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and without embedded ErAs nanodots. It is seen in both cases that the inclusion of nanodots into the microstructure results in a significant reduction

Controlling thermal conductivity - Static

to the lattice thermal conductivity. In the PbTe system solid solution alloying is effective around room temperature (see black dotted arrow) but not at
high temperature. Nanostructuring is shown to be effective both at room temperature and at high temperatures (see brown dotted arrows).

Nanoscale heat transfer
Well controlled and prescribed inclusions, defects, or
interfaces to permanently change thermal conductivity
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different phonon modes and reduce thermal conductivity. A
schematic diagram is shown in Figure 5 capturing these various phonon scattering mechanisms, along with the electrical
transport within a thermoelectric material.
Thus, in certain cases nanodots clearly play a very significant
role in reducing lattice thermal conductivity, probably by effectively scattering phonons that otherwise would have relatively
long mean free paths. In many of these cases it has been clearly
demonstrated that the reduction in thermal conductivity far
exceeds any concomitant reduction in the power factor caused

changed from 0.01-6% without introducing defects or dislocations. Thermal conductivity measurements show a reduction by
as much as a factor of 3 compared to the bulk
alloy [Figure 4b].
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The question remains as to why the incluboundary
sion of nanodots can reduce the thermal
conductivity below the alloy limit. Detailed
calculations of phonon transport have been
performed for ErAs:InGaAs materials,
although the principles developed through
these studies are fairly general and apply for
other nanodot material systems as well.[72,82]
Atomic scale defects in alloys scatter phonons due to differences in mass or due to
generation of strain fields, and the scattering
cross-section follows Rayleigh scattering as
d6/λ4, where d is the nanodot diameter and
Atomic
λ is the phonon wavelength. Hence, short
defect
wavelength phonons are effectively scattered
in alloys, but the mid-to-long wavelength
Nanoparticle
phonons can propagate without significant
scattering and thereby still contribute to heat
Short wavelength phonon
Hot Electron
conduction. By inclusion of nanoparticles,
Mid/long wavelength phonon
Cold Electron
significant reduction in lattice thermal conductivity can be achieved by the additional
Figure 5. Schematic diagram illustrating various phonon scattering mechanisms within a therscattering of mid- and long-wavelength pho- moelectric material, along with electronic transport of hot and cold electrons. Atomic defects
nons by the nanoparticles. Calculations show are effective at scattering short wavelength phonons, but larger embedded nanoparticles are
that a wide size distribution of nanoparticles required to scatter mid- and long-wavelength phonons effectively. Grain boundaries can also
is preferable since it can effectively scatter play an effective role in scattering these longer-wavelength phonons.
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Controlling thermal conductivity - Dynamic
The thermal conductivity switch
Reversibly switching the thermal conductivity of a
material via an external stimulus
Defect diffusion, e.g., “de-litiation” of LiCoO2
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The thermal conductivity switch
State of the art around biologically relevant temperatures

Nature Nanotechnology 13, 959 (2018)
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The thermal conductivity switch
State of the art around biologically relevant temperatures
Can we push the SOA
with bio-inspired
materials?

Nature Nanotechnology 13, 959 (2018)

Heat transfer and thermal conductivity in polymers
Polyethylene predicted to
vary thermal conductivity by
a factor of 12

ACS Nano 7, 7592
Increased inter- and intramolecular
bonding has been shown to create
polymers with ~10x higher κ
than conventional polymers

Science Advances 4, eaar3031

Strain, chain alignment and crystallinity lead to large
changes in polymer thermal conductivity (static)

Squid ring teeth proteins – Prof. Melik Demirel (Penn State)

High strength protein due to semi
crystalline (beta sheets) hydrogen
bonded network

Squid ring teeth proteins – Prof. Melik Demirel (Penn State)

Add water!

Self healing when hydrated
(with a little bit of heat)

Squid ring teeth proteins – Prof. Melik Demirel (Penn State)

• Can we tune the thermal conductivity buy changing
the molecular structure? (static)
• Can we dynamically control the thermal conductivity
with hydration? (dynamic thermal conductivity switch)
Nature Nanotechnology 13, 959 (2018)

Time domain thermoreflectance (TDTR)
A typical sub-picosecond pump-probe system
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Giri et al.
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J. Appl. Phys. 117, 105105 (2015)

For example, we have previously shown that in thin gold
films on rough Si substrates, the influence of interfacial
roughness on e-p relaxation is only quantifiable at high effective electron temperatures.17 Along these lines, we have
shown both experimentally37,38 and theoretically39 that during conditions of both e-e and e-p nonequilibrium, the electron cooling dynamics after short pulsed excitation can in
fact be influenced by the metal/substrate interface. Clearly,
based on our previous works, under conditions of strong
e-p nonequilibrium, electron energy exchange at or across a
metal/non-metal interface can affect e-p equilibration and
TBC. However, the phase space of this energy transport
pathway, which exists only under strong nonequilibrium
conditions, is relatively unchartered compared to its phononphonon counterpart.40 Additionally, systematic studies to

DataFIG.from:
Giri et al. J. Appl. Phys. 117, 105105 (2015)
1. Thermoreflectance signal for a 20 nm Au/Si sample plotted as a

Results – Programmable thermal conductivity
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Results – Switchable thermal conductivity
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Results – Switchable thermal conductivity

But why???
Nature Nanotechnology 13, 959 (2018)
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Fig. 1 | Structure and thermal conductivity of TR protein-based materials. a, Schematic of the TDTR measurements: the pump and probe beams
through the transparent glass substrate and interact with an 80!nm Al transducer, and thermal diffusion from the Al film into the overlying TR film

Mechanisms of thermal conductivity switching
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a relatively narrow portion of the phononic spectrum is impacted. Here, we report on the ability to modulate the thermal
conductivity of topologically networked materials by nearly a factor of four following hydration, through manipulation of

