light emitting diodes. Applied Physics Letters, 100(20):201106, 2012. URL http:

//scitation.aip.org/content/aip/journal/apl/100/20/10.1063/1.4718354.

14 Nam Han, Tran Viet Cuong, Min Han, Beo Deul Ryu, S. Chandramohan, Jong Bae Park,

Ji Hye Kang, Young-Jae Park, Kang Bok Ko, Hee Yun Kim, Hyum Kyu Kim, Jae Hyoung Ryu,

Y. S. Katharria, Chei-Jong Choi, and Chang-Hee Hong. Improved heat dissiapation in gallium

nitride light-emitting diodes with embedded graphene oxide pattern. Nature Communications,

4:1452, 2013.

15 Zhong Yan, Guanxiong Liu, Javed M. Khan, and Alexander A. Balandin. Graphene quilts for

thermal management of high-power gan transistors. Nature Communications, 3:827, 2011.

16 Zhaojie Wang, Joseph E. Alaniz, Wanyoung Jang, Javier E. Garay, and Chris Dames. Ther-

mal conductivity of nanocrystalline silicon: Importance of grain size and frequency-dependent

mean free paths. Nano Letters, 11(6):2206–2213, 2011. URL http://dx.doi.org/10.1021/

nl1045395. PMID: 21553856.

17 Ho-Ki Lyeo and David G. Cahill. Thermal conductance of interfaces between highly dissimilar

materials. Phys. Rev. B, 73:144301, Apr 2006. URL http://link.aps.org/doi/10.1103/

PhysRevB.73.144301.

18 P. M. Norris and P. E. Hopkins. Examining interfacial diffuse phonon scattering through tran-

sient thermoreflectance measurements of thermal boundary conductance. Journal of Heat Trans-

fer, 131:043207, 2009.

18



19 Ramez Cheaito, John T. Gaskins, Matthew E. Caplan, Brian F. Donovan, Brian M. Foley,

Ashutosh Giri, John C. Duda, Chester J. Szwejkowski, Costel Constantin, Harlan J. Brown-

Shaklee, Jon F. Ihlefeld, and Patrick E. Hopkins. Thermal boundary conductance accumulation

and interfacial phonon transmission: Measurements and theory. Phys. Rev. B, 91:035432, Jan

2015. URL http://link.aps.org/doi/10.1103/PhysRevB.91.035432.

20 Aaron J. Schmidt, Kimberlee C. Collins, Austin J. Minnich, and Gang Chen. Thermal con-

ductance and phonon transmissivity of metalgraphite interfaces. Journal of Applied Physics,

107(10):104907, 2010. URL http://scitation.aip.org/content/aip/journal/jap/107/10/

10.1063/1.3428464.

21 John C. Duda, Thomas E. Beechem, Justin L. Smoyer, Pamela M. Norris, and Patrick E.

Hopkins. Role of dispersion on phononic thermal boundary conductance. Journal of Applied

Physics, 108(7):073515, 2010. ISSN 00218979. URL http://scitation.aip.org/content/

aip/journal/jap/108/7/10.1063/1.3483943.

22 Peter J. O’Brien, Sergei Shenogin, Jianxiun Liu, Philippe K. Chow, Danielle Laurencin, P. Hu-

bert Mutin, Masashi Yamaguchi, Pawel Keblinski, and Ganpati Ramanath. Bonding-induced

thermal conductance enhancement at inorganic heterointerfaces using nanomolecular mono-

layers. Nature Materials, 2012. ISSN 1476-1122. URL http://www.nature.com.clsproxy.

library.caltech.edu/nmat/journal/vaop/ncurrent/full/nmat3465.html.

23 M. D. Losego, M. E. Grady, N. R. Sottos, D. G. Cahill, and P. V. Braun. Effects of chemical

bonding on heat transport across interfaces. Nature Materials, 11:502–506, 2012.

24 Sabah K. Bux, Richard G. Blair, Pawan K. Gogna, Hohyun Lee, Gang Chen, Mildred S. Dressel-

haus, Richard B. Kaner, and Jean-Pierre Fleurial. Nanostructured Bulk Silicon as an Effective

Thermoelectric Material. Advanced Functional Materials, 19(15):2445–2452, August 2009. ISSN

1616301X, 16163028. URL http://doi.wiley.com/10.1002/adfm.200900250.

25 Giri Joshi, Hohyun Lee, Yucheng Lan, Xiaowei Wang, Gaohua Zhu, Dezhi Wang, Ryan W.

Gould, Diana C. Cuff, Ming Y. Tang, Mildred S. Dresselhaus, Gang Chen, and Zhifeng Ren.

Enhanced thermoelectric figure-of-merit in nanostructured p-type silicon germanium bulk alloys.

Nano Letters, 8(12):4670–4674, 2008.

26 A. J. Minnich, H. Lee, X. W. Wang, G. Joshi, M. S. Dresselhaus, Z. F. Ren, G. Chen, and

D. Vashaee. Modeling study of thermoelectric sige nanocomposites. Phys. Rev. B, 80:155327,

Oct 2009. URL http://link.aps.org/doi/10.1103/PhysRevB.80.155327.

19



27 I. M. Khalatnikov. Teploobmen mezhdu tverdym telom i gelium ii. Sov. Phys. JETP, 22:

687–704, 1952.

28 W. A. Little. The transport of heat between dissimilar solids at low temperatures. Canadian

Journal of Physics, 37(3):334–349, 1959. URL http://dx.doi.org/10.1139/p59-037.

29 E. T. Swartz and R. O. Pohl. Thermal resistance at interfaces. Applied Physics Letters, 51(26),

1987.

30 Patrick E. Hopkins, Leslie M. Phinney, Justin R. Serrano, and Thomas E. Beechem. Effects of

surface roughness and oxide layer on the thermal boundary conductance at aluminum/silicon

interfaces. Phys. Rev. B, 82:085307, Aug 2010. URL http://link.aps.org/doi/10.1103/

PhysRevB.82.085307.

31 Patrick E. Hopkins and Pamela M. Norris. Effects of Joint Vibrational States on Thermal

Boundary Conductance. Nanoscale and Microscale Thermophysical Engineering, 11(3-4):247–

257, December 2007. ISSN 1556-7265, 1556-7273. URL http://www.tandfonline.com/doi/

abs/10.1080/15567260701715297.

32 A. Maiti, G.D. Mahan, and S.T. Pantelides. Dynamical simulations of nonequilibrium processes

heat flow and the kapitza resistance across grain boundaries. Solid State Communications,

102(7):517 – 521, 1997. ISSN 0038-1098. URL http://www.sciencedirect.com/science/

article/pii/S0038109897000495.

33 Robert J. Stevens, Leonid V. Zhigilei, and Pamela M. Norris. Effects of temperature and

disorder on thermal boundary conductance at solidsolid interfaces: Nonequilibrium molecu-

lar dynamics simulations. International Journal of Heat and Mass Transfer, 50(1920):3977 –

3989, 2007. ISSN 0017-9310. URL http://www.sciencedirect.com/science/article/pii/

S0017931007001342.

34 E. S. Landry and A. J. H. McGaughey. Thermal boundary resistance predictions from molecular

dynamics simulations and theoretical calculations. Phys. Rev. B, 80:165304, Oct 2009. URL

http://link.aps.org/doi/10.1103/PhysRevB.80.165304.

35 Woon Ih Choi, Kwiseon Kim, and Sreekant Narumanchi. Thermal conductance at atomically

clean and disordered silicon/aluminum interfaces: A molecular dynamics simulation study. Jour-

nal of Applied Physics, 112(5):054305, 2012. URL http://scitation.aip.org/content/aip/

journal/jap/112/5/10.1063/1.4748872.

20



36 R. E. Jones, J. C. Duda, X. W. Zhou, C. J. Kimmer, and P. E. Hopkins. Investigation of

size and electronic effects on kapitza conductance with non-equilibrium molecular dynamics.

Applied Physics Letters, 102(18):183119, 2013. URL http://scitation.aip.org/content/

aip/journal/apl/102/18/10.1063/1.4804677.

37 N. Yang, T. Luo, K. Esfarjani, A. Henry, Z. Tian, J. Shiomi, Y. Chalopin, B. Li, and G. Chen.

Thermal interface conductance between aluminum and silicon by molecular dynamics simula-

tions. Journal of Computational and Theoretical Nanoscience, in press, 2013.

38 Samy Merabia and Konstantinos Termentzidis. Thermal boundary conductance across rough

interfaces probed by molecular dynamics. Phys. Rev. B, 89:054309, Feb 2014. URL http:

//link.aps.org/doi/10.1103/PhysRevB.89.054309.

39 Zhi Liang and Pawel Keblinski. Finite-size effects on molecular dynamics interfacial thermal-

resistance predictions. Phys. Rev. B, 90:075411, Aug 2014. URL http://link.aps.org/doi/

10.1103/PhysRevB.90.075411.

40 P. K. Schelling, S. R. Phillpot, and P. Keblinski. Phonon wave-packet dynamics at semicon-

ductor interfaces by molecular-dynamics simulation. Applied Physics Letters, 80(14), 2002.

41 W. Zhang, T.S. Fisher, and N. Mingo. Simulation of interfacial phonon transport in si-ge

heterostructure using an atomistic greens function method. Journal of heat transfer, 129:483–

491, 2006.

42 Xiaobo Li and Ronggui Yang. Effect of lattice mismatch on phonon transmission and interface

thermal conductance across dissimilar material interfaces. Phys. Rev. B, 86:054305, Aug 2012.

URL http://link.aps.org/doi/10.1103/PhysRevB.86.054305.

43 Zhiting Tian, Keivan Esfarjani, and Gang Chen. Green’s function studies of phonon transport

across si/ge superlattices. Phys. Rev. B, 89:235307, Jun 2014. URL http://link.aps.org/

doi/10.1103/PhysRevB.89.235307.

44 Zhen Huang, Timothy S. Fisher, and Jayathi Y. Murthy. Simulation of phonon transmission

through graphene and graphene nanoribbons with a greens function method. Journal of Applied

Physics, 108(9):094319, 2010. URL http://scitation.aip.org/content/aip/journal/jap/

108/9/10.1063/1.3499347.

45 Patrick E. Hopkins, Pamela M. Norris, Mikiyas S. Tsegaye, and Avik W. Ghosh. Extracting

phonon thermal conductance across atomic junctions: Nonequilibrium greens function approach

compared to semiclassical methods. Journal of Applied Physics, 106(6):063503, 2009. URL

21



http://scitation.aip.org/content/aip/journal/jap/106/6/10.1063/1.3212974.

46 R. Wilson and D. Cahill. Anisotropic failure of fourier theory in time-domain thermoreflectance

experiments. Nature Communications, 5(5075), 2013.

47 William S. Capinski and Humphrey J. Maris. Improved apparatus for picosecond pump and

probe optical measurements. Review of Scientific Instruments, 67(8), 1996.

48 David G. Cahill. Analysis of heat flow in layered structures for time-domain thermoreflectance.

Review of Scientific Instruments, 75(12), 2004.

49 Aaron J. Schmidt, Xiaoyuan Chen, and Gang Chen. Pulse accumulation, radial heat conduction,

and anisotropic thermal conductivity in pump-probe transient thermoreflectance. Review of

Scientific Instruments, 79(11):114902, 2008. URL http://scitation.aip.org/content/aip/

journal/rsi/79/11/10.1063/1.3006335.

50 Yee Kan Koh and David G. Cahill. Frequency dependence of the thermal conductivity of

semiconductor alloys. Phys. Rev. B, 76:075207, Aug 2007. URL http://link.aps.org/doi/

10.1103/PhysRevB.76.075207.

51 Mark. E. Siemens, Qing Li, Ronggui Yang, Keith A. Nelson, Erik H. Anderson, Murnane Mar-

garet M., and Henry C. Kapteyn. Quasi-ballistic thermal transport from nanoscale interfaces

observed using ultrafast coherent soft x-ray beams. Nature Materials, 9:29–30, 2010.

52 A. J. Minnich, J. A. Johnson, A. J. Schmidt, K. Esfarjani, M. S. Dresselhaus, K. A. Nelson,

and G. Chen. Thermal conductivity spectroscopy technique to measure phonon mean free

paths. Phys. Rev. Lett., 107:095901, Aug 2011. URL http://link.aps.org/doi/10.1103/

PhysRevLett.107.095901.

53 K. Regner, D. Sellan, Z. Su, C. Amon, A. McGaughey, and J. Malen. Broadband phonon mean

free path contributions to thermal conductivity measured using frequency-domain thermore-

flectance. Nature Communications, 4(1640), 2012.

54 Jeremy A. Johnson, A. A. Maznev, John Cuffe, Jeffrey K. Eliason, Austin J. Minnich, Timothy

Kehoe, Clivia M. Sotomayor Torres, Gang Chen, and Keith A. Nelson. Direct measurement

of room-temperature nondiffusive thermal transport over micron distances in a silicon mem-

brane. Phys. Rev. Lett., 110:025901, Jan 2013. URL http://link.aps.org/doi/10.1103/

PhysRevLett.110.025901.

55 Bjorn Vermeersch, Amr M. S. Mohammed, Gilles Pernot, Yee Rui Koh, and Ali Shakouri.

Superdiffusive heat conduction in semiconductor alloys. ii. truncated lévy formalism for exper-
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