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Figure 1.  Functional schematic of the MicroMAPS instrument. 

 

 
Figure 2.  Illustration of MicroMAPS-Proteus instrument enclosure. 

 

 
Figure 3.  Enclosure window transmission vs. wavenumber. 

measurement of CO in the atmosphere.  The N2O cell 
was originally incorporated for the purpose of filtering 
out cloud contaminated data in the satellite application.  
This has not been implemented in this aircraft 
application. 
 
Bandpass Filter 

The bandpass filter blocks out any incoming 

energy that is not in the CO 4.67 µm spectral band.  
The bandpass filter data were recorded at 295 K and 
fitted with cubic spline interpolation to achieve values 
at the necessary 0.01 cm-1 wavenumber increments.  
The filter passband is temperature sensitive, and 
spectral shifts occur at various temperatures.  The shift 
is characterized by the following equation: 

 

ҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏҏ λΤ2 = λΤ1∗[1−(2.0∗10−4)(Τ2−Τ1)]ҏҏҏҏҏҏҏҏҏ (1) 
 
as determined from calibration testing.  Figure 4 shows 
the transmission spectrum of the filter over the 
temperature range encountered during the flights. 
 
Data Acquisition System 
 The data acquisition and recording system is a 
PC-104 computer stack of four boards that is designed 
for high altitude flight application and nearly 
autonomous operation.  Contained in an aluminum 
housing mounted to the half-inch thick aluminum base 
plate, the computer acquires and stores MicroMAPS 
data, environmental sensor data, and aircraft-supplied 
navigation information (GPS latitude, longitude, and 
altitude).  The data are time-tagged and output every 
three seconds.  The data rate is controllable by the 
MicroMAPS internal microprocessor.  Currently, the 
data are averaged over approximately 100 revolutions 
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“The Macroscale” – µMAPS

MicroMAPS on Proteus during INTEX-NA July 2004 Campaign 

Patrick Hopkins (UVA Mechanical 
Engineering student ) joined 
MicroMAPS-VSGC partnership as 
undergraduate student in 2002 and 
provides the radiative transfer 
component to the project.

Mike Melvil was one of the pilots 
flying Proteus during all four of the 
Science Missions (2004: INTEX, 
ADRIES, EAQUATE, and 2006: 
TWP-ICE

The Proteus
High altitude long endurance aircraft

No room for cooling loads!

circa 2004



Characteristic*lengths*(m)

C
ha
ra
ct
er
is
tic
*ti
m
es
*(s
)

1*nm
(1039)

10*nm
(1038)

100*nm
(1037)

1*µm
(1036)

10*µm
(1035)

100*µm
(1034)

fs
(10315)

ps
(10312)

ns
(1039)

µs
(1036)

> µs

“Hot”&
electrons

Atomistic/
quantum/
coherent&
transport

“Hot”&acoustic&phonons

“Hot”&optical&
phonons

Interfacial&scattering&
and&thermal&boundary&

resistance

Nano/micro
contacts

Packaging/“source?to?
sink”&thermal&
management

Nanoscale understanding of material heat transfer

4

100

q z
 (

rlu
)

qx (rlu)

2 nm

101

102

103

104

In
te

ns
ity

 (
cp

s)

105

106

44 45 46

NGO 220 STO 002

SL(+1)002

SL(0)002

SL(¬1)002

SL(¬n)002 SL(+n)002

47
2   (°)

48 49 40 42 44

2.5 µm ! 5 µm

46 48 5250

109

108

107

106

105

In
te

ns
ity

 (
cp

s)

104

103

102

101

0.768

0.774

SLpc 103

NGO 332

0.780

0.786

0.246 0.252 0.258 0.264

(CaTiO3)2

(SrTiO3)2

(SrTiO3)30

(SrTiO3)30

(BaTiO3)1

10,000

2,000

2 nm

1 nm

0 nm

1.0 µm

500

100

20

4

c

e

f

d

" 2   (°)"

a b

Figure 3 | Structural and microstructural characterization of superlattice samples from both series. a,b, High-resolution, short angular-range ✓–2✓ XRD
scan of a (STO)6/(CTO)6 superlattice centred on the NGO 220 substrate peak (a) and (STO)74/(BTO)1 superlattice peaks centred on the STO 002
substrate peak (b). Both the superlattice peaks and the thickness fringes suggest the high degree of interface abruptness in the samples.
c, A high-resolution reciprocal space map of the (STO)2/(CTO)2 superlattice centred on the NGO 332 substrate peak. The map clearly shows that the
superlattice film is coherently strained to the substrate. The colour scale bar indicates intensity in arbitrary units (log scale). d, Surface topography of a
200 nm (STO)2/(CTO)2 thick superlattice film on a STO (001) substrate. The image clearly shows the presence of smooth step edges with unit-cell
height. e,f, High-angle annular dark-field (HAADF) STEM images of (STO)2/(CTO)2 (e) and STEM-EELS image (dimensions 35 nm⇥3.6 nm) of a
(STO)30/(BTO)1 superlattice (f) revealing the presence of atomically sharp interfaces with minimal intermixing in the samples studied. A schematic of the
crystal structures is shown on the right in f. Chemical formulae of the component materials of the superlattice are colour-coded to match the false-colour
of the atomic-resolution STEM-EELS image on the left (Sr, orange; Ba, purple; Ti, green).

In conclusion, we have provided the first unambiguous
evidence for the crossover of phonon scattering from particle-
like (incoherent) to wave-like (coherent) processes in high-
quality, epitaxial perovskite oxide superlattices. The results are
in agreement with several theoretical predictions, and are much

stronger evidence for coherent phonon transport than the often-
reported ballistic transport experiments7–9. We have also shown
sufficient evidence to eliminate extraneous or spurious effects,
which could have alternatively explained the observed thermal
conductivity minimum in these superlattices. Our work opens up
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Several prior reviews have also highlighted some of the 
important advancements made in the understanding of Kapitza 
conductance at the nanoscale. The seminal article by Swartz 
and Pohl published in 1989 summarized the measurements 
conducted at cryogenic temperatures and presented the physical 
insights in terms of the acoustic mismatch model (AMM) and 
the diffuse mismatch model (DMM) and the phonon radiation 
limit that are still being used to interpret experimental results 
and provide key insights into the physical mechanisms dictating 
hK. More recently, Hopkins[39] has summarized various experi-
mental factors and near-interfacial defects and imperfections 
that drive hK, mainly focusing on metal/nonmetal interfaces 
that are ubiquitous in time domain thermoreflectance (TDTR) 
and frequency domain thermoreflectance (FDTR) experiments. 
Monachon et al.[40] presented the materials perspective on hK 
and reviewed various experimental techniques used to measure 
hK from the past 30 years.

In this current review, we discuss the significant advances 
in understanding thermal boundary conductance both from 
experimental and computational fronts. We present the flaws 
that accompany the basic assumptions driving the theoretical 
models used extensively in literature to understand experi-
mental results for hK across various types of interfaces. Specifi-
cally, we highlight experiments and computational works that 
have challenged the use of the phonon gas models such as 
the DMM and AMM in interpreting the physical mechanisms 
driving interfacial energy transport. We start with the concep-
tual foundations that have shaped the conventional knowledge 
of interfacial conductance at the nanoscale. Then we present 
experimental works that have challenged these conventional 
theories and follow this with recent computational works that 

have provided a deeper understanding of thermal boundary 
conductance and support the experimental findings. Then we 
present some of the recent advancements in understanding and 
controlling hK across various material systems with different 
types of energy carriers. Finally, we present the main conclu-
sions and provide an outlook for future research directions.

2. Commonly Invoked Semiclassical Formalisms 
for Predicting Thermal Boundary Conductance
A mathematical representation of heat flux across an interface 
from side 1 to side 2, in the most general form, is traditionally 
given in terms of the Landauer formalism as[41,42]
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where the transport is in the z-direction perpendicular to the 
interface, j is the polarization, !1 and "1 are the azimuthal and 
elevation angles of the heat flux, !k  is the wave-vector (where 
x, y, and z subscripts indicate individual Cartesian direc-
tions of this vector), E is the energy, #1 $ 2 is the transmission 
coefficient from side 1 to 2, f is the distribution function for 
the energy carrier, and !v j  is the carrier group velocity. Solving 
the full Equation (1) to calculate interfacial flux requires knowl-
edge of spectral contributions from the energy carriers. Further-
more, due to the fact that thermal transport occurs when the 
system is driven out of equilibrium, it is technically incorrect to 
assume that the energy distribution can be approximated with 
an equilibrium distribution function such as the Fermi–Dirac 

Adv. Funct. Mater. 2020, 30, 1903857

Figure 1. Illustration of various technologies reliant on dissipating or confining energy more efficiently through engineering nanoscale interfaces.
Adv. Func. Mat. 30, 1903857
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Figure 1.2.  Schematic illustration of the DARPA/ONR hypersonic HyFly vehicle showing areas of 
stagnation point heating at the nose cone, scramjet inlet, and tail fin leading edges. 

 

As a rule of thumb, efficient combustion in air-breathing scramjet engines requires a 

dynamic pressure of !"#"$/2 = 48kPa, where !" is the free-stream (atmospheric) air 

density and #" the vehicle velocity[8] .  This criterion is shown in Figure 1.3(a), which 

shows that flight at higher altitudes (lower air density) requires an increasingly higher Mach 

number to maintain the necessary dynamic pressure.  The scramjet flight trajectory is 

therefore dictated by any two of these three variables; the third variable becomes fixed.  This 

is important to note upfront because these variables play a role in stagnation point heating. 

Unlike reentry vehicles such as the Space Shuttle Orbiter or its replacement, the 

Orion Multipurpose Crew Vehicle (under development at NASA), a low drag aerodynamic 

Thermal properties of materials in extreme environments
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Figure 1.3.  (a) The relationship between altitude and Mach number for a dynamic pressure of 
40kPa.  (b) The influence of leading edge radius on the stagnation point heat flux assuming a cold 

wall (the temperature of the gas >> temperature of the vehicle). 

Hypersonic transport Jet engines

MRS Bull. 37, 
891 (2012)

S. D. Kasen, PhD thesis UVA (2013).

Re-entry vehicle:
“All you can do is pray for it”

J. App. Phys. news 
referencing: 117 233301 

(2015)



Outline

Theme: Developing experiments to measure thermal 
properties of materials subjected to extreme fluxes 

and nonequilibrium

• Thermal conductivity of materials: a nanoscale perspective on heat 
transfer and measurements

• Extreme thermometry: measuring thermal properties of materials up 
to 4,000 K

• Transient temperature changes during plasma-surface interactions
• “Plasma cooling”

• Interfacial heat transfer control of the IR properties of solids
• Near field radiative heat transfer coupling with phonon-polaritons
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temperature between 180 and 387 K and largely insensitive
to film thickness in the range 22 to 106 nm as shown in
Fig. 3(b). We also note that the chosen substrate (additional
films were deposited on glass and silicon, as opposed to the
ITO and PEDOT:PSS coated glass slides described above)
or heat treatment (annealed or unannealed) did not lead to
statistically significant changes in thermal conductivity.

In Ref. [17], Olson and Pohl used low temperature
heat capacity measurements to determine the Einstein
temperature of C60=C70 fullerite microcrystals, !E !
35 K, which corresponds to a frequency of kB!E=@ !
4:58" 1012 rad s#1, where @ is Planck’s constant divided
by 2!. With this value and the Einstein model of thermal
conductivity,

"E ! 2
k2B@ N1=3

!
!E

x2ex

$ex # 1%2 ; (2)

whereN is the fullerene density and x ! !E=T, they found
excellent agreement between the model and their data.
Following the reverse procedure and fitting the Einstein
model of thermal conductivity to our temperature-
dependent thermal conductivity data yields !E ! 22 K,
which corresponds to a frequency of 2:88" 1012 rad s#1.
This suggests that the presence of the molecular tail is not
only responsible for lowering the sound speeds of PCBM
microcrystals, but also lowering the characteristic fre-
quency of their highly localized vibrations.

To put the exceptionally low thermal conductivity of
PCBM into perspective, in Fig. 4, we plot the room-
temperature thermal conductivities of several amorphous
and crystalline materials as a function of their atomic
density. While previous reports have made similar com-
parisons with regard to mass density [6], plotting thermal
conductivity as a function of atomic density allows easier
identification of trends among crystalline and amorphous
materials, respectively. The outliers (P3HT, C60=C70, and
PCBM) are nominally microcrystalline, exhibit some of
the highest atomic densities, and simultaneously, some of
the lowest conductivities. In this respect, it is interesting to
note that some of the best thermal conductors, as well as
the best thermal insulators, are carbon allotropes or carbon
based materials [37].
In summary, we have reported on the thermal conduc-

tivities of [6,6]-phenyl C61-butyric acid methyl ester
(PCBM) thin films from 135 to 387 as measured by time
domain thermoreflectance. Thermal conductivities were
shown to be independent of temperature above 180 K
and <0:030& 0:003 Wm#1 K#1 at room temperature.
The longitudinal sound speed as measured by picosecond
acoustics was 2300& 100 m s#1, 30% lower than that in
C60=C70 fullerite compacts. Using Einstein’s model
of thermal conductivity, we found the Einstein character-
istic frequency of microcrystalline PCBM is 2:88"
1012 rad s#1. Through a comparison of our data to previous
reports on C60=C70 fullerite compacts, we have argued that
the molecular tails on the fullerene moieties in our PCBM
films are responsible for lowering both the apparent sound
speeds and characteristic vibrational frequencies below
those of fullerene films. In turn, the room-temperature
thermal conductivities of PCBM thin films are the lowest
reported of any fully dense solid.
J. C. D. and P. E. H. acknowledge funding from the

National Science Foundation (CBET-1134311). Y. S. and
M.C.G. would like to thank the NASA Langley Professor
Program, NSF I/UCRC program, and the University of
Virginia Energy Initiative for financial support. This
work was supported in part by the Laboratory Directed
Research and Development (LDRD) program at Sandia
National Laboratories.
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FIG. 4 (color online). Room-temperature thermal conductivity
of various materials plotted as a function of their atomic density.
The values for diamond, copper, aluminum, silicon, germanium,
and lead are from Ref. [31], SiO2 and aerogels from Ref. [16],
amorphous carbon from Ref. [35], WSe2 from Ref. [18],
C60=C70 from Ref. [17], P3HT from Ref. [38] and PCBM is
from the present work. Not only does PCBM exhibit the lowest
conductivity, but it is among the densest of the materials, second
only to diamond.
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different phonon modes and reduce thermal conductivity. A 
schematic diagram is shown in  Figure    5   capturing these var-
ious phonon scattering mechanisms, along with the electrical 
transport within a thermoelectric material.  

 Thus, in certain cases nanodots clearly play a very signifi cant 
role in reducing lattice thermal conductivity, probably by effec-
tively 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 

of Sb. [  73  ]  In contrast, similar fractions of nanoparticles of Bi or 
Pb (two elements that have the same atomic mass as the Pb ions 
in the rock salt lattice) were found to have no such effect. [  73  ,  81  ]  
ErAs:InGaAs is another interesting example to study along 
these lines since the size distribution of ErAs nanoparticles in 
the matrix is not a strong function of the growth parameters 
and they are typically 2–4 nm in diameter [Figure  3 c]. [  82  ]  The 
volume fraction of the embedded nanoparticles can be easily 
changed from 0.01-6% without introducing defects or disloca-
tions. Thermal conductivity measurements show a reduction by 
as much as a factor of 3 compared to the bulk 
alloy [Figure  4 b].  

 The question remains as to why the inclu-
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 pho-
nons due to differences in mass or due to 
generation of strain fi elds, and the scattering 
cross-section follows Rayleigh scattering as 
 d  6 /  !   4 , where  d  is the nanodot diameter and 
  !   is the phonon wavelength. Hence, short 
wavelength phonons are effectively scattered 
in alloys, but the mid-to-long wavelength 
phonons can propagate without signifi cant 
scattering and thereby still contribute to heat 
conduction. By inclusion of nanoparticles, 
signifi cant reduction in lattice thermal con-
ductivity can be achieved by the additional 
scattering of mid- and long-wavelength pho-
nons by the nanoparticles. Calculations show 
that a wide size distribution of nanoparticles 
is preferable since it can effectively scatter 

      Figure  5 .     Schematic diagram illustrating various phonon scattering mechanisms within a ther-
moelectric material, along with electronic transport of hot and cold electrons. Atomic defects 
are effective at scattering short wavelength phonons, but larger embedded nanoparticles are 
required to scatter mid- and long-wavelength phonons effectively. Grain boundaries can also 
play an effective role in scattering these longer-wavelength phonons.  

Nanoparticle

Short wavelength phonon

Mid/long wavelength phonon

Atomic 
defect

Grain
boundary

Hot Electron

Cold Electron

      Figure  4 .     Lattice thermal conductivity as a function of temperature for: (a) various PbTe-based alloys (x  =  0.1) and nanostructured samples. The value of 
x  =  0.1 was chosen because these samples have the same concentration of added component to PbTe as those in LAST-18 and SALT-20. (b) InGaAs with 
and without embedded ErAs nanodots. It is seen in both cases that the inclusion of nanodots into the microstructure results in a signifi cant reduction 
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).  
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temperature between 180 and 387 K and largely insensitive
to film thickness in the range 22 to 106 nm as shown in
Fig. 3(b). We also note that the chosen substrate (additional
films were deposited on glass and silicon, as opposed to the
ITO and PEDOT:PSS coated glass slides described above)
or heat treatment (annealed or unannealed) did not lead to
statistically significant changes in thermal conductivity.

In Ref. [17], Olson and Pohl used low temperature
heat capacity measurements to determine the Einstein
temperature of C60=C70 fullerite microcrystals, !E !
35 K, which corresponds to a frequency of kB!E=@ !
4:58" 1012 rad s#1, where @ is Planck’s constant divided
by 2!. With this value and the Einstein model of thermal
conductivity,

"E ! 2
k2B@ N1=3

!
!E

x2ex

$ex # 1%2 ; (2)

whereN is the fullerene density and x ! !E=T, they found
excellent agreement between the model and their data.
Following the reverse procedure and fitting the Einstein
model of thermal conductivity to our temperature-
dependent thermal conductivity data yields !E ! 22 K,
which corresponds to a frequency of 2:88" 1012 rad s#1.
This suggests that the presence of the molecular tail is not
only responsible for lowering the sound speeds of PCBM
microcrystals, but also lowering the characteristic fre-
quency of their highly localized vibrations.

To put the exceptionally low thermal conductivity of
PCBM into perspective, in Fig. 4, we plot the room-
temperature thermal conductivities of several amorphous
and crystalline materials as a function of their atomic
density. While previous reports have made similar com-
parisons with regard to mass density [6], plotting thermal
conductivity as a function of atomic density allows easier
identification of trends among crystalline and amorphous
materials, respectively. The outliers (P3HT, C60=C70, and
PCBM) are nominally microcrystalline, exhibit some of
the highest atomic densities, and simultaneously, some of
the lowest conductivities. In this respect, it is interesting to
note that some of the best thermal conductors, as well as
the best thermal insulators, are carbon allotropes or carbon
based materials [37].
In summary, we have reported on the thermal conduc-

tivities of [6,6]-phenyl C61-butyric acid methyl ester
(PCBM) thin films from 135 to 387 as measured by time
domain thermoreflectance. Thermal conductivities were
shown to be independent of temperature above 180 K
and <0:030& 0:003 Wm#1 K#1 at room temperature.
The longitudinal sound speed as measured by picosecond
acoustics was 2300& 100 m s#1, 30% lower than that in
C60=C70 fullerite compacts. Using Einstein’s model
of thermal conductivity, we found the Einstein character-
istic frequency of microcrystalline PCBM is 2:88"
1012 rad s#1. Through a comparison of our data to previous
reports on C60=C70 fullerite compacts, we have argued that
the molecular tails on the fullerene moieties in our PCBM
films are responsible for lowering both the apparent sound
speeds and characteristic vibrational frequencies below
those of fullerene films. In turn, the room-temperature
thermal conductivities of PCBM thin films are the lowest
reported of any fully dense solid.
J. C. D. and P. E. H. acknowledge funding from the

National Science Foundation (CBET-1134311). Y. S. and
M.C.G. would like to thank the NASA Langley Professor
Program, NSF I/UCRC program, and the University of
Virginia Energy Initiative for financial support. This
work was supported in part by the Laboratory Directed
Research and Development (LDRD) program at Sandia
National Laboratories.
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FIG. 4 (color online). Room-temperature thermal conductivity
of various materials plotted as a function of their atomic density.
The values for diamond, copper, aluminum, silicon, germanium,
and lead are from Ref. [31], SiO2 and aerogels from Ref. [16],
amorphous carbon from Ref. [35], WSe2 from Ref. [18],
C60=C70 from Ref. [17], P3HT from Ref. [38] and PCBM is
from the present work. Not only does PCBM exhibit the lowest
conductivity, but it is among the densest of the materials, second
only to diamond.
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Spectral Contributions to the Thermal Conductivity of C60 and the
Fullerene Derivative PCBM
Ashutosh Giri* and Patrick E. Hopkins*

Department of Mechanical and Aerospace Engineering, University of Virginia, Charlottesville, Virginia 22904, United States

ABSTRACT: We investigate the heat transport mechanisms responsible in
driving the characteristic temperature-dependent thermal conductivities of C60
and PCBM crystals via molecular dynamics simulations. We !nd that the thermal
conductivity of PCBM is “ultralow” across the temperature range studied in this
work. In contrast, the temperature-dependent thermal conductivity of C60
crystals exhibits two regimes: “crystal-like” behavior at low temperatures where
thermal conductivity increases rapidly with decreasing temperature and
temperature-independent thermal conductivities at higher temperatures. The
spectral contributions to thermal conductivity for C60 suggest that the majority of
heat is carried by modes in the low-frequency regime (<2 THz), which is a
consequence of intermolecular interactions. Unlike for C60, these modes are not
responsible for heat conduction in PCBM due to the mismatch in density of
states introduced by the addition of low-frequency modes from the alkyl chains
that are attached to the fullerene moieties.

The capability of fabricating carbon nanostructures (e.g.,
C60) in macroscopic quantities

1,2 has triggered their use in
a plethora of applications such as photovoltaics,3,4 thermo-
electrics,5,6 and phase change memory devices.7 Common to
these applications, the management of heat and thermal
characterization in fullerenes and their derivatives is critical
for their commercialization. For example, the complete
understanding of thermal transport has signi!cance in properly
accounting for Joule heating in photovoltaic and phase change
memory devices,7!9 and likewise, knowledge of heat transport
mechanisms is necessary for thermoelectric applications where
materials with ultralow thermal conductivities and high electron
mobilities are desirable.6,10

Considering the impact that thermal characterization of C60-
based materials has on their device-driven applications,
relatively few studies have focused on investigating their
thermal properties. In this context, it has been shown that
bulk C60 crystals demonstrate low thermal conductivities, "0.4
W m!1 K!1 measured via the static one-heater, two-
thermometer method and the 3! technique.11,12 Moreover,
the temperature dependence of the thermal conductivity
revealed an abrupt jump at 260 K as a result of an
orientational-order transition in C60 crystals. Similarly, molec-
ular dynamics (MD) simulations have revealed that at
temperatures greater than 200 K C60 molecules rotate
unhindered at high frequencies, whereas at lower temperatures,
orientational freezing is observed.13,14

The attachment of alkyl chains, or other such moieties, on
the fullerene (as in the case of the semiconducting PCBM,
[6,6]-phenyl C61-butyric acid methyl ester) can have a
signi!cant change in structural and physical properties,15,16

including alteration of the characteristic thermal transport
mechanisms driving their thermal conductivities. Experimental

investigations of thermal properties of fullerenes and their
derivatives have revealed almost an order of magnitude
di"erence between the thermal conductivities of hexagonal
PCBM and face-centered cubic C60.

17!21 Using time domain
thermore#ectance, Duda et al.17,18 reported ultralow thermal
conductivities (0.03!0.06 W m!1 K!1 at room temperature) for
PCBM, which marked the lowest ever measured thermal
conductivity for fully dense solids. They attributed the reduced
thermal conductivity to vibrational scattering resulting from the
addition of molecular moieties on the fullerene molecules.
Recently, Chen et al.22 performed nonequilibrium molecular
dynamics (NEMD) simulations on PCBM at 300 K and
ascribed the reason for the "63% decrease in thermal
conductivity (from the addition of the molecular tails) to
localization of vibrational states and reduced group velocities of
heat carrying vibrations in PCBM as compared to bare C60
structures. They also demonstrated that the mismatch of the
vibrational density of states (DOS) between the alkyl chain and
the fullerene could potentially result in the scattering of low-
frequency vibrations. However, a thorough understanding of
thermal transport, which includes the mode-level details of the
amount of heat carried by di"erent frequencies and the
characteristic temperature dependence of thermal conductiv-
ities in C60 and PCBM, is still lacking. In particular, the
important questions that need to be addressed to gain more
insight into the thermal transport properties of fullerenes and
their derivatives are (i) what frequencies carry heat in the C60
crystal and how do these spectral contributions di"er with the
addition of the alkyl chain on the fullerene moiety and (ii) how
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temperature between 180 and 387 K and largely insensitive
to film thickness in the range 22 to 106 nm as shown in
Fig. 3(b). We also note that the chosen substrate (additional
films were deposited on glass and silicon, as opposed to the
ITO and PEDOT:PSS coated glass slides described above)
or heat treatment (annealed or unannealed) did not lead to
statistically significant changes in thermal conductivity.

In Ref. [17], Olson and Pohl used low temperature
heat capacity measurements to determine the Einstein
temperature of C60=C70 fullerite microcrystals, !E !
35 K, which corresponds to a frequency of kB!E=@ !
4:58" 1012 rad s#1, where @ is Planck’s constant divided
by 2!. With this value and the Einstein model of thermal
conductivity,

"E ! 2
k2B@ N1=3

!
!E

x2ex

$ex # 1%2 ; (2)

whereN is the fullerene density and x ! !E=T, they found
excellent agreement between the model and their data.
Following the reverse procedure and fitting the Einstein
model of thermal conductivity to our temperature-
dependent thermal conductivity data yields !E ! 22 K,
which corresponds to a frequency of 2:88" 1012 rad s#1.
This suggests that the presence of the molecular tail is not
only responsible for lowering the sound speeds of PCBM
microcrystals, but also lowering the characteristic fre-
quency of their highly localized vibrations.

To put the exceptionally low thermal conductivity of
PCBM into perspective, in Fig. 4, we plot the room-
temperature thermal conductivities of several amorphous
and crystalline materials as a function of their atomic
density. While previous reports have made similar com-
parisons with regard to mass density [6], plotting thermal
conductivity as a function of atomic density allows easier
identification of trends among crystalline and amorphous
materials, respectively. The outliers (P3HT, C60=C70, and
PCBM) are nominally microcrystalline, exhibit some of
the highest atomic densities, and simultaneously, some of
the lowest conductivities. In this respect, it is interesting to
note that some of the best thermal conductors, as well as
the best thermal insulators, are carbon allotropes or carbon
based materials [37].
In summary, we have reported on the thermal conduc-

tivities of [6,6]-phenyl C61-butyric acid methyl ester
(PCBM) thin films from 135 to 387 as measured by time
domain thermoreflectance. Thermal conductivities were
shown to be independent of temperature above 180 K
and <0:030& 0:003 Wm#1 K#1 at room temperature.
The longitudinal sound speed as measured by picosecond
acoustics was 2300& 100 m s#1, 30% lower than that in
C60=C70 fullerite compacts. Using Einstein’s model
of thermal conductivity, we found the Einstein character-
istic frequency of microcrystalline PCBM is 2:88"
1012 rad s#1. Through a comparison of our data to previous
reports on C60=C70 fullerite compacts, we have argued that
the molecular tails on the fullerene moieties in our PCBM
films are responsible for lowering both the apparent sound
speeds and characteristic vibrational frequencies below
those of fullerene films. In turn, the room-temperature
thermal conductivities of PCBM thin films are the lowest
reported of any fully dense solid.
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FIG. 4 (color online). Room-temperature thermal conductivity
of various materials plotted as a function of their atomic density.
The values for diamond, copper, aluminum, silicon, germanium,
and lead are from Ref. [31], SiO2 and aerogels from Ref. [16],
amorphous carbon from Ref. [35], WSe2 from Ref. [18],
C60=C70 from Ref. [17], P3HT from Ref. [38] and PCBM is
from the present work. Not only does PCBM exhibit the lowest
conductivity, but it is among the densest of the materials, second
only to diamond.
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and deposited gold contacts using the dry-transfer and high-resolution 
stencil mask technique (an approximately 70-nm-thick device is shown 
in the inset of Fig.!2d). (Mg4C60)" exhibits thermally activated transport 
along the in-plane direction (Extended Data Fig.!1) with an activation 
energy of 121#meV, as calculated from fitting an Arrhenius thermal 
activation model (Fig.!2d).

One of the key benefits of 2D materials prepared by mechanical 
exfoliation of vdW crystals is their ultra-clean surfaces without coun-
terions or contaminants. This is critical for many applications, and in 
particular for the assembly of heterostructures and optoelectronic 
devices3. To create a vdW C60 polymer material that can be mechani-
cally exfoliated, we attempted to remove the Mg from the (Mg4C60)" 
lattice by immersing the crystals in different aqueous acidic solu-
tions, expecting Mg to form water-soluble salts with the conjugate 
bases. Suspending (Mg4C60)" in dilute aqueous solutions of acetic 
acid or nitric acid leaches out most of the Mg, yielding (Mg0.5C60)", 
as determined by energy-dispersive X-ray spectroscopy (EDS).  
By suspending the (Mg0.5C60)" crystals in N-methylpyrrolidone at 
180#°C, we completely remove the Mg counterions (Fig.!3a). Upon 
examining the graphullerite crystals using scanning electron micros-
copy (SEM), we find that the crystals remain intact following Mg dein-
tercalation (Fig.!3a, inset). With Mg taken out, the remaining material 
is entirely and purely carbon, yet it is not C60; it is a vdW solid, graphul-
lerite ((C60)" in the figures). We note that the lack of long-range registry 
of the covalent layers along the stacking direction, indicated by the 
broadening of the powder X-ray diffraction (PXRD) peaks (Extended 
Data Fig.!2), has thus far prevented structural determination using 
SCXRD.

Raman spectroscopy is a diagnostic probe of C60 polymerization9,10, 
and when we compare the Raman spectrum of graphullerite to that of 
molecular C60, we find a splitting of the C60 Hg modes at 1,420#cm–1 and 
1,560#cm–1 (Extended Data Fig.!3a), which is attributed to the lower sym-
metry of polymerized C60. Furthermore, the Ag(2) pentagonal pinch 
mode at 1,469#cm–1, characteristic of molecular C60, is not observed in 
graphullerite. Quenching of the most intense Ag(2) mode corroborates 
the high degree of polymerization11. An alternative interpretation of 
the Raman spectrum is that the Ag(2) mode is shifted to a lower energy 
as a result of the polymerization12 and overlaps with the broad Hg(7) 
mode at 1,420#cm–1. The Raman spectra of (Mg4C60)" and graphullerite 
show no significant differences, indicating that the covalent bond-
ing between fullerene subunits is retained in graphullerite despite 
the complete removal of the Mg. Note that the Hg(7) mode of bilayer 
graphullerene, obtained by mechanical exfoliation (described below), 
is slightly shifted to higher energy compared with bulk graphullerite 
(Extended Data Fig.!3a).

To test whether the Mg counterions, which constitute the scaffold-
ing for the construction of graphullerite, are essential for the thermal 
stability of the structure, we performed differential scanning calori-
metry (DSC) and thermogravimetric analysis (TGA) measurements on 
graphullerite and (Mg4C60)" crystals. The DSC shows no endothermic 
peak up to about 550#°C, and no mass loss occurs up to about 700#°C, 
as determined by TGA (Extended Data Fig.!4). PXRD measurements, 
however, show that although graphullerite crystals are structurally 
stable up to 400#°C, they depolymerize and crystallize as molecular 
C60 when heated to 500#°C for 1#h (Extended Data Fig.!5). Furthermore, 
the characteristic Ag(2) mode for molecular C60 at 1,469#cm–1 appears 
in the Raman spectra of the annealed crystals (Extended Data Fig.!3b). 
The absence of an endothermic peak in the DSC data suggests that 
depolymerization is a gradual process, hard to capture by calorimetry.

In as much as there appears to be no interlayer C–C covalent links in 
graphullerite, we suspected that we could exfoliate the crystals down 
to a few layers, as in the case of graphite6. Indeed, mechanical exfo-
liation!of graphullerite routinely produces uniform flakes as thin as 
bilayers with lateral dimensions on the order of tens of micrometres. 
Figure!3b,c shows the optical micrograph and atomic force microscopy 
(AFM) image of a bilayer. A recent study8 obtained ionic monolayers 
of [(NBu4

+)6(C60
6–)]" from (Mg4C60)" crystals via cationic exchange of 

Mg with tetrabutylammonium (NBu4
+) cations, followed by solution 

exfoliation. The presence of counterions associated with the reduced 
sheets precludes the creation of clean, high-quality interfaces for the 
fabrication of optoelectronic devices and 2D heterostructures. This 
recent study8 demonstrated that the ionic sheets can be neutralized 

ba c

Fig. 1 | Carbon allotropes. a,b, C60 fullerene, a zero-dimensional molecular 
cage composed of 60 carbon atoms (a), and graphene, consisting of a single 
layer of atoms (b), both composed of three-coordinate carbon. c, Graphullerene, 
a molecular sheet of carbon assembled from covalently linked C60 fullerene 
superatomic building blocks.
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Fig. 2 | Synthesis and crystal structures of (Mg4C60)!. a, Schematic of the  
CVT technique used for the growth of (Mg4C60)" single crystals. b, Optical 
micrograph of a single crystal. c, Crystal structure of (Mg4C60)" showing a top 
view of a single layer and a side view emphasizing the stacking of the layers 
along the a axis. The C60 units within each layer are much closer to one another 
than they are in molecular C60 crystals5. The closest C···C distance between  
two C60 subunits (1.573(1)#Å) is roughly half of that in molecular C60 (3.116#Å). 

This very close spacing between the fullerenes is a direct reflection of covalent 
bonding between the molecules. d, The log of the conductance (!) versus 
temperature (T)!for a!70-nm-thick (Mg4C60)"!device. A fit to a thermally 
activated (Arrhenius) model is given by the dashed green line. A typical device 
and corresponding four-terminal measurement scheme are shown in the 
inset.!Ea, activation energy; kB, Boltzmann!constant;!VSD,!source-drain voltage; 
Vxx,!longitudinal voltage drop.
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and deposited gold contacts using the dry-transfer and high-resolution 
stencil mask technique (an approximately 70-nm-thick device is shown 
in the inset of Fig.!2d). (Mg4C60)" exhibits thermally activated transport 
along the in-plane direction (Extended Data Fig.!1) with an activation 
energy of 121#meV, as calculated from fitting an Arrhenius thermal 
activation model (Fig.!2d).

One of the key benefits of 2D materials prepared by mechanical 
exfoliation of vdW crystals is their ultra-clean surfaces without coun-
terions or contaminants. This is critical for many applications, and in 
particular for the assembly of heterostructures and optoelectronic 
devices3. To create a vdW C60 polymer material that can be mechani-
cally exfoliated, we attempted to remove the Mg from the (Mg4C60)" 
lattice by immersing the crystals in different aqueous acidic solu-
tions, expecting Mg to form water-soluble salts with the conjugate 
bases. Suspending (Mg4C60)" in dilute aqueous solutions of acetic 
acid or nitric acid leaches out most of the Mg, yielding (Mg0.5C60)", 
as determined by energy-dispersive X-ray spectroscopy (EDS).  
By suspending the (Mg0.5C60)" crystals in N-methylpyrrolidone at 
180#°C, we completely remove the Mg counterions (Fig.!3a). Upon 
examining the graphullerite crystals using scanning electron micros-
copy (SEM), we find that the crystals remain intact following Mg dein-
tercalation (Fig.!3a, inset). With Mg taken out, the remaining material 
is entirely and purely carbon, yet it is not C60; it is a vdW solid, graphul-
lerite ((C60)" in the figures). We note that the lack of long-range registry 
of the covalent layers along the stacking direction, indicated by the 
broadening of the powder X-ray diffraction (PXRD) peaks (Extended 
Data Fig.!2), has thus far prevented structural determination using 
SCXRD.

Raman spectroscopy is a diagnostic probe of C60 polymerization9,10, 
and when we compare the Raman spectrum of graphullerite to that of 
molecular C60, we find a splitting of the C60 Hg modes at 1,420#cm–1 and 
1,560#cm–1 (Extended Data Fig.!3a), which is attributed to the lower sym-
metry of polymerized C60. Furthermore, the Ag(2) pentagonal pinch 
mode at 1,469#cm–1, characteristic of molecular C60, is not observed in 
graphullerite. Quenching of the most intense Ag(2) mode corroborates 
the high degree of polymerization11. An alternative interpretation of 
the Raman spectrum is that the Ag(2) mode is shifted to a lower energy 
as a result of the polymerization12 and overlaps with the broad Hg(7) 
mode at 1,420#cm–1. The Raman spectra of (Mg4C60)" and graphullerite 
show no significant differences, indicating that the covalent bond-
ing between fullerene subunits is retained in graphullerite despite 
the complete removal of the Mg. Note that the Hg(7) mode of bilayer 
graphullerene, obtained by mechanical exfoliation (described below), 
is slightly shifted to higher energy compared with bulk graphullerite 
(Extended Data Fig.!3a).

To test whether the Mg counterions, which constitute the scaffold-
ing for the construction of graphullerite, are essential for the thermal 
stability of the structure, we performed differential scanning calori-
metry (DSC) and thermogravimetric analysis (TGA) measurements on 
graphullerite and (Mg4C60)" crystals. The DSC shows no endothermic 
peak up to about 550#°C, and no mass loss occurs up to about 700#°C, 
as determined by TGA (Extended Data Fig.!4). PXRD measurements, 
however, show that although graphullerite crystals are structurally 
stable up to 400#°C, they depolymerize and crystallize as molecular 
C60 when heated to 500#°C for 1#h (Extended Data Fig.!5). Furthermore, 
the characteristic Ag(2) mode for molecular C60 at 1,469#cm–1 appears 
in the Raman spectra of the annealed crystals (Extended Data Fig.!3b). 
The absence of an endothermic peak in the DSC data suggests that 
depolymerization is a gradual process, hard to capture by calorimetry.

In as much as there appears to be no interlayer C–C covalent links in 
graphullerite, we suspected that we could exfoliate the crystals down 
to a few layers, as in the case of graphite6. Indeed, mechanical exfo-
liation!of graphullerite routinely produces uniform flakes as thin as 
bilayers with lateral dimensions on the order of tens of micrometres. 
Figure!3b,c shows the optical micrograph and atomic force microscopy 
(AFM) image of a bilayer. A recent study8 obtained ionic monolayers 
of [(NBu4

+)6(C60
6–)]" from (Mg4C60)" crystals via cationic exchange of 

Mg with tetrabutylammonium (NBu4
+) cations, followed by solution 

exfoliation. The presence of counterions associated with the reduced 
sheets precludes the creation of clean, high-quality interfaces for the 
fabrication of optoelectronic devices and 2D heterostructures. This 
recent study8 demonstrated that the ionic sheets can be neutralized 
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Fig. 1 | Carbon allotropes. a,b, C60 fullerene, a zero-dimensional molecular 
cage composed of 60 carbon atoms (a), and graphene, consisting of a single 
layer of atoms (b), both composed of three-coordinate carbon. c, Graphullerene, 
a molecular sheet of carbon assembled from covalently linked C60 fullerene 
superatomic building blocks.
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CVT technique used for the growth of (Mg4C60)" single crystals. b, Optical 
micrograph of a single crystal. c, Crystal structure of (Mg4C60)" showing a top 
view of a single layer and a side view emphasizing the stacking of the layers 
along the a axis. The C60 units within each layer are much closer to one another 
than they are in molecular C60 crystals5. The closest C···C distance between  
two C60 subunits (1.573(1)#Å) is roughly half of that in molecular C60 (3.116#Å). 

This very close spacing between the fullerenes is a direct reflection of covalent 
bonding between the molecules. d, The log of the conductance (!) versus 
temperature (T)!for a!70-nm-thick (Mg4C60)"!device. A fit to a thermally 
activated (Arrhenius) model is given by the dashed green line. A typical device 
and corresponding four-terminal measurement scheme are shown in the 
inset.!Ea, activation energy; kB, Boltzmann!constant;!VSD,!source-drain voltage; 
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and deposited gold contacts using the dry-transfer and high-resolution 
stencil mask technique (an approximately 70-nm-thick device is shown 
in the inset of Fig.!2d). (Mg4C60)" exhibits thermally activated transport 
along the in-plane direction (Extended Data Fig.!1) with an activation 
energy of 121#meV, as calculated from fitting an Arrhenius thermal 
activation model (Fig.!2d).

One of the key benefits of 2D materials prepared by mechanical 
exfoliation of vdW crystals is their ultra-clean surfaces without coun-
terions or contaminants. This is critical for many applications, and in 
particular for the assembly of heterostructures and optoelectronic 
devices3. To create a vdW C60 polymer material that can be mechani-
cally exfoliated, we attempted to remove the Mg from the (Mg4C60)" 
lattice by immersing the crystals in different aqueous acidic solu-
tions, expecting Mg to form water-soluble salts with the conjugate 
bases. Suspending (Mg4C60)" in dilute aqueous solutions of acetic 
acid or nitric acid leaches out most of the Mg, yielding (Mg0.5C60)", 
as determined by energy-dispersive X-ray spectroscopy (EDS).  
By suspending the (Mg0.5C60)" crystals in N-methylpyrrolidone at 
180#°C, we completely remove the Mg counterions (Fig.!3a). Upon 
examining the graphullerite crystals using scanning electron micros-
copy (SEM), we find that the crystals remain intact following Mg dein-
tercalation (Fig.!3a, inset). With Mg taken out, the remaining material 
is entirely and purely carbon, yet it is not C60; it is a vdW solid, graphul-
lerite ((C60)" in the figures). We note that the lack of long-range registry 
of the covalent layers along the stacking direction, indicated by the 
broadening of the powder X-ray diffraction (PXRD) peaks (Extended 
Data Fig.!2), has thus far prevented structural determination using 
SCXRD.

Raman spectroscopy is a diagnostic probe of C60 polymerization9,10, 
and when we compare the Raman spectrum of graphullerite to that of 
molecular C60, we find a splitting of the C60 Hg modes at 1,420#cm–1 and 
1,560#cm–1 (Extended Data Fig.!3a), which is attributed to the lower sym-
metry of polymerized C60. Furthermore, the Ag(2) pentagonal pinch 
mode at 1,469#cm–1, characteristic of molecular C60, is not observed in 
graphullerite. Quenching of the most intense Ag(2) mode corroborates 
the high degree of polymerization11. An alternative interpretation of 
the Raman spectrum is that the Ag(2) mode is shifted to a lower energy 
as a result of the polymerization12 and overlaps with the broad Hg(7) 
mode at 1,420#cm–1. The Raman spectra of (Mg4C60)" and graphullerite 
show no significant differences, indicating that the covalent bond-
ing between fullerene subunits is retained in graphullerite despite 
the complete removal of the Mg. Note that the Hg(7) mode of bilayer 
graphullerene, obtained by mechanical exfoliation (described below), 
is slightly shifted to higher energy compared with bulk graphullerite 
(Extended Data Fig.!3a).

To test whether the Mg counterions, which constitute the scaffold-
ing for the construction of graphullerite, are essential for the thermal 
stability of the structure, we performed differential scanning calori-
metry (DSC) and thermogravimetric analysis (TGA) measurements on 
graphullerite and (Mg4C60)" crystals. The DSC shows no endothermic 
peak up to about 550#°C, and no mass loss occurs up to about 700#°C, 
as determined by TGA (Extended Data Fig.!4). PXRD measurements, 
however, show that although graphullerite crystals are structurally 
stable up to 400#°C, they depolymerize and crystallize as molecular 
C60 when heated to 500#°C for 1#h (Extended Data Fig.!5). Furthermore, 
the characteristic Ag(2) mode for molecular C60 at 1,469#cm–1 appears 
in the Raman spectra of the annealed crystals (Extended Data Fig.!3b). 
The absence of an endothermic peak in the DSC data suggests that 
depolymerization is a gradual process, hard to capture by calorimetry.

In as much as there appears to be no interlayer C–C covalent links in 
graphullerite, we suspected that we could exfoliate the crystals down 
to a few layers, as in the case of graphite6. Indeed, mechanical exfo-
liation!of graphullerite routinely produces uniform flakes as thin as 
bilayers with lateral dimensions on the order of tens of micrometres. 
Figure!3b,c shows the optical micrograph and atomic force microscopy 
(AFM) image of a bilayer. A recent study8 obtained ionic monolayers 
of [(NBu4

+)6(C60
6–)]" from (Mg4C60)" crystals via cationic exchange of 

Mg with tetrabutylammonium (NBu4
+) cations, followed by solution 

exfoliation. The presence of counterions associated with the reduced 
sheets precludes the creation of clean, high-quality interfaces for the 
fabrication of optoelectronic devices and 2D heterostructures. This 
recent study8 demonstrated that the ionic sheets can be neutralized 
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Fig. 1 | Carbon allotropes. a,b, C60 fullerene, a zero-dimensional molecular 
cage composed of 60 carbon atoms (a), and graphene, consisting of a single 
layer of atoms (b), both composed of three-coordinate carbon. c, Graphullerene, 
a molecular sheet of carbon assembled from covalently linked C60 fullerene 
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Fig. 2 | Synthesis and crystal structures of (Mg4C60)!. a, Schematic of the  
CVT technique used for the growth of (Mg4C60)" single crystals. b, Optical 
micrograph of a single crystal. c, Crystal structure of (Mg4C60)" showing a top 
view of a single layer and a side view emphasizing the stacking of the layers 
along the a axis. The C60 units within each layer are much closer to one another 
than they are in molecular C60 crystals5. The closest C···C distance between  
two C60 subunits (1.573(1)#Å) is roughly half of that in molecular C60 (3.116#Å). 

This very close spacing between the fullerenes is a direct reflection of covalent 
bonding between the molecules. d, The log of the conductance (!) versus 
temperature (T)!for a!70-nm-thick (Mg4C60)"!device. A fit to a thermally 
activated (Arrhenius) model is given by the dashed green line. A typical device 
and corresponding four-terminal measurement scheme are shown in the 
inset.!Ea, activation energy; kB, Boltzmann!constant;!VSD,!source-drain voltage; 
Vxx,!longitudinal voltage drop.
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and deposited gold contacts using the dry-transfer and high-resolution 
stencil mask technique (an approximately 70-nm-thick device is shown 
in the inset of Fig.!2d). (Mg4C60)" exhibits thermally activated transport 
along the in-plane direction (Extended Data Fig.!1) with an activation 
energy of 121#meV, as calculated from fitting an Arrhenius thermal 
activation model (Fig.!2d).

One of the key benefits of 2D materials prepared by mechanical 
exfoliation of vdW crystals is their ultra-clean surfaces without coun-
terions or contaminants. This is critical for many applications, and in 
particular for the assembly of heterostructures and optoelectronic 
devices3. To create a vdW C60 polymer material that can be mechani-
cally exfoliated, we attempted to remove the Mg from the (Mg4C60)" 
lattice by immersing the crystals in different aqueous acidic solu-
tions, expecting Mg to form water-soluble salts with the conjugate 
bases. Suspending (Mg4C60)" in dilute aqueous solutions of acetic 
acid or nitric acid leaches out most of the Mg, yielding (Mg0.5C60)", 
as determined by energy-dispersive X-ray spectroscopy (EDS).  
By suspending the (Mg0.5C60)" crystals in N-methylpyrrolidone at 
180#°C, we completely remove the Mg counterions (Fig.!3a). Upon 
examining the graphullerite crystals using scanning electron micros-
copy (SEM), we find that the crystals remain intact following Mg dein-
tercalation (Fig.!3a, inset). With Mg taken out, the remaining material 
is entirely and purely carbon, yet it is not C60; it is a vdW solid, graphul-
lerite ((C60)" in the figures). We note that the lack of long-range registry 
of the covalent layers along the stacking direction, indicated by the 
broadening of the powder X-ray diffraction (PXRD) peaks (Extended 
Data Fig.!2), has thus far prevented structural determination using 
SCXRD.

Raman spectroscopy is a diagnostic probe of C60 polymerization9,10, 
and when we compare the Raman spectrum of graphullerite to that of 
molecular C60, we find a splitting of the C60 Hg modes at 1,420#cm–1 and 
1,560#cm–1 (Extended Data Fig.!3a), which is attributed to the lower sym-
metry of polymerized C60. Furthermore, the Ag(2) pentagonal pinch 
mode at 1,469#cm–1, characteristic of molecular C60, is not observed in 
graphullerite. Quenching of the most intense Ag(2) mode corroborates 
the high degree of polymerization11. An alternative interpretation of 
the Raman spectrum is that the Ag(2) mode is shifted to a lower energy 
as a result of the polymerization12 and overlaps with the broad Hg(7) 
mode at 1,420#cm–1. The Raman spectra of (Mg4C60)" and graphullerite 
show no significant differences, indicating that the covalent bond-
ing between fullerene subunits is retained in graphullerite despite 
the complete removal of the Mg. Note that the Hg(7) mode of bilayer 
graphullerene, obtained by mechanical exfoliation (described below), 
is slightly shifted to higher energy compared with bulk graphullerite 
(Extended Data Fig.!3a).

To test whether the Mg counterions, which constitute the scaffold-
ing for the construction of graphullerite, are essential for the thermal 
stability of the structure, we performed differential scanning calori-
metry (DSC) and thermogravimetric analysis (TGA) measurements on 
graphullerite and (Mg4C60)" crystals. The DSC shows no endothermic 
peak up to about 550#°C, and no mass loss occurs up to about 700#°C, 
as determined by TGA (Extended Data Fig.!4). PXRD measurements, 
however, show that although graphullerite crystals are structurally 
stable up to 400#°C, they depolymerize and crystallize as molecular 
C60 when heated to 500#°C for 1#h (Extended Data Fig.!5). Furthermore, 
the characteristic Ag(2) mode for molecular C60 at 1,469#cm–1 appears 
in the Raman spectra of the annealed crystals (Extended Data Fig.!3b). 
The absence of an endothermic peak in the DSC data suggests that 
depolymerization is a gradual process, hard to capture by calorimetry.

In as much as there appears to be no interlayer C–C covalent links in 
graphullerite, we suspected that we could exfoliate the crystals down 
to a few layers, as in the case of graphite6. Indeed, mechanical exfo-
liation!of graphullerite routinely produces uniform flakes as thin as 
bilayers with lateral dimensions on the order of tens of micrometres. 
Figure!3b,c shows the optical micrograph and atomic force microscopy 
(AFM) image of a bilayer. A recent study8 obtained ionic monolayers 
of [(NBu4

+)6(C60
6–)]" from (Mg4C60)" crystals via cationic exchange of 

Mg with tetrabutylammonium (NBu4
+) cations, followed by solution 

exfoliation. The presence of counterions associated with the reduced 
sheets precludes the creation of clean, high-quality interfaces for the 
fabrication of optoelectronic devices and 2D heterostructures. This 
recent study8 demonstrated that the ionic sheets can be neutralized 

ba c

Fig. 1 | Carbon allotropes. a,b, C60 fullerene, a zero-dimensional molecular 
cage composed of 60 carbon atoms (a), and graphene, consisting of a single 
layer of atoms (b), both composed of three-coordinate carbon. c, Graphullerene, 
a molecular sheet of carbon assembled from covalently linked C60 fullerene 
superatomic building blocks.
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micrograph of a single crystal. c, Crystal structure of (Mg4C60)" showing a top 
view of a single layer and a side view emphasizing the stacking of the layers 
along the a axis. The C60 units within each layer are much closer to one another 
than they are in molecular C60 crystals5. The closest C···C distance between  
two C60 subunits (1.573(1)#Å) is roughly half of that in molecular C60 (3.116#Å). 

This very close spacing between the fullerenes is a direct reflection of covalent 
bonding between the molecules. d, The log of the conductance (!) versus 
temperature (T)!for a!70-nm-thick (Mg4C60)"!device. A fit to a thermally 
activated (Arrhenius) model is given by the dashed green line. A typical device 
and corresponding four-terminal measurement scheme are shown in the 
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Thermal properties of thin films? TDTR

2

(a) TDTR (b) FDTR (c) SSTR

FIG. 1. Characteristic excitations and corresponding responses for (a) TDTR, (b) FDTR, and (c) SSTR techniques. In TDTR,
the magnitude of the thermoreflectance is monitored as a function of pump-probe delay time, while in FDTR the thermally-
induced phase lag between the pump and probe is monitored as a function of frequency. In SSTR, the steady-state induced
magnitude of the thermoreflectance is monitored for given changes in heat flux. Notice the increase in thermal penetration
depth, �thermal, which is proportional to the spot size in a SSTR experiment, resulting from the lower modulation frequencies
employed in SSTR.

viding insight into the vibrational mean free path spectra
of solids (i.e., relating to the “thermal conductivity ac-
cumulation function”)47–55 and the spectral coupling of
phonons across interfaces (i.e., relating to the “thermal
boundary conductance accumulation function”).10

Thermoreflectance techniques, by definition, rely on
the principle of thermoreflectance,1,56–58 measuring a
material’s change in reflectivity due to the change in its
temperature. In a typical modulated pump-probe ther-
moreflectance experiment such as TDTR or FDTR, a
pump beam is used to thermally excite the surface of
the sample at some frequency, f . The change in in-
tensity of a reflected probe beam is related to the tem-
perature change on the surface as function of either f
or the delay time between the pump and probe pulses
in the case of short pulsed-based experiments. Where
TDTR utilizes short, typically sub-picosecond, pulses to
monitor the thermoreflectance decay as a function of de-
lay time after pump pulse heating as well as the phase
shift induced from the modulated temperature change
at f , FDTR can utilize a variety of pulsed or continu-
ous wave (cw) lasers to monitor the phase shift in ther-
moreflectance signals solely as a function of f . When f
becomes low enough, the material of interest will reach
steady-state conditions during on periods of the modula-
tion event. In this regime, a third technique has recently
emerged. “Steady-State Thermoreflectance” (SSTR) op-
erates like FDTR only in the low frequency limit,59 mon-
itoring the thermoreflectance of the surface at increasing

pump powers and inducing a Fourier-like response in the
material. Ulitmately, SSTR o↵ers an alternative method
to measure the thermal conductivity of materials via op-
tical pump-probe metrologies. The characteristic pump
excitations and responses for each of these techniques is
presented in Fig. 1. We review the recent advances in
SSTR in Section IV.
In addition to their non-contact nature, these opti-

cal metrologies are advantageous relative to many other
thermometry platforms in the relatively small volume
and near-surface region in which they measure. By us-
ing proper laser wavelengths to ensure nanoscale optical
penetration depths, the thermal penetration depth (i.e.,
the depth beneath the surface in which these techniques
measure the thermal properties), �thermal, can be lim-
ited to the focused spot size, or much less, depending on
the modulation frequency. Further, given the pump and
probe spot sizes can be readily focused to length scales on
the order of micrometers, thermoreflectance techniques
allow for spatially-resolved surface measurements of ther-
mal properties with micrometer-resolution, and the abil-
ity to create thermal property areal “maps” or “images”.
We review the pertinent length scales of TDTR, FDTR,
and SSTR in Section II, followed by the advances towards
areal thermal property “mapping” in Section III.
The change in reflectivity of a given material is related

to both the change in temperature of the material (i.e.,
the thermoreflectance, which is ultimately of interest for
the measurements of temperature changes and thermal

Thin film or “near surface” measurements

Sub-ps
thermal 

excitation

TDTR Reviews and Analyses
Rev. Sci. Instr. 75, 5119;

Rev. Sci. Instr. 79, 114902
J. Heat Trans. 132, 081302;

Ann. Rev. Heat Trans. 16, 159
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FIG. 5. Probe waveforms obtained using a periodic waveform analyzer, shown for (a) a-SiO2, (b) quartz, (c) Al2O3, (d) Si, (e) 4H–SiC, and (f) diamond. The difference
between the upper and lower dashed lines indicates the �V (proportional to temperature rise) used to determine thermal conductivity in each case.

A. Periodic waveform analyzer/boxcar averager

We first collect data using the PWA via a digital boxcar
averager while modulating the pump beam with a chopper at
100 Hz. Using two independent oscillators, we simultaneously
record the pump and probe waveforms over a phase space
divided into 1024 bins. The reference frequency is provided by
the chopper. The resulting waveforms, which have been con-
verted from phase space to time, are shown for the pump in
Fig. 4, while those of the probe are shown in Fig. 5. The six sam-
ples shown include (a) an a-SiO2 glass slide, (b) z-cut quartz, (c)
Al2O3, (d) Si, (e) 4H–SiC, and (f) diamond. The modulation fre-
quency was kept at 100 Hz in all cases, and a 20⇥ objective lens
was used, corresponding to 1/e2 pump/probe diameters of

11 µm. Each waveform was generated by averaging over 5 min
of real time data acquisition.

As expected, the pump waveform shows a perfect on/off
square wave. Note that the magnitude is increased when mov-
ing to higher thermal conductivity materials to allow for the
probe waveform to reach approximately the same magnitude
in each sample. The probe waveforms reveal that for all sam-
ples except a-SiO2, a clear steady-state temperature rise is
obtained as indicated by the near-square waveform. By com-
parison, a-SiO2 has a relatively long-lived transient temper-
ature rise but reaches our steady-state threshold by the end
of the waveform. The advantage of PWA analysis is that the
signal difference between “on” and “off” state (�V) is chosen
manually so that we can neglect the transient portions of the

FIG. 6. Measured �V /V vs. �P (/ pump power) shown
for (a) 10⇥ objective lens (pump and probe 1/e2 diame-
ters of 20 µm) and (b) 20⇥ objective lens (pump and probe
1/e2 diameters of 11 µm). Measured samples include glass
slide (squares), BK7 glass (open squares), quartz (trian-
gles), sapphire wafer (circles), sapphire window (open cir-
cles), silicon wafer (inverted triangles), silicon window (open
inverted triangles), 4H–SiC (pentagons), and diamond (dia-
monds). Gray lines show the predicted slopes for materials
having thermal conductivities 1, 10, 100, and 1000 W m�1

K�1. A different neutral density filter was used to filter pump
power detected when the objective lens changed from
10⇥ to 20⇥, so the x-axes are not comparable between
(a) and (b).
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FIG. 5. Probe waveforms obtained using a periodic waveform analyzer, shown for (a) a-SiO2, (b) quartz, (c) Al2O3, (d) Si, (e) 4H–SiC, and (f) diamond. The difference
between the upper and lower dashed lines indicates the �V (proportional to temperature rise) used to determine thermal conductivity in each case.

A. Periodic waveform analyzer/boxcar averager

We first collect data using the PWA via a digital boxcar
averager while modulating the pump beam with a chopper at
100 Hz. Using two independent oscillators, we simultaneously
record the pump and probe waveforms over a phase space
divided into 1024 bins. The reference frequency is provided by
the chopper. The resulting waveforms, which have been con-
verted from phase space to time, are shown for the pump in
Fig. 4, while those of the probe are shown in Fig. 5. The six sam-
ples shown include (a) an a-SiO2 glass slide, (b) z-cut quartz, (c)
Al2O3, (d) Si, (e) 4H–SiC, and (f) diamond. The modulation fre-
quency was kept at 100 Hz in all cases, and a 20⇥ objective lens
was used, corresponding to 1/e2 pump/probe diameters of

11 µm. Each waveform was generated by averaging over 5 min
of real time data acquisition.

As expected, the pump waveform shows a perfect on/off
square wave. Note that the magnitude is increased when mov-
ing to higher thermal conductivity materials to allow for the
probe waveform to reach approximately the same magnitude
in each sample. The probe waveforms reveal that for all sam-
ples except a-SiO2, a clear steady-state temperature rise is
obtained as indicated by the near-square waveform. By com-
parison, a-SiO2 has a relatively long-lived transient temper-
ature rise but reaches our steady-state threshold by the end
of the waveform. The advantage of PWA analysis is that the
signal difference between “on” and “off” state (�V) is chosen
manually so that we can neglect the transient portions of the

FIG. 6. Measured �V /V vs. �P (/ pump power) shown
for (a) 10⇥ objective lens (pump and probe 1/e2 diame-
ters of 20 µm) and (b) 20⇥ objective lens (pump and probe
1/e2 diameters of 11 µm). Measured samples include glass
slide (squares), BK7 glass (open squares), quartz (trian-
gles), sapphire wafer (circles), sapphire window (open cir-
cles), silicon wafer (inverted triangles), silicon window (open
inverted triangles), 4H–SiC (pentagons), and diamond (dia-
monds). Gray lines show the predicted slopes for materials
having thermal conductivities 1, 10, 100, and 1000 W m�1

K�1. A different neutral density filter was used to filter pump
power detected when the objective lens changed from
10⇥ to 20⇥, so the x-axes are not comparable between
(a) and (b).
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Interfaces: Suppressed electron and phonon heat 
conduction in novel phase change materials (GSST)

Aryana et al. Nature Communications 12, 7187 (2021)

Dr. Kiumars Aryana
(NASA Langley)

thermal conductivity gradually increases with temperature up
to ~280 ° C after which the thermal conductivity reaches a con-
stant value of ~0.65 W m!1 K!1 up to 400 °C. For comparison,
we plot the thermal conductivity data for 160 nm GST, which
represents the intrinsic thermal conductivity of GST independent
of interfaces similar to 220 nm GSST. By comparing the thermal
conductivity of GST vs. GSST as a function of temperature, we
observe that the thermal conductivity is signi!cantly suppressed
in the crystalline GSST by more than a factor of two. In order to
investigate how thermal properties GST change upon Se sub-
stitution from a pure vibrational mode perspective,
i.e. disregarding the contribution from electrons, both Se and Te
are 2-coordinated elements, and therefore, Se substitutions should
not alter the degree of connectivity and bonding network in the
system, leaving minimal impact on the thermal conductivity from
a topological perspective44. However, the insertion of Se as an
additional element is expected to increase the scattering rate. At
the same time, Se is a lighter element compared to Te and should
lead to an increase in thermal conductivity. As a result of these
competing events and to gain a deeper understanding of the
dominant phonon scattering mechanisms in GSST, we turn to
analytical models that provide an estimation for the thermal
conductivity based on the kinetic theory of gases, generally
referred to as the minimum limit to thermal conductivity45.
According to Cahill and Pohl46, the minimum scattering length of
vibrational carriers, in this case, phonons, is on the order of one
half of their wavelength:

!min;P ! 1:21 kB n
2=3 vg ; "1#

where kB is the Boltzmann constant, vg is the average sound speed of
the material, and n is the number density. We calculate the average
sound speed with respect to the longitudinal (vLA) and transverse
(vTA) modes as: v2g !

1
3 2v2TA $ v2LA
! "

. Assuming density of 6.20 and
5.53 g cm!3, and sound speed of 2800 and 2750 m s!1 for crys-
talline phases of GST and GSST, respectively17,32, we calculate the
minimum limit to the thermal conductivity of the GST and GSST to
be 0.36 and 0.38 W m!1 K!1, respectively. Based on this, from a
pure phononic perspective, the thermal conductivity of GST with its
higher mean atomic mass is almost similar to that of the GSST.
However, from previous studies, we know that the thermal con-
ductivity of GST in the hexagonal phase is primarily dominated by
the electronic contribution due to metal-insulator transition47–49. As
a result, we conjecture that the observed reduction in thermal

conductivity of GSST is related to the suppressed contribution of
electrons rather than phonons. To investigate this, we estimate the
electronic contribution in thermal conductivity by using the Wie-
demann!Franz (W!F) formalism that related electrical resistivity
to the thermal conductivity:

ke ! LT=" "2#

where L is the Lorenz number 2.44 ! 10!8 W ! K!2, T is the
absolute temperature, and " is the electrical resistivity. Based on
previously measured electrical resistivity for GST and GSST as a
function of temperature16, we plot the electronic contribution in
thermal conductivity in Fig. 4a. According to these calculations, due
to higher resistivity of the GSST across all phases compared to GST,
the electronic contribution to thermal conductivity for the crystalline
phase is suppressed by more than an order of magnitude. Figure 4b
shows the electronic contribution to thermal conductivity as a
function of temperature at different annealing temperatures.
According to this plot, the electronic contribution increases
for higher annealing temperatures and reaches a maximum of
0.16 W m!1 K!1 at 383 °C. This means that, the electronic con-
tribution in thermal conductivity of GSST at 383 °C is approxi-
mately 25% which reduces to 5% near room temperature.

In order to qualitatively investigate the contribution of elec-
trons in thermal conductivity using thermal conductivity mea-
surements, we anneal the GST and GSST at different
temperatures and measure their thermal conductivity upon
cooling. Since electronic contribution in GST changes sig-
ni!cantly as a result of metal!insulator transition48 upon heat-
ing, we expect the thermal conductivity trend as a function of
temperature changes for higher annealing temperatures. For this
purpose, we heat an as-deposited GST sample to temperatures
close and above the phase transition, and by cooling the samples
down, we record its thermal conductivity (hollow circles in
Fig. 4c). The solid circles in Fig. 4c show the thermal conductivity
of as-deposited GST upon heating, whereas, the hollow circles
show the thermal conductivity of GST at different annealing
temperatures upon cooling. According to these results, for
annealing temperatures of 160 and 240 °C, the thermal con-
ductivity of GST remains constant upon cooling to room tem-
perature. However, when the annealing temperature raises above
300 °C, the thermal conductivity trend begins to increase with
temperature (decrease upon cooling). This change in the trend of
thermal conductivity as a function of temperature cannot be

Fig. 3 Measured thermal conductivity. a GSST thermal resistance as a function of thickness in amorphous and crystalline (annealed at 300 °C) phases.
The inverse of slope for the linear !t to the experimental data corresponds to the thermal conductivity in each phase. b Thermal conductivity of as-
deposited GSST with thicknesses of 20 nm (solid circles) and 220 nm (solid squares) as a function of temperature. The thermal conductivity GST (solid
diamonds) is shown for comparison.
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regime to a purely diffusivity-dominated regime. In other words,
these frequency-dependent TDTR experiments allow us to inde-
pendently measure both the volumetric heat capacity and thermal
conductivity of our GSST !lms without convolution from other
thermophysical properties of the heterostructure. We choose
modulation frequencies in the range of 0.4!8.4 MHz for this
purpose and perform the experiment on the thickest (~220 nm)
amorphous and crystalline (annealed at 300 °C) samples. This
thickness is chosen because our measurements have the highest
sensitivity to its thermal conductivity and volumetric heat capa-
city. Figure 2a shows the result of these heat capacity measure-
ments where the intersection of our data at different modulation
frequencies corresponds to the volumetric heat capacity40.
Based on these data, the volumetric heat capacity for the amor-
phous and annealed cases are determined to be 1.5 ± 0.1 and
1.8 ± 0.1 MJ m!3 K!1, respectively. Phase transformation in all
the samples was independently veri!ed using micro-Raman
measurements (Fig. 2b).

Second, we measure the longitudinal sound speed in GSST via
picosecond acoustics, the details of which are given
elsewhere17,41,42. In these measurements, the pump pulse laun-
ches strain waves on the surface of the sample that propagates
through the underlying layers with the speed of sound. These
strain waves, upon reaching an interface between the two mate-
rials, depending on the acoustic mismatch, are partially re"ected
and partially transmitted. The re"ected portion of the waves
travel all the way back to the surface and can be detected by our

probe beam with picosecond resolution. Figure 2c shows the
corresponding peaks and troughs due to re"ection from the Al/
GSST and GSST/Si interfaces for 20 and 150 nm thick GSST. By
measuring the time between these two peaks and the knowledge
of !lm thicknesses, we can obtain the sound speed. Using this
technique, we measure the sound speed in GSST for the two
different phases at various thicknesses as shown in Fig. 2d. We
observe that although the sound speed in amorphous GSST
remains relatively constant across different thicknesses, the sound
speed in the crystalline phase converges to that of the amorphous
phase as the thickness of GSST !lm decreases. This behavior has
also been observed in GST thin !lms17. Although identifying the
underlying reasons behind this reduction is beyond the scope of
this work, we hypothesize that it is due to partial crystallization of
GSST near the interfaces for the thinner !lms.

For investigating the thermal conductivity, we begin our
experiments by measuring GSST at room temperature. For this,
we deposit different thicknesses of GSST !lms with 7 nm Al2O3
coating to avoid reaction between GSST !lm and the metal-
lic transducer. We then take samples with different thicknesses
and anneal them at 300 °C to form a uniform crystalline phase.
The thickness of GSST !lms studied here is selected in the range
of 20!220 nm, which captures both of its thin-!lm and bulk-like
thermal properties. We measure thermal resistance across
transducer-substrate (Pt/Al2O3/GSST/Si) that incorporates the
resistance due to all interfaces and interlayers17. By solely chan-
ging the thickness of GSST !lm, we can vary the relative

Table 1 The thermal properties of GSST studied here in amorphous and crystalline phases for 150 nm GSST.

GSST phase Thermal conductivity Speci!c heat Density Sound speed GSST/Al2O3 TBC

(W m!1 K!1) (MJ m!3 K!1) (g cm!3) (m s!1) (MW m!2 K!1)

Amorphous 0.20 ± 0.02 1.5 ± 0.1 5.2732 2300 ± 100 -
Crystalline 0.48 ± 0.06 1.8 ± 0.1 5.53a 2750 ± 150 20

aConsidering 5% densi!cation upon amorphous-to-crystalline phase transformation.

Fig. 1 The structure and thickness variation in GSST upon phase transformation. Bright-!eld TEM images and the selected area electron diffraction
patterns for 150 nm (a, b, c, d) and 20 nm (e, f, g, h) !lms in amorphous and crystalline phases. Red circles indicate the selected area where diffraction
patterns are acquired. In all cases, the selected area aperture includes the Si substrate. In diffraction patterns (b, d, f, h), white arrows indicate !rst-order
re"ections from the Si substrate and the green arrows point to the !rst-order GSST (b, f) amorphous ring, d polycrystalline ring, and isolated re"ections.
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regime to a purely diffusivity-dominated regime. In other words,
these frequency-dependent TDTR experiments allow us to inde-
pendently measure both the volumetric heat capacity and thermal
conductivity of our GSST !lms without convolution from other
thermophysical properties of the heterostructure. We choose
modulation frequencies in the range of 0.4!8.4 MHz for this
purpose and perform the experiment on the thickest (~220 nm)
amorphous and crystalline (annealed at 300 °C) samples. This
thickness is chosen because our measurements have the highest
sensitivity to its thermal conductivity and volumetric heat capa-
city. Figure 2a shows the result of these heat capacity measure-
ments where the intersection of our data at different modulation
frequencies corresponds to the volumetric heat capacity40.
Based on these data, the volumetric heat capacity for the amor-
phous and annealed cases are determined to be 1.5 ± 0.1 and
1.8 ± 0.1 MJ m!3 K!1, respectively. Phase transformation in all
the samples was independently veri!ed using micro-Raman
measurements (Fig. 2b).

Second, we measure the longitudinal sound speed in GSST via
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elsewhere17,41,42. In these measurements, the pump pulse laun-
ches strain waves on the surface of the sample that propagates
through the underlying layers with the speed of sound. These
strain waves, upon reaching an interface between the two mate-
rials, depending on the acoustic mismatch, are partially re"ected
and partially transmitted. The re"ected portion of the waves
travel all the way back to the surface and can be detected by our

probe beam with picosecond resolution. Figure 2c shows the
corresponding peaks and troughs due to re"ection from the Al/
GSST and GSST/Si interfaces for 20 and 150 nm thick GSST. By
measuring the time between these two peaks and the knowledge
of !lm thicknesses, we can obtain the sound speed. Using this
technique, we measure the sound speed in GSST for the two
different phases at various thicknesses as shown in Fig. 2d. We
observe that although the sound speed in amorphous GSST
remains relatively constant across different thicknesses, the sound
speed in the crystalline phase converges to that of the amorphous
phase as the thickness of GSST !lm decreases. This behavior has
also been observed in GST thin !lms17. Although identifying the
underlying reasons behind this reduction is beyond the scope of
this work, we hypothesize that it is due to partial crystallization of
GSST near the interfaces for the thinner !lms.
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experiments by measuring GSST at room temperature. For this,
we deposit different thicknesses of GSST !lms with 7 nm Al2O3
coating to avoid reaction between GSST !lm and the metal-
lic transducer. We then take samples with different thicknesses
and anneal them at 300 °C to form a uniform crystalline phase.
The thickness of GSST !lms studied here is selected in the range
of 20!220 nm, which captures both of its thin-!lm and bulk-like
thermal properties. We measure thermal resistance across
transducer-substrate (Pt/Al2O3/GSST/Si) that incorporates the
resistance due to all interfaces and interlayers17. By solely chan-
ging the thickness of GSST !lm, we can vary the relative
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Crystalline 0.48 ± 0.06 1.8 ± 0.1 5.53a 2750 ± 150 20

aConsidering 5% densi!cation upon amorphous-to-crystalline phase transformation.

Fig. 1 The structure and thickness variation in GSST upon phase transformation. Bright-!eld TEM images and the selected area electron diffraction
patterns for 150 nm (a, b, c, d) and 20 nm (e, f, g, h) !lms in amorphous and crystalline phases. Red circles indicate the selected area where diffraction
patterns are acquired. In all cases, the selected area aperture includes the Si substrate. In diffraction patterns (b, d, f, h), white arrows indicate !rst-order
re"ections from the Si substrate and the green arrows point to the !rst-order GSST (b, f) amorphous ring, d polycrystalline ring, and isolated re"ections.
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Bonding/ coordination: Reduced atomic coordination 
in SiTe results in ultralow thermal conductivities

Aryana et al. Nature Communications 12, 2187 (2021)

Dr. Kiumars Aryana
(NASA Langley)

The cross-plane thermal conductivity and longitudinal sound
speed of the SiTe alloys were measured using time-domain
thermore!ectance (TDTR), an optical thermometery technique
that uses sub-picosecond laser pulses to excite and measure
temperature excursions on the surface of materials, enabling the
extraction of thermal and elastic properties of thin "lms22
(schematic in Fig. 1c). Figure 1d shows an exemplary TDTR
thermal decay curve as a function of pump delay time for the 40
nm a-Si19Te81 sample. The inset shows the "rst few picoseconds
of this prototypical TDTR decay curve where the peaks and
troughs correspond to the re!ection of acoustic waves from the
Ru/CNx and CNx/Si interfaces, respectively. By calculating the
time between these “echoes” and with the knowledge of the "lm
thicknesses obtained from TEM, we estimate the longitudinal
sound speeds of the SiTe "lms. The details of sample preparation,
measurement technique, and corresponding parameters for data
analysis are discussed in supplementary note 2.

In order to understand the effects of atomic network and
coordination number on the thermal transport, we consider
amorphous SiTe alloys with a variable mean coordination num-
ber (2 < <rm> < 4) and amorphous SeTe alloys with a constant
mean coordination number (<rm>= 2) at different tellurium
concentrations. Figure 2a shows the thermal conductivity of
amorphous SiTe and SeTe alloys as a function of Te atomic
percentage at room temperature. In SeTe, as shown in red dia-
monds, the coordination numbers for both Se and Te are iden-
tical (<rTe>= <rSe>= 2), therefore, the relative atomic
concentration does not alter the total bonding network and the
thermal conductivity remains relatively constant with increasing

Te content. Thus, in spite of the existence of the large atomic
mismatch between Se and Te, the changes in thermal con-
ductivity for these under-constrained amorphous alloys are neg-
ligible. To further investigate the effect of atomic mass mismatch
on thermal conductivity, we perform MD simulations for amor-
phous Si with different concentrations of heavy-Si atoms (with
atomic mass similar to Te). The inset in Fig. 2a shows the results
of these simulations. Similar to what is observed experimentally
for the SeTe composition, the thermal conductivity modestly
decreases from ~1.0Wm!1 K!1 in amorphous Si (28 u) to ~0.50
Wm!1 K!1 for a-Si with 50% to 90% heavy-Si (127 u) con-
centrations (see supplementary note 3).

The experimental results for the amorphous SiTe alloys, on the
other hand, show that the thermal conductivity of a-Si upon mixing
with Te drops monotonically by almost an order of magnitude for
high Te concentrations. The measured thermal conductivity for our
~26 nm amorphous silicon "lm with no tellurium is analogous to
values reported previously23 for "lms of comparable thicknesses
(0.94 ± 0.2Wm!1 K!1). As the Te concentration in SiTe increases,
the thermal conductivity drops to as low as ~0.10 ± 0.01Wm!1 K!1

and stays relatively constant for Te content ranging from 70% to
90%. For the pure Te "lm, the thermal conductivity increases to 0.23
± 0.04Wm!1 K!1. TEM micrographs, as well as XRD, reveal that
our Te "lm is not amorphous, but rather polycrystalline. It is not
uncommon for Te to crystallize during growth or post-processing as
tellurium has a low glass-transition temperature, Tg, which makes it
dif"cult to deposit in its amorphous state24. The measured thermal
conductivity of our Te "lm is nonetheless lower than those reported
in the literature25–27, which reports in the range of 0.43–3.0Wm!1

Fig. 1 The structure and characterization of amorphous SiTe !lms. a Schematics of amorphous networks and their corresponding coordination number <
r > with a total of 15 atomic sites for different Te to Si ratios, representing various topological regimes: (i) under-constrained network, (ii) stress-free
network, and (iii) over-constrained network. b Raman spectra for SiTe at different Te concentrations. The sharp silicon peak is the effect of the substrate
and is not associated with the thin-!lm properties. c Illustration of the TDTR measurement, a representative atomic structure of a-Si20Te80 with 300 atoms
forming randomly oriented tetrahedrons where each Si is bonded to four Te atoms, and a TEM showing the relevant layers in a-Si11Te89. d Representative
TDTR data for 40 nm thick a-Si19Te81. The inset shows the picosecond acoustics measurements where the distances between the peaks and troughs in the
measured TDTR data are related to the time it takes for acoustic waves traveling at the speed of sound to traverse the a-Si19Te81 !lm.
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K!1, suggesting that some degree of disorder is present in our Te
!lm. A comprehensive discussion regarding the structure of the !lms
studied here, supported by TEM and XRD measurements, is given in
supplementary note 1.

Cryogenic thermal conductivity measurements shown in
Fig. 2b reveal that the thermal conductivities of pure Te and a-
SiTe samples follow an amorphous-like trend, which is an indi-
cation of high levels of disorder in the !lms. This further explains
why the thermal conductivity of the polycrystalline Te !lm is
lower than previous literature values. In all of the cases studied
here, the temperature-dependent thermal conductivity trends
follow those of the heat capacity and plateau above the Debye
temperature.

Although increasing the heavy element Te content in the alloy
and the large atomic mass mismatch between Si and Te could
partly explain the reductions observed in thermal conductivity,
we show they are not the primary reason behind such a dramatic
reduction in thermal conductivity. In order to understand the
reduction in thermal conductivity of the Si upon the addition of
Te, we use existing theoretical approaches to calculate the mini-
mum limit of thermal conductivity derived in the context of
phonons (!min;P) and diffusons (!min;D). According to Cahill and
Pohl28, a lower limit to the thermal conductivity of materials is
estimated based on the collective atomic vibrations, i.e., phonons,
derived from the kinetic theory of gases:

!min;P ! 1:21 kB n
2=3 vg ; "1#

where kB is the Boltzmann constant, vg is the average sound velocity
of the material, and n is the number density. The average sound
velocity can be written in terms of the longitudinal (vLA) and
transverse (vTA) sound velocities as: v2g !

1
3 v2TA1 $ v2TA2 $ v2LA
! "

.
Although this minimum limit to thermal conductivity has served as
a successful approach to predict the thermal conductivity of dis-
ordered crystals and amorphous materials, several recent works
have experimentally measured values well below this limit. This has
motivated others to model the thermal conductivity in amorphous
solids as a form of energy hopping between localized vibrational
eigenstates. According to Allen and Feldman29 (AF), a large portion
of heat in disordered solids is transferred by harmonic coupling of
quantized vibrations that are neither propagating nor localized.
These delocalized non-propagating vibrational modes, diffusons,
carry heat by interactions with other vibrational modes with length

scales on the order of the vibrational wavelength. According to AF
theory, the thermal conductivity due to diffuson contribution can be
approximated by:

!AF !
1
V

"
N

i!1
C""i#D""i#; "2#

where V is the system volume, "i is frequency of ith mode, and C
("i) and D("i) are the frequency-dependent speci!c heat and
mode diffusivity, respectively. Based on the AF formalism, Agne
et al.9 suggested a modi!ed minimum limit model for heat
transport in disordered solids that relies on the concept of dif-
fusons rather than phonons. They argued that, in a disordered
solid, the lower bound to thermal conductivity occurs when
thermal transport is entirely driven by diffusons. This approach,
albeit with heat transfer carrier length scales being fundamentally
different from those modeled in Eq. 1, leads to a similar func-
tional form for the thermal conductivity of disordered materials:

!min;D % 0:76 P kB n
2=3 !g ; "3#

where P is the probability of successful energy transfer between
the atoms. The dashed lines in Fig. 2b show the theoretical
minimum limits for a-Si19Te81 based on phonon- and diffuson-
mediated thermal conductivity. In the high-temperature limit,
and maximum diffusivity where P= 1, the calculated diffuson-
mediated thermal conductivity is ~37% lower than the phonon
minimum limit model. Figure 2b demonstrates that the measured
thermal conductivity of a-Si19Te81 is well below the minimum
limit calculations for both existing models. This implies that the
thermal transport mechanism in Si19Te81 is dominated by other
atomistic properties that impede the transfer of energy beyond
those accounted for in the minimum limit models.

To resolve this, we revisit an assumption that was made in the
diffuson-mediated thermal conductivity, which assumes the successful
transfer of energy between diffusons is 100%. As discussed earlier,
since the coordination number in SiTe decreases by increasing the Te
concentration, the alloy transitions from an over-constrained to an
under-constrained network. This reduction in the number of bonds
per atom eliminates the number of pathways through which diffusons
can interact, and leads to a reduction in the probability of their
successful energy transfer. Figure 2c shows the thermal conductivity of
our SiTe sample as a function of coordination number. We calculate
the coordination number of these alloys based on the measured

Fig. 2 Thermal conductivity experimental results and the corresponding models. a The measured thermal conductivity as a function of tellurium
concentration in amorphous SiTe (solid squares) and SeTe (solid diamonds). The inset shows the NEMD simulation results for thermal conductivity of Si
(28 u), heavy-Si (127 u), and their alloy. b Thermal conductivity of amorphous silicon (solid squares), tellurium (solid diamonds), Si19Te81 (solid circles),
and minimum limit models for Si19Te81 (dashed line) as a function of temperature. c Thermal conductivity of SiTe as a function of coordination number
measured by TDTR (solid hexagons), their corresponding phonon-mediated (hollow squares), and the diffuson-mediated (hollow diamonds) minimum
limit approximations. Uncertainties are calculated based on 10% variations in the thickness of SiTe !lms.
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exist. This cubic symmetry leads to an increase in thermal
conductivity. The increase in thermal conductivity, however, is
likely smaller than we would anticipate for such a dramatic change
in crystal symmetry (i.e. an 8X reduction in unit cell volume). The
existence of local lead-ion disorder, which occurs on the length
scales of phonon wavelengths, impacts the overall achievable
thermal conductivity in the cubic phase.

This increase in thermal conductivity is related to the structural
transition to a higher symmetry crystal structure in the PZO. The
complex orthorhombic unit cell of PZO at room temperature
transforms into a cubic unit cell above the phase-transition
temperature. This transition into a simpler, higher symmetry
cubic crystal structure reduces the number of atoms (N) in the
conventional unit cell and, as a result, leads to less phonon
scattering33. We con!rm the phase transition for both epitaxial
and polycrystalline !lms using scanning transmission electron
microscopy (STEM). The lower magni!cation image shown in
Fig. 4d shows the layers in the epitaxial PZO sample. High-
resolution Z-contrast images and selected-area diffraction
patterns (SADP) (Figs. 4e, f, respectively) show that the grains
are oriented with pseudo-cubic axes out-of-plane. Ordered
re"ections occurring in the room temperature SADP that indicate
the presence of octahedral rotations disappear when the sample is
heated to 400 °C, as shown in Figs. 4f, g with further annotation
in Supplementary Note 2. The disappearance of the ordered
re"ections con!rms the AFE-to-PE phase transition. In contrast
to the AFE-to-PE phase transition observed here, our thermal
conductivity measurements on bulk commercial PZO using the
transient plane source technique show no change in thermal
conductivity above room temperature. As we show

in Supplementary Note 3, this is due to the existence of porosity,
disorder, and impurity in the bulk PZO sample.

We repeat high-temperature measurements using a focused
laser source to locally heat the PZO and measure the thermal
properties within the laser-heated region. For this experiment, we
use epitaxial 60 nm PZO and perform the experiment on the SRO
contacts. Unlike resistive stage heating where the entire sample is
raised to the temperature of interest, laser heating creates a
temperature gradient across the sample where the maximum
temperature is on the surface and in the middle of the focused
laser spot with a Gaussian intensity pro!le. The existence of a
temperature gradient in the heated area is closer to an actual
device con!guration and allows us to capture a more realistic
change in thermal conductivity. Given that, after measuring the
thermal conductivity as a function of laser power, similar to
resistive heating, we observe a gradual increase in thermal
conductivity with laser power. This gradual increase is consistent
with the static temperature measurements where the continuously
increasing thermal conductivity with temperature was observed.

Thus far, we have demonstrated that the thermal conductivity
of PZO decreases upon exposure to an electric !eld and increases
upon raising the temperature to the Curie temperature. Now, we
demonstrate how these !eld and thermal effects can be used in
tandem to create a bidirectional thermal conductivity switch. For
this, we periodically apply electrical and optical excitation to the
60-nm-thick epitaxial PZO sample and switch the material
between low- and high-thermal conductivity states. Figure 5a, b
show the switching mechanism in real-time when the PZO is
under periodic electric !eld and heating, respectively. For an
electric !eld amplitude of 670 kV cm!1 the thermal conductivity

Fig. 4 Thermal conductivity of PZO upon phase transformation as a result of electric !eld and thermal stimuli. a Thermal conductivity as a function of
electric !eld for PZO measured at room temperature. b Thermal conductivity as a function of temperature, measured on a resistive heating stage. The
uncertainty in (a, b) is based on standard deviation across multiple scans. c Thermal conductivity as a function of laser power. The uncertainty in (c) is
calculated based on 10% variations in the transducer thickness, and the inset shows the schematic of the layers con!guration studied here. d Annular
bright-!led STEM image showing the corresponding layers in the epitaxial PZO at room temperature, (e) and the high-resolution TEM showing the high
degree of order in the studied sample. Selected-area diffraction patterns of epitaxial PZO at (f) 25 °C and (g) 400 °C showing that our PZO !lm has
undergone a phase transition from orthorombic space group Pbam to cubic Pm!3m (see Supplementary Note 2).
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can be periodically decreased by nearly 10%. On the other hand,
upon applying optical heating using a laser with a spot size of 12
!m in diameter, the PZO thermal conductivity increases by nearly
25%. Figure 5c, d show this transition is repeatable for a number
of cycles. Although switching thermal conductivity using electric
!eld shows some drift from one cycle to another, we attribute this
to the existence of a small sensitivity to the !lm thermal
conductivity rather than inherent changes in the !lm due to
cycling or due to different domain structures upon each !eld
cycle. On the other hand, we observe a small decay in thermal
conductivity of PZO as well as re"ectivity signal after multiple
switching cycles with the laser source, which is attributed to
gradual degradation in the SRO transducer due to heating cycles.
In Supplementary Note 4 we provide an estimated temperature
rise on the surface of SRO using previously developed models.

In summary, we demonstrated the thermal conductivity of
antiferroelectric PZO can be bidirectionally switched by !10%
and +25% upon application of electric !eld and thermal
excitation, respectively. Similar to ferroelectric materials where
the application of electric !eld increases the domain-wall density
and reduces the thermal conductivity, we observe that the thermal
conductivity of antiferroelectric PZO decreases upon applying
an electrical bias across the sample. Furthermore, we take
advantage of PZO’s relatively low Curie temperature (220 °C)
and, using optical heating, we induce the orthorhombic to cubic
phase transition, resulting in higher crystal symmetry and
increased thermal conductivity in PZO. According to our results,
the net thermal conductivity switching ratio that can be
obtained in PZO is around 38%.

Methods
Chemical solution deposition (CSD). Polycrystalline PbZrO3 !lms were prepared
by chemical solution deposition using an inverted mixing order chemistry41. The
solution comprised zirconium butoxide (80 wt.% in butanol, Sigma Aldrich), lead
(IV) acetate (Sigma Aldrich), methanol, and acetic acid. A 0.35 M solution was
used with 35 mol% excess Pb to account for loss to the substrate and atmosphere
during high-temperature annealing. The PZO !lm was coated on a 100 nm Pt/40
nm ZnO/300 nm SiO2/(001) Si substrate by spin casting at 4000 RPM for 30 s
followed by a pyrolysis step at 350 °C for 1 min42. After four coating and pyrolysis
steps, an additional layer of a 0.1 M PbO solution was coated onto the surface to
provide a PbO overpressure and the !lm was annealed at 700 °C for 10 min in a
preheated box furnace43. The !nal PbZrO3 !lm thickness was 300 nm. X-ray
diffraction was performed using a PanAlytical Empyrean diffractometer in a
Bragg–Brentano geometry with a GaliPIX detector and Cu K" radiation, and
scanning electron microscopy was performed using a FEI Quanta 650 with a
concentric backscatter detector and an acceleration voltage of 15 kV44.

Time-domain thermore!ectance (TDTR). The thermal conductivity of the PZO
samples was measured using time-domain thermore"ectance (TDTR). The details
of the measurement technique and thermal model that relates the experimental
data to thermal properties are given elsewhere45–49. In short, and related to the
current manuscript, the output of a pulsed Ti:sapphire laser (80 MHz, 14 nm
FWHM, and 808 nm center wavelength) is split into a pump and a probe path
where the pump path is electro-optically modulated at a frequency of 8.4 MHz to
create an oscillatory heating event on the surface of the sample. The probe path is
directed to a mechanical delay stage to capture the temporal change in the ther-
more"ectivity of the sample which can be related to the changes in temperature. In
order to facilitate the detection of changes in thermore"ectivity of the surface, we
deposit 80 nm of metallic transducer on top of the sample prior to taking the
measurements. For thermal conductivity measurements at elevated temperatures,
we use (i) resistive heating with a commercial temperature control stage (Linkam
model HFS600E-PB4) and (ii) optical heating with a CW laser operating at 532 nm
wavelength. The temperature control stage enables uniformly heating the entire
sample to a known temperature, while the laser heating allows for rapid (sub-
second) temperature rise by hundreds of degrees on the sample’s surface.

Fig. 5 Real-time switching of epitaxial PZO to low and high thermal conductivity using electrical and thermal stimuli. Switching thermal conductivity of
PZO as a function of time measured at 500 ps delay time for (a) electric !elds of 210, 330, 420, and 670 kV cm!1, and (b) heater laser powers of 20, 40,
and 60 mW. c, d Repeatability of switching thermal conductivity upon applying maximum electric !eld and laser power before damaging the sample. The
dashed lines represent the weighted average of the data points corresponding to that line. These measurements were performed at a single location on the
sample. The uncertainty is calculated based on a 10% change in transducer thickness.
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can be periodically decreased by nearly 10%. On the other hand,
upon applying optical heating using a laser with a spot size of 12
!m in diameter, the PZO thermal conductivity increases by nearly
25%. Figure 5c, d show this transition is repeatable for a number
of cycles. Although switching thermal conductivity using electric
!eld shows some drift from one cycle to another, we attribute this
to the existence of a small sensitivity to the !lm thermal
conductivity rather than inherent changes in the !lm due to
cycling or due to different domain structures upon each !eld
cycle. On the other hand, we observe a small decay in thermal
conductivity of PZO as well as re"ectivity signal after multiple
switching cycles with the laser source, which is attributed to
gradual degradation in the SRO transducer due to heating cycles.
In Supplementary Note 4 we provide an estimated temperature
rise on the surface of SRO using previously developed models.

In summary, we demonstrated the thermal conductivity of
antiferroelectric PZO can be bidirectionally switched by !10%
and +25% upon application of electric !eld and thermal
excitation, respectively. Similar to ferroelectric materials where
the application of electric !eld increases the domain-wall density
and reduces the thermal conductivity, we observe that the thermal
conductivity of antiferroelectric PZO decreases upon applying
an electrical bias across the sample. Furthermore, we take
advantage of PZO’s relatively low Curie temperature (220 °C)
and, using optical heating, we induce the orthorhombic to cubic
phase transition, resulting in higher crystal symmetry and
increased thermal conductivity in PZO. According to our results,
the net thermal conductivity switching ratio that can be
obtained in PZO is around 38%.

Methods
Chemical solution deposition (CSD). Polycrystalline PbZrO3 !lms were prepared
by chemical solution deposition using an inverted mixing order chemistry41. The
solution comprised zirconium butoxide (80 wt.% in butanol, Sigma Aldrich), lead
(IV) acetate (Sigma Aldrich), methanol, and acetic acid. A 0.35 M solution was
used with 35 mol% excess Pb to account for loss to the substrate and atmosphere
during high-temperature annealing. The PZO !lm was coated on a 100 nm Pt/40
nm ZnO/300 nm SiO2/(001) Si substrate by spin casting at 4000 RPM for 30 s
followed by a pyrolysis step at 350 °C for 1 min42. After four coating and pyrolysis
steps, an additional layer of a 0.1 M PbO solution was coated onto the surface to
provide a PbO overpressure and the !lm was annealed at 700 °C for 10 min in a
preheated box furnace43. The !nal PbZrO3 !lm thickness was 300 nm. X-ray
diffraction was performed using a PanAlytical Empyrean diffractometer in a
Bragg–Brentano geometry with a GaliPIX detector and Cu K" radiation, and
scanning electron microscopy was performed using a FEI Quanta 650 with a
concentric backscatter detector and an acceleration voltage of 15 kV44.

Time-domain thermore!ectance (TDTR). The thermal conductivity of the PZO
samples was measured using time-domain thermore"ectance (TDTR). The details
of the measurement technique and thermal model that relates the experimental
data to thermal properties are given elsewhere45–49. In short, and related to the
current manuscript, the output of a pulsed Ti:sapphire laser (80 MHz, 14 nm
FWHM, and 808 nm center wavelength) is split into a pump and a probe path
where the pump path is electro-optically modulated at a frequency of 8.4 MHz to
create an oscillatory heating event on the surface of the sample. The probe path is
directed to a mechanical delay stage to capture the temporal change in the ther-
more"ectivity of the sample which can be related to the changes in temperature. In
order to facilitate the detection of changes in thermore"ectivity of the surface, we
deposit 80 nm of metallic transducer on top of the sample prior to taking the
measurements. For thermal conductivity measurements at elevated temperatures,
we use (i) resistive heating with a commercial temperature control stage (Linkam
model HFS600E-PB4) and (ii) optical heating with a CW laser operating at 532 nm
wavelength. The temperature control stage enables uniformly heating the entire
sample to a known temperature, while the laser heating allows for rapid (sub-
second) temperature rise by hundreds of degrees on the sample’s surface.

Fig. 5 Real-time switching of epitaxial PZO to low and high thermal conductivity using electrical and thermal stimuli. Switching thermal conductivity of
PZO as a function of time measured at 500 ps delay time for (a) electric !elds of 210, 330, 420, and 670 kV cm!1, and (b) heater laser powers of 20, 40,
and 60 mW. c, d Repeatability of switching thermal conductivity upon applying maximum electric !eld and laser power before damaging the sample. The
dashed lines represent the weighted average of the data points corresponding to that line. These measurements were performed at a single location on the
sample. The uncertainty is calculated based on a 10% change in transducer thickness.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-29023-y ARTICLE

NATURE COMMUNICATIONS | ��������(2022)�13:1573� | https://doi.org/10.1038/s41467-022-29023-y | www.nature.com/naturecommunications 7

can be periodically decreased by nearly 10%. On the other hand,
upon applying optical heating using a laser with a spot size of 12
!m in diameter, the PZO thermal conductivity increases by nearly
25%. Figure 5c, d show this transition is repeatable for a number
of cycles. Although switching thermal conductivity using electric
!eld shows some drift from one cycle to another, we attribute this
to the existence of a small sensitivity to the !lm thermal
conductivity rather than inherent changes in the !lm due to
cycling or due to different domain structures upon each !eld
cycle. On the other hand, we observe a small decay in thermal
conductivity of PZO as well as re"ectivity signal after multiple
switching cycles with the laser source, which is attributed to
gradual degradation in the SRO transducer due to heating cycles.
In Supplementary Note 4 we provide an estimated temperature
rise on the surface of SRO using previously developed models.

In summary, we demonstrated the thermal conductivity of
antiferroelectric PZO can be bidirectionally switched by !10%
and +25% upon application of electric !eld and thermal
excitation, respectively. Similar to ferroelectric materials where
the application of electric !eld increases the domain-wall density
and reduces the thermal conductivity, we observe that the thermal
conductivity of antiferroelectric PZO decreases upon applying
an electrical bias across the sample. Furthermore, we take
advantage of PZO’s relatively low Curie temperature (220 °C)
and, using optical heating, we induce the orthorhombic to cubic
phase transition, resulting in higher crystal symmetry and
increased thermal conductivity in PZO. According to our results,
the net thermal conductivity switching ratio that can be
obtained in PZO is around 38%.

Methods
Chemical solution deposition (CSD). Polycrystalline PbZrO3 !lms were prepared
by chemical solution deposition using an inverted mixing order chemistry41. The
solution comprised zirconium butoxide (80 wt.% in butanol, Sigma Aldrich), lead
(IV) acetate (Sigma Aldrich), methanol, and acetic acid. A 0.35 M solution was
used with 35 mol% excess Pb to account for loss to the substrate and atmosphere
during high-temperature annealing. The PZO !lm was coated on a 100 nm Pt/40
nm ZnO/300 nm SiO2/(001) Si substrate by spin casting at 4000 RPM for 30 s
followed by a pyrolysis step at 350 °C for 1 min42. After four coating and pyrolysis
steps, an additional layer of a 0.1 M PbO solution was coated onto the surface to
provide a PbO overpressure and the !lm was annealed at 700 °C for 10 min in a
preheated box furnace43. The !nal PbZrO3 !lm thickness was 300 nm. X-ray
diffraction was performed using a PanAlytical Empyrean diffractometer in a
Bragg–Brentano geometry with a GaliPIX detector and Cu K" radiation, and
scanning electron microscopy was performed using a FEI Quanta 650 with a
concentric backscatter detector and an acceleration voltage of 15 kV44.

Time-domain thermore!ectance (TDTR). The thermal conductivity of the PZO
samples was measured using time-domain thermore"ectance (TDTR). The details
of the measurement technique and thermal model that relates the experimental
data to thermal properties are given elsewhere45–49. In short, and related to the
current manuscript, the output of a pulsed Ti:sapphire laser (80 MHz, 14 nm
FWHM, and 808 nm center wavelength) is split into a pump and a probe path
where the pump path is electro-optically modulated at a frequency of 8.4 MHz to
create an oscillatory heating event on the surface of the sample. The probe path is
directed to a mechanical delay stage to capture the temporal change in the ther-
more"ectivity of the sample which can be related to the changes in temperature. In
order to facilitate the detection of changes in thermore"ectivity of the surface, we
deposit 80 nm of metallic transducer on top of the sample prior to taking the
measurements. For thermal conductivity measurements at elevated temperatures,
we use (i) resistive heating with a commercial temperature control stage (Linkam
model HFS600E-PB4) and (ii) optical heating with a CW laser operating at 532 nm
wavelength. The temperature control stage enables uniformly heating the entire
sample to a known temperature, while the laser heating allows for rapid (sub-
second) temperature rise by hundreds of degrees on the sample’s surface.

Fig. 5 Real-time switching of epitaxial PZO to low and high thermal conductivity using electrical and thermal stimuli. Switching thermal conductivity of
PZO as a function of time measured at 500 ps delay time for (a) electric !elds of 210, 330, 420, and 670 kV cm!1, and (b) heater laser powers of 20, 40,
and 60 mW. c, d Repeatability of switching thermal conductivity upon applying maximum electric !eld and laser power before damaging the sample. The
dashed lines represent the weighted average of the data points corresponding to that line. These measurements were performed at a single location on the
sample. The uncertainty is calculated based on a 10% change in transducer thickness.
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And local measurements and spatial maps!

the maximum temperature of the underlying composite. Charac-
terization of the thermal transport behavior of T-EBC systems is
therefore an area of considerable current interest.

State-of-the-art EBC systems utilize a silicon bond coat with a
low silica activity, rare-earth disilicate top coat [5e8]. In the
absence of a Si bond coat, SiC will form gaseous oxidation products,
such as gaseous CO, which will introduce interfacial porosity and
ultimately result in coating spallation. Thus, the primary function of
the Si bond coat is to prevent oxidation of the SiC by preferentially
forming a SiO2 TGO on its exterior surface [1], as the very low ox-
ygen activity at the interior silicon-SiO2 interface greatly reduces
the oxidizer !ux that reaches the SiC surface. The bond coat’s co-
ef"cient of thermal expansion (CTE) of 4! 10"6 #C"1 is similar to
that of the SiC composite (CTE of 4e5! 10"6 #C"1), and thus re-
duces the driving force for delamination arising from mismatch in
thermal strain between the CMC and bond coat during thermal
cycling. Unfortunately, the TGO layer of the bond coat crystallizes at
elevated temperatures to form b-cristobalite. On cooling through $
240e270 #C, it transforms to the a-phase with a 4e7% reduction in
volume [9e12]. The large elastic strain created by this trans-
formation then creates a driving force for delamination at the Si-
TGO interface that increases with TGO thickness [6].

The rare-earth silicate top coat serves multiple purposes. It re-
duces the oxidizer !ux that permeates to the bond coat, thereby
reducing the rate of SiO2 scale formation and consumption of the
bond coat [31]. In addition to a high resistance to the permeation of
oxidizing species, this exterior layer must have a low steam vola-
tility since its outer surface is in contact with the combustion gas
!ow [32,33]. To reduce the risk of coating failure by thermo-
mechanical mechanisms, the rare earth silicate CTE needs to be
well matched to the SieSiC composite on which it is attached.

Top coats with a low thermal conductivity are preferred since
they are then able to decrease the temperature of the Si bond coat
to prevent melting and reduce the rate of thermally-activated TGO
thickening. The low thermal conductivity also helps to reduce the
temperature of the SiC CMC, whose strength is reduced as the
temperature approaches 1500 #C [7,34,35]. Ytterbium disilicate (b-
phase Yb2Si2O7; YbDS) is widely used and such a Si-YbDS system,
schematically illustrated in Fig. 1, has exhibited good thermo-
mechanical stability and resistance to volatilization for up to 2000 h
of steam cycling between 110 and 1316 #C [6]. Its CTE match to SiC
and moderately low thermal conductivity of 5e7 W m"1 K"1 at
room temperature make it a strong candidate for top coats as a T-
EBC system.

YbDS top coats are applied using atmospheric plasma spray
(APS) deposition of nominally pure YbDS powders [6]. However, a
second ytterbium monosilicate (Yb2SiO5; YbMS) phase is usually
present either from contamination of the powder or by loss of SiO2
during the thermal spray process [36]. As a result, the ytterbium
silicate top coat typically consists of a two-phase system with
10e15% YbMS as elongated solidi"ed droplets in a YbDS matrix
[37]. This has signi"cant implications on the operating performance
of the coating as the thermal conductivity, CTE, and steam volatility
resistance of the two phases are very different, shown in Table 1. On
one hand, a coating consisting entirely of the YbDS phase has been
thought to be preferable since its CTE is well matched with the a-
SiC substrate. However, the steam volatility resistance of YbMS is
much greater than that of YbDS alone [18,38,39]. In practice, the
presence of some YbMS in YbDS coatings appears unavoidable, the
coating’s effective thermo-physical properties are then determined
by the volume fractions and dispersion (i.e., microstructure) of the
two phases. In addition, as the EBC is thermally cycled in steam,
SiO2 loss from the YbDS transforms the outer surface to more
slowly volatilized eroded YbMS [6].

From a CMC thermal protection perspective, low thermal

conductivity ($2.5 Wm"1 K"1 at room temperature) YbMS offers a
higher thermal resistance compared to YbDS ($5e7 W m"1 K"1 at
room temperature [7,13,14,40]). Considerations, however, have not
been made for the anisotropic nature of these materials. We have
previously determined the anisotropic thermal conductivity tensor
of b-Y2Si2O7 [41], and expect YbDS to have similar anisotropy based
on its similarity in elastic constants [13]. At the atomic scale, Zhou
et al. [14] and Xiang et al. [40] have argued that the thermal con-
ductivities of YbMS and YbDS can be attributed to the heterogenous
bonding environment of the crystal, where weaker YbeO bonding
results in low sound velocities and Debye temperatures and, ulti-
mately, low thermal conductivity. Indeed, the sound velocity and
Debye temperature are smaller in YbMS compared to YbDS, despite
YbMS possessing a higher atomic density [14,40]. At the micro-
scopic scale, additional scattering of phonons occurs at grain
boundaries, a mechanism that has been shown to reduce the
thermal conductivity of materials relative to their bulk counter-
parts [42,43].

In addition, due to the anisotropic CTE of YbMS [22] and YbDS
[14,16], it is generally thought that the small grain size formed
during the thermal spray deposition process is preferable so that
large variations in CTE anisotropy at the microscopic scale are
averaged out. This results in a reduction of local strain and a
reduced chance of coating cracks. However, small YbDS grain size
provides a fast transport path for molecular oxygen and hydroxyl
group diffusion to the bond coat, and is therefore not desirable for
slowing the rate of TGO growth [44]. In practice, during the high
temperature use of an EBC, retention of the small grain size is un-
likely, and the system’s microstructure dynamically evolves. An
understanding of the microstructural evolution of a thermally
cycled ytterbium silicate coating and its in!uence on the associated
thermal pro"le would be helpful during the design of coatings for
the hot sections of a gas turbine engine. To design coatings with a
reliable use life, an understanding of the dynamic behavior of the
EBC phase fractions and microstructure during its use in high
temperature, oxygen and steam cyclic conditions, and implications
for thermophysical properties, is therefore needed.

Here, we characterize the evolution of the phase fractions and
microstructure of a model APS deposited Si-YbDS EBC and measure
the thermal conductivity distribution of the EBC system subjected
to varying periods of thermal cycling in a !owing oxygen/steam
environment. This is accomplished by combining scanning electron
microscopy techniques with spatially resolved time-domain ther-
more!ectance (TDTR) thermal conductivity measurements. We

Fig. 1. Schematic illustration of a Si-ytterbium silicate EBC system applied to an a-SiC
substrate. The ytterbium silicate top coat consists of ytterbium disilicate (YbDS) and
ytterbium monosilicate (YbMS).
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After During steam cycling, the SEM images reveal the devel-
opment of a surface region with substantially reduced YbDS. This
resulted from differential steam volatilization rates for the YbDS
and YbMS phases in the coating. Costa and Jacobsen [38] have
shown that mixtures of Yb2O3 ! Yb2SiO5 have a lower silica activity
than Yb2Si2O7 ! Yb2SiO5 mixtures. As a result, during the reaction
of water vapor with these silica rich compounds in which
SiO2 ! H2O # Si(OH)4, silica loss at 1316 "C is approximately 100-
fold higher from the YbDS compared to YbMS under equilibrium
conditions. The loss of SiO2 from the YbDS phase is accompanied by
a partially constrained #26% volume reduction [6], resulting in a
porous silica depleted YbMS reaction product layer. The combina-
tion of underlying YbDS constrained lateral shrinkage during the
reaction and the higher CTE of the reaction product results in
channel cracking and local reaction product delamination upon
cooling, reducing its subsequent utility for resisting inward

permeation of oxidizers towards the bond coat [6].
After 500 h of steam cycling, the outer YbDS surface region

shows evidence of this volatilization, resulting in the formation of a
thin (#5 mm thick) YbMS layer at the steam-exposed surface of the
coating. Not only does this result in a porous YbMS layer, the YbMS
fraction rose from#25 to#67%within 10 mmof the coating surface.
The remainder of the coating matrix was predominantly a YbDS
matrix containing a !ne distribution of YbMS particulates. The
average YbMS fraction was #20% but could vary signi!cantly from
0 to 50% from one splat to another, see Table 2.

The specimen cycled for 2000 h, Fig. 2(c), shows the presence of
a 10e15 mm thick steam volatilized region near the outer surface of
the coating. This layer was both porous and had suffered channel
cracking. Its YbMS phase fraction, as indicated by the pro!le in
Fig. 2(c), indicated the YbMS volume fraction was on average #70%
within 10 mm of the coating surface. The YbDS volume fraction in

Fig. 2. Cross-section back-scattered electron (BSE) micrographs, thermal conductivity micrographs, and normalized phase counts and depth-dependent thermal conductivity for
the (a) stabilization-annealed specimen and specimens cycled for (b) 500 and (c) 2000 h in a steam environment. In the thermal conductivity/phase pro!les, red and black lines
correspond to the darker/lighter area fractions in micrographs corresponding to the YbDS and YbMS phases, respectively, while the blue band corresponds to the range of thermal
conductivity measured as a function of depth.
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SSTR-F: Recently commercialized for turn-key, fiber-optically 
integrated thermal conductivity microscope

The typical thermoreflectance set up

A LOT of optics, upkeep and expertise for analysis
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SSTR-F: Commercialized for turn-key thermal conductivity 
microscope for bulk materials, thin films and interfaces

Disclosure: Hopkins co-Founder of LT, Inc.

https://Laserthermal.com
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Outline

Theme: Developing experiments to measure thermal 
properties of materials subjected to extreme fluxes 

and nonequilibrium

• Thermal conductivity of materials: a nanoscale perspective on heat 
transfer and measurements

• Extreme thermometry: measuring thermal properties of 
materials up to 4,000 K

• Transient temperature changes during plasma-surface interactions
• “Plasma cooling”

• Interfacial heat transfer control of the IR properties of solids
• Near field radiative heat transfer coupling with phonon-polaritons
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Ultrahigh temperature ceramics
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2. Continuing challenges

Research on UHTCs during the past 25 years has furthered the state
of knowledge in several important areas including synthesis, process-
ing, densi!cation, thermomechanical properties, and oxidation. Despite
these advances, key gaps in the understanding of UHTCs remain. Re-
search groups in the U.S., China, Japan, the U.K., Italy, India, and other
countries have on-going efforts focused in these areas.

Most commercial UHTCs are synthesized by carbothermal reduction
of the corresponding oxide [19,20]. Limitations of this method include
the relatively coarse particle sizes and substantial levels (i.e., 0.1 wt%
or higher) of impurities including other metals, oxygen, nitrogen, and/
or carbon. Despite these limitations, a majority of the recent studies of
UHTCs have utilized commercial powders. Alternative synthesis
methods can produce powders with !ner particle sizes, higher purities,
or controlled shapes [21]. Processes based on solid-state reactions have
been the most popular routes, but processes utilizing liquid or polymer
precursors have been pursued to enable deposition of coatings or poly-
mer in!ltration and pyrolysis (PIP) processing of UHTC-matrix

composites. Most of the liquid/polymer processes reported to date
have involved two steps whereby the precursors decompose to an
oxide with or without carbon/boron, which is then reacted to form
the desired UHTC phase (Fig. 3) [22]. Some recent advances have
surmounted this obstacle by directly synthesizing borides or carbides
in a single step [23]. Continuing research challenges in synthesis include
synthesizing higher purity UHTC powders, identifyingmechanisms and
kinetics of synthesis reactions, and designing liquid/polymer precursors
that have higher ceramic yields and are less sensitive to degradation
under ambient conditions.

Most often, UHTCs are processed as dry powders using conventional
formingmethods such as dry pressing. A limited number of studies have
reported novel aspects of dispersion [24], colloidal forming [25], and
plastic forming methods [26,27], revealing fundamental aspects of the
surface chemistry of UHTCswhile also enabling near-net shape forming.
Processing and synthesis have substantial synergy whereby improve-
ments in synthesis that control the size, shape, or surface chemistry of
UHTCpowders impact the ability to formstable dispersions and develop
desired rheological properties in suspensions, pastes, or plastic masses.
Very few studies have addressed the fundamental processing science of
UHTCs resulting in opportunities to explore control of powder surface
chemistry, produce slurries and pastes with high solids loadings, devel-
op additive manufacturing processes, and devise aqueous processing
routes that do not increase the oxygen impurity content of the resulting
ceramics.

Sintering of non-oxide ceramics, and particularly UHTCs, involves a
competition between densifying and coarsening mechanisms [28]. The
presence of oxygen and other impurities promotes coarsening mecha-
nisms that produce porosity trapped within grains, exaggerated grain
growth, or other phenomena, which prevent ceramics from reaching
full relative density (Fig. 4) [29]. Finer starting particle sizes can enhance
sintering, but oxygen contents must be below certain critical levels for
full densi!cation. While pressure-assisted methods such as hot press-
ing, hot isostatic pressing, and spark plasma sintering are themost com-
mon methods for densi!cation, pressureless sintering can be
accomplished in some systems through the use of additives [30–32].
Despite practical knowledge for densi!cation, only a few publications
have reported detailed information on the fundamental transport
mechanisms for densi!cation or the kinetics of sintering processes leav-
ing ample room for additional basic research in these areas.

A multitude of studies have described the room temperature ther-
mal andmechanical properties of UHTCswith themost important prop-
erties being strength, hardness, elastic constants, thermal conductivity,
and fracture toughness. Most of these studies have reported properties
for a single ceramic without identifying fundamental factors related to
composition, microstructure, porosity, impurities, etc. that control ob-
served behavior. Presentation of properties without understanding of
structure-property relations presents a particular challenge for UHTCs.
A single report of poor properties or sub-standard performance in a
ground test can turn potential users against an entire class of materials,
even if the material in question failed due to extrinsic factors that could
have been addressed had the root cause of failure been studied. System-
atic studies have elucidated microstructure-mechanical property rela-
tionships and identi!ed strength-limiting "aws to the extent that
ceramics with desired properties can be designed by controlling grain
size for nominally pure, fully dense ZrB2 or SiC cluster size in ZrB2-SiC
ceramics. Studies have also begun to address the fundamental factors
that are responsible for the wide variety of room temperature thermal
conductivities reported for ZrB2-based ceramics (Fig. 5) and other
UHTCs [33–36]. Additional research is needed to isolate fundamental
factors that control thermal and mechanical behavior for compositions
other than ZrB2 or ZrB2-SiC, examine elevated temperature structure-
property relationships, and report intrinsic properties of UHTCs.

Oxidation behavior, or, more broadly, resistance to aggressive chem-
ical environments, is critical in the extreme environments thatmight be
encountered by UHTCs include oxidation above 1600 °C, reaction

Fig. 1. Melting temperature for elements and compounds from different families of
materials showing that very few materials have melting temperatures above 3000 °C.
Reprinted by permission from Fahrenholtz et al. [3].

Fig. 2. Photograph of the X-51 "ight vehicle mounted on the wing of a B-52 prior to a test
"ight. The X-51 holds the record for the longest duration hypersonic "ight by an aircraft.
Note the heads of engineers on the lower left of the image for scale. Image is public
domain from NASA.
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Figure 1.3.  (a) The relationship between altitude and Mach number for a dynamic pressure of 
40kPa.  (b) The influence of leading edge radius on the stagnation point heat flux assuming a cold 

wall (the temperature of the gas >> temperature of the vehicle). 
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Investigating the highest melting 
temperature materials: A laser 
melting study of the TaC-HfC 
system
Omar Cedillos-Barraza1, Dario Manara2, K. Boboridis2, Tyson Watkins2,3, Salvatore Grasso4, 
Daniel D. Jayaseelan1, Rudy J. M. Konings2, Michael J. Reece4 & William E. Lee1

TaC, HfC and their solid solutions are promising candidate materials for thermal protection structures in 
hypersonic vehicles because of their very high melting temperatures (>4000 K) among other properties. 
The melting temperatures of slightly hypostoichiometric TaC, HfC and three solid solution compositions 
(Ta1!xHfxC, with x = 0.8, 0.5 and 0.2) have long been identified as the highest known. In the current 
research, they were reassessed, for the first time in the last fifty years, using a laser heating technique. 
They were found to melt in the range of 4041–4232 K, with HfC having the highest and TaC the lowest. 
Spectral radiance of the hot samples was measured in situ, showing that the optical emissivity of these 
compounds plays a fundamental role in their heat balance. Independently, the results show that the 
melting point for HfC0.98, (4232 ± 84) K, is the highest recorded for any compound studied until now.

!e design of next generation hypersonic "ight vehicles has raised interest in the discovery and development of 
materials that can operate in extreme environments. Hypersonic vehicles are equipped with sharp nose tips and 
leading edges to maximize "ight performance. However, very high temperatures and heating rates are produced 
at these surfaces due to extreme velocities (> 5 Mach). !ermal protection structures are required that can operate 
in air at temperatures that can exceed 2200 K, thus components are required to have very high melting tempera-
tures1,2. !e extreme conditions required for hypersonic applications have introduced the motivation for research 
and development of high temperature materials, including a group of ceramics commonly known as ultra-high 
temperature ceramics (UHTCs). A common de#nition of a UHTC is that of a ceramic that has a melting temper-
ature above 3300 K. From a wide selection of materials that an engineer can choose only a limited number have 
melting temperatures above this criterion3. Tantalum carbide (TaC) and hafnium carbide (HfC) are of particular 
interest due to their high melting temperatures (> 4000 K) which are the highest reported among all known inor-
ganic materials1–3. !ey are known to form a continuous solid solution over the whole range of compositions.

!e measurement of thermophysical properties at such high temperatures is di$cult due to increased reactiv-
ity of the materials, heat losses, volatility, and loss of mechanical strength, particularly in the carbides of interest 
in this work. Several experimental investigations of the high temperature behaviour of pure and mixed tanta-
lum and hafnium carbides were carried out mostly between 1930 and 1969, including the early work by Agte 
and Althertum4 and the comprehensive experimental campaign provided by Rudy5. In all these cases, high tem-
perature melting of these carbides was studied with the help of the so-called Pirani-Alterthum approach4. !is 
experimental method consists in observing the disappearance, in a sample heated by Joule e%ect, of a blackbody 
hole when it is #lled by a newly formed liquid. Such an approach has been shown to be e%ective in many cases. 
However, it does involve signi#cant uncertainty, especially at temperatures above 2200 K, where observation of 
liquid formation is extremely hard, in particular when using the early pyrometers that had limited time resolution.
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High-entropy high-hardness metal carbides
discovered by entropy descriptors
Pranab Sarker1, Tyler Harrington2, Cormac Toher1, Corey Oses 1, Mojtaba Samiee3, Jon-Paul Maria4,
Donald W. Brenner4, Kenneth S. Vecchio2,3 & Stefano Curtarolo5,6

High-entropy materials have attracted considerable interest due to the combination of useful

properties and promising applications. Predicting their formation remains the major hin-

drance to the discovery of new systems. Here we propose a descriptor—entropy forming

ability—for addressing synthesizability from !rst principles. The formalism, based on the

energy distribution spectrum of randomized calculations, captures the accessibility of

equally-sampled states near the ground state and quanti!es con!gurational disorder capable

of stabilizing high-entropy homogeneous phases. The methodology is applied to disordered

refractory 5-metal carbides—promising candidates for high-hardness applications. The

descriptor correctly predicts the ease with which compositions can be experimentally syn-

thesized as rock-salt high-entropy homogeneous phases, validating the ansatz, and in some

cases, going beyond intuition. Several of these materials exhibit hardness up to 50% higher

than rule of mixtures estimations. The entropy descriptor method has the potential to

accelerate the search for high-entropy systems by rationally combining !rst principles with

experimental synthesis and characterization.
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and modulation frequency. From this, we follow the procedure 
outlined by Wang et al.[16] to determine the 95% confidence 
interval of fitted thermal conductivity and heat capacity based on 
the two-standard deviation difference from the minimum nor-
malized residual. Figure 1d shows the results for J14 and all six-
cation ESOs, where contour lines indicate the combinations of ! 
and Cv corresponding to a 95% confidence interval.

There is a strong reduction in thermal conductivity between 
J14 and all six-cation oxides; variation in ! among the latter are 
within 20% of one another and follow an expected decreasing 
trend with heavier average cation mass, as shown in Figure 1e. 
Accounting for uncertainties arising from film thicknesses and 
thermal properties does not explain this reduction from five to 
six cations. This finding suggests that there is an enhanced level 
of phonon scattering intrinsic to the six-cation oxides compared 
to J14 that is dictating the observed reduction in thermal conduc-
tivity. Furthermore, a 105 nm polycrystalline J14 sample (p-J14) 
was fabricated on an amorphous SiO2 (a-SiO2) substrate; grain 
sizes were on the order of 50–100 nm as determined by atomic 
force microscopy (AFM). Grain boundaries typically scatter pho-
nons on the order of the grain size,[17,18] which would reduce the 
thermal conductivity of p-J14 relative to single crystal J14. Because 
the substrate is a-SiO2 in this case, heat capacity and thermal con-
ductivity cannot be experimentally decoupled (see Supporting 
Information for details). However, if we assume that the heat 
capacity is that of J14, the thermal conductivity of p-J14 is, within 
uncertainty, equal to that of J14. This indicates that phonon scat-
tering at grain boundaries negligibly affects the thermal conduc-
tivity, suggesting that the phonons contributing most strongly to 
thermal transport in J14 have mean-free paths smaller than this 
average grain size. Moreover, this result indicates that even with 
additional extrinsic scattering mechanisms, the thermal conduc-
tivity of J14 does not reduce to those of the six-cation oxides. To 
understand the significance of this reduction in thermal conduc-
tivity, we measure a 78 nm amorphous J14 (a-J14) film grown 
on a-SiO2. Again assuming the same heat capacity as J14, the 
thermal conductivity of a-J14 is 1.16 ± 0.16, almost a third that 
of J14, and within 20% of the thermal conductivity of J31. This 
amorphous thermal conductivity is typically assumed to be the 
minimum limit to the intrinsic thermal conductivity of a solid.[19]

Reduced crystalline thermal conductivity approaching the 
amorphous limit is an attractive property to several applications, 
including thermoelectric power generation[20] and thermal bar-
rier coatings,[21] where crystalline materials allow for the desir-
able electronic properties and temperature stability necessary 
for extreme environments. Such reduction is often achieved 
via nanostructuring with defects and/or interfaces, the latter of 
which resulted in the lowest thermal conductivity measured in a 
fully dense solid at 0.05 W m"1 K"1 for WSe2 in the cross-plane 
direction,[22] a 30 # reduction over the c-axis thermal conductivity 
of single-crystal WSe2. For macroscale applications in which films 
inevitably become large enough that grains of varying orienta-
tions form, thermal conductivity reduction in one crystallographic 
direction does not have significant benefit. Thus, for isotropic 
crystals, such reduction is typically achieved via increasing com-
positional disorder,[23] which can lead to mass mismatch, atomic 
radii mismatch, and local atomic strain that results in additional 
phonon scattering. For example, mixed crystals with controlled 
disorder were shown to have thermal conductivities that approach 

their minimum limit.[19] Similarly, unary and binary compound 
superatomic crystals were shown to have amorphous-like thermal 
conductivities when orientational disorder is present.[24] On the 
other hand, complex crystals such as the cubic I-V-VI2 semicon-
ductor AgSbTe2 have intrinsically glass-like thermal conduc-
tivities[25] attributed to the spontaneous formation of nanoscale 
domains with different orderings on the cation sublattice.[26]

Regardless of the mechanism, a thermal conductivity reduc-
tion generally comes at the expense of a crystal’s stiffness, as 
determined by its elastic modulus. This is shown in Figure 2a, 
where thermal conductivity is plotted as a function of elastic 
modulus for a wide array of isotropic crystals. Whereas metals 
can maintain a relatively high thermal conductivity due to contri-
bution from electron transport, phonons are the dominant heat 
carriers in non-metals; reduction of elastic modulus is indicative 
of a reduction in phonon group velocity and energies, resulting 
in a lowered thermal conductivity. As shown in Figure 2a,  
the regime of simultaneously stiff and insulative crystals is 
unpopulated, despite the need in practical applications such 
as thermal barrier coatings. We show that ESOs, whose elastic 
moduli are measured with contact resonance AFM (CR-AFM), 
represent a step towards filling this void. In fact, in Figure 2b, 
we quantify the ratio of elastic modulus to thermal conduc-
tivity (E/!) to show that ESOs fall in line with the highest E/! 
crystals at room temperature, surpassing prominent thermal 

Adv. Mater. 2018, 30, 1805004

Figure 2.  Thermal and elastic properties of crystals. a) Thermal conduc-
tivity (!) versus elastic modulus (E) for a wide range of isotropic crys-
tals at room temperature. Materials are grouped into metals (squares) 
and non-metals (triangles), the former having the subset of HEAs (open 
squares) and the latter having the subset of ESOs (circles). b) Ratio of E 
to ! for the highest-ratio crystals from (a). A table of data and references 
can be found in the Supporting Information.

Adv. Mat. 30, 1805004 (2018)
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F IGURE " Heat capacity of (Hf, Ta, Zr, Nb)C compared to
reported values for ZrC, NbC%.&', TaC,() HfC(' and the value
predicted by a linear molar rule of mixtures

the average of the individual carbides. This is the basis
behind the Kopp–Neumann law that predicts the specific
heat capacity of a compound.(& The heat capacity of
the HEC deviated from the average by !*+.,% at room
temperature and !%.-(% at +%%%!C. This observation,
however, contradicts results reported by Yan et al.*& who
found that the heat capacity of their HEC was similar to
the constituents with the lowest heat capacities.

#." Electrical resistivity

The electrical resistivity of the HEC increased from '%.&± %.* µ.•cm at +-!C to **(.* ± ,.& µ.•cm at '%%!C
as shown in Figure -. This was extrapolated to */%%!C
(*-+., µ.•cm) based on an assumed linear trend, which
has been reported for the electrical resistivity of carbide
ceramics.-%,-* The reported electrical resistivities for TaC,
HfC (present work), and reported values for ZrC and
NbC-% alongwith an average electrical resistivity as a func-
tion of temperature, predicted by a linear molar ROMs

F IGURE $ Electrical resistivity of high entropy carbide (HEC)
measured from room temperature to '%%!C (open data point is
extrapolated to */%%!C) compared to TaC, HfC (present work), ZrC,
and NbC-%

F IGURE ! Thermal conductivity of the high entropy carbide
(HEC) up to +%%%!C compared to reported values for TaC, HfC
(present work), ZrC, and NbC-+ along with an average value
predicted by a linear molar rule of mixtures

calculation, are also included in Figure - for comparison
to the HEC. The electrical resistivity of the HEC is lower
than for HfC (!*%.+% difference) and ZrC (!+)% differ-
ence), but higher than the values for NbC (!(-% differ-
ence), and TaC (!-+.&% difference) across the temperature
range investigated. The HEC does not follow an ROM for
either thermal diffusivity or electrical resistivity as both
thermal (Ke component of thermal conductivity) and elec-
trical transport are influenced by electron transport. Ele-
ments of different atomic mass placed randomly through-
out the crystal structure act as point scattering sources and
may slow the movement of electrons, similar to carbon
vacancies as studied by Williams.(* The electrical resistiv-
ity does approach the average of the carbide constituents as
temperature increases. This can be attributed to the resis-
tivity of ZrC, which has a higher reported temperature
coefficient (%.%& µ.•cm/!C) than the other carbide mate-
rials (between %.%( and %.%-) µ.•cm/!C).
The electrical resistivity has only been reported for one

otherHECceramic,whichhad a composition of (Hf, Zr, Ta,
Nb, Ti)C.,( The resistivity was &*., µ.•cm at room temper-
ature (Table +), which is higher than the valuemeasured in
the present study. The higher resistivity may be due to the
additional metal element present in the ceramic in the pre-
vious study, but other factors such as porosity and carbon
stoichiometry may contribute as well.

#.$ Thermal conductivity

Figure / shows the thermal conductivity of the HEC com-
pared to HfC, TaC (calculated from data gathered in this
study), and NbC%.&' and ZrC%.&+-+ along with the average
value predicted using a linear molar ROMs calculation.
The thermal conductivity of theHEC (*%.)W/m•K at room
temperature and ,&.&± +.,W/m•K at +%%%!C) was notice-
ably lower than all of the constituent carbides except for

Thermal conductivity of HE carbides: how do we measure?
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Overview
Thermal Management

Transition metal carbides, nitrides, and
borides can be called metallic ceramics be-
cause they are electronically conductive and
extremely hard. Their various applications
include cutting and grinding tools, thermal-
barrier coatings, diffusion-resistant thin
films, interconnects, and superconductivity
devices. In each case, the ability of the mate-
rial to resist or permit heat flow is important.
Because of the high concentration of non-
metal atom vacancies in the carbides and
nitrides, the carriers of heat—conduction
electrons and phonons (the quanta of lattice
waves)—are severely scattered, and the ther-
mal conductivity, K, is strongly affected,
although differently in high- and low-tem-
perature regions. Measurements of both the
electrical and thermal conductivity of single-
crystal metallic ceramics at low tempera-
tures and the application of the Callaway
formalism help explain the puzzling tem-
perature dependence of K. The finding of a
large peak in K of NbC just below its super-
conducting transition temperature confirms
phonon-electron scattering and could lead to
a thermal switch. The single-crystal thermal
conductivity behavior of TiC and WC is used
to interpret the measured K values for ce-
mented carbides TiC/Ni-Mo and WC/Co
through a broad temperature range.

INTRODUCTION

Transition-metal carbides, nitrides,
and borides are employed not only for
cutting and grinding tools but also for
hard electrical contacts, cylinder linings,
diffusion-resistant thin-film coatings of
microcircuit devices, and several other
uses. These metallic ceramics are selected
in part because of their high melting
points, since in all these widely different

The Thermal Conductivity of
Metallic Ceramics

Wendell S. Williams

applications much heat is developed
from friction, internal combustion,
power generation, or whatever is in-
volved. Therefore, the ability of these
materials to either transport heat or re-
sist its transport (i.e., thermal conductiv-
ity) is an important physical property.

This article presents the fundamen-
tals of thermal conductivity (K), the
room-temperature values of K for single
crystals and hot-pressed metallic ceram-
ics, particularly TiC, ZrC, and NbC; their
high- and low-temperature values; the
values of K for cemented carbides; the
influence of point defects (carbon vacan-
cies); and the K of a superconducting
carbide. At low temperatures, K is mostly
produced by phonons, but they are se-
verely scattered by conduction electrons;
both phonons and electrons contribute
to K at higher temperatures, but the scat-
tering of both excitations by carbon va-
cancies reduces K. A theoretical curve
from the Debye equations fits the low-
temperature data and matches the high-
temperature values.

THERMAL CONDUCTIVITY
Room Temperature

The room-temperature K of mono-
nitrides of the Group IV transition met-
als (Ti, Zr, and Hf) is quite similar to the
monocarbides of these metals and the
metals themselves: approximately 20 W/
m-K, as listed in a table assembled by
Pierson (Table I).1 The K values for the

Figure 1. Thermal conductivity in the high
(absolute) temperature range for Group IV
transition-metal carbides (from Reference 1,
based on References 2 and 3).

Figure 2. A comparison of electrical resistivity and electron thermal conductivity versus high
(absolute) temperature in pure metals and carbides.

a b

mononitrides of Group V transition
metals (V, Nb, and Ta), listed in another
table by Pierson, are somewhat different
than the carbides and the metals (Table
I). As noted by Pierson, these room-
temperature K values are substantially
lower than those of other popular ce-
ramics such as aluminum nitride.

Less detailed research information has
been produced on the thermal conduc-
tivity of transition-metal nitrides other
than carbides, since most of the nitride
studies have been on the electrical con-
ductivity of thin films of, for example,
TiN and NbN. At least it is clear that both
electrons and phonons contribute to the
measured total thermal conductivity of
these metallic ceramics.

High Temperature
An unusual feature of the thermal con-

ductivity of TiCx and ZrCx is the increase
in K with increasing temperature (T) in
the high-temperature range as found by
Taylor;2,3 from 0°C to 2,000°C, K increases
approximately linearly (Figure 1).1,2 This
behavior was puzzling, since K for non-
metallic ceramics decreases approxi-
mately as 1/T, and K for simple metals is
constant as T increases. The sum of these
two quantities, which are Kp and Ke,
respectively, for metallic ceramics might
be thought to lead to a decrease in K with
increasing T. This is not the case.

An explanation was provided by Wil-
liams.4 The dependence of Ke on electri-
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How do we extend to high temperatures? JRC in Germany!

Sabbatical at JRC in Karlsruhe, Germany from 07/2021 – 7/2022 

Collaborators/Mentors
• Rudy Konings
• Luka Vlahovic
• Konstantinos 

Boboridis
• David Robba

Laser on

Laser off

Melting Freezing

(b)(a)

(c) (d)

T = 3,698 K
el=663 nm = 0.38
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Our approach: SSTR meeting laser heating

Q0~T0

DQ1~DT1

DQ2~DT2
DQ3~DT3

DQ4~DT4
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Measuring thermal conductivity: Calibrate on W and Mo

28

• Advantage of technique is single sided heater/sensor and can contain 
melt pool locally in middle of sample

• Direct measure of thermal conductivity (no assumption of heat capacity, 
assuming close enough to steady state)



Thermal conductivity of Hf0.18Nb0.21Zr0.21Ta0.17Ti0.20W0.03C 
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Melting temperature of Hf0.18Nb0.21Zr0.21Ta0.17Ti0.20W0.03C 
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Outline

Theme: Developing experiments to measure thermal 
properties of materials subjected to extreme fluxes 

and nonequilibrium

• Thermal conductivity of materials: a nanoscale perspective on heat 
transfer and measurements

• Extreme thermometry: measuring thermal properties of materials up 
to 4,000 K

• Transient temperature changes during plasma-surface 
interactions
• “Plasma cooling”

• Interfacial heat transfer control of the IR properties of solids
• Near field radiative heat transfer coupling with phonon-polaritons

31
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4 PROPOSED WORK 26

Figure 5: Schematic illustration of the generation of active species in a plasma produced in a molecular gas and their
delivery to a negatively-biased substrate. The incident flux includes: negative ions (-), radicals (R), excited species
(*), photons (h⌫), compound molecules (CM), and fast neutrals (FN), while ‘dissipation’ mechanisms include thermal
relaxation and the liberation of surface adsorbates.

answered from a number of research fronts. First, we can understand the post-mortem e↵ects of
plasma-surface interactions on the thermal conductance of the processed surface. To do so, I have
extended TBC measurements via TDTR and picosecond acoustics, as done with the other phases,
to directly measure the change in thermophysical properties of a native aluminum oxide layer [32].
While this does not provide a detailed understanding of energy transfer in itself, it provides strong
motivation to the need for understanding plasma-surface dynamics. From this, I have utilized a
double-lock-in approach during TDTR measurements to directly interrogate plasma-induced electron
heating of an inert Au surface [154]. While this technique does not provide the temporal resolution
required, it provided a number of unique results. The primary of which is an observed cooling
regime, in which we observed a reduction in the electron temperature of the Au surface during plasma
exposure. With this in mind, I propose a detailed temporal investigation into plasma-surface

interactions. This third front will utilize a ‘plasma jet-pump’/CW laser-probe system,

identical to that of the ‘gas-pump’/CW laser-probe system developed for investigation

into solid/gas interfacial heat transfer in the previous section. In a similar light, these
works rely on the use of an inert thermoreflectance transducer (Au), on a number of substrates with
varying thermal conductivity, to decouple various modes of energy dissipation from the plasma to
the material surface.

4.4.2 Objectives

Measure the changes in thermal conductance due to plasma processing of a material

Use TDTR as a monitor of in situ electron heating during plasma-surface interactions

Plasma surface interactions

“Plasma-induced surface 
cooling,” Nature Comm. 13, 

2623 (2022) 

Kim: “Plasma communication 
for radio blackout during 

hypersonic flight”



Thermoreflectance for plasma diagnostics

Acquisition window

Time delay

33

“Plasma-surface interactions in atmospheric 
pressure plasmas: In situ measurements of 

electron heating in materials” 
J. Appl. Phys. 124, 043301 (Editor’s Pick)



Tracking surface temperature during plasma jet irradiation

Note sign 
inflection….why?

“Accommodation” from neutrals?

Surface current temporal profile 
for different DC pulse widths 3

Figure 2. a) Measured thermoreflectance as a function of time for a 5 µs plasma pulse and b) the measured surface current at the Au film.

DISCUSSION

While thermionic emission has been theoretically devised
as a refrigeration method, with potential efficiencies on par
with Carnot cycles21, it is nearly impossible to experimentally
achieve at or near room temperature, with the exception of
limited cases in select material systems such as superlattices22

and 2-D heterostructures23. In the case of thermally-driven
electron emission, the current emitted from a metal surface
with work function f at a temperature T is given by,

J(f ,T ) = AT
2
e
�f/kBT (1)

where A=mek
2
B
/2p2

h̄
3 ⇡ 120 A cm�2 K�2 and kB is Boltz-

mann’s constant. In the case of Au, with a work function of
over 5.25 eV, this leads to an almost infinitesimally-small cur-
rent density (7⇥ 10�78 A m�2), certainly immeasurable and
impractical at finite temperatures. Given such, we certainly
would expect no cooling-effect from an atmospheric plasma
jet due to thermal excitations.

Alternatively, there are two potential effects that could be
leading to the observed cooling phenomenon. First, which
has been recently shown to lead to a temperature decrease
in high-repetition laser ablation24, would be material ejection
from the surface. It is well-known that plasma jets, including
atmospheric jets as used in this work, lead to modification of
a material surface. At large plasma fluxes (much greater than
reported in our thermoreflectance data), we do in fact see irre-
versible damage to surface of the Au film. In addition to po-
tential sublimation of the Au surface itself, adsorbate desorp-
tion could be the underlying mechanism for observed cooling;
it is well known that water will adsorb on Au surfaces even un-
der UHV conditions25. In such a case, the weak bonding of
physisorbed water to the Au surface would allow for potential
liberation of water molecules from nearly all species emanat-
ing from the plasma jet. Such a process would be an analog to
evaporative cooling.

The second potential mechanism driving the observed cool-
ing is in line with thermionic emission; the Nottingham effect,
whereby electrons undergo field emission due large values of
charge separation and is well-known to cool material surfaces
could be playing a role26. Given the plasma induces a large
flux of charged species toward the Au surface, it is possible
that when these species are in close proximity to the metal,
the potential exceeds the work function/Schottky barrier, and
electrons are removed from the gold film.

During the observed cooling, the peak differential reflectiv-
ity is measured to be DR/R ⇡ 3⇥10�5. Based on an array of
previous works19,20, the thermoreflectance coefficients of thin
Au films are of similar order, DR/DT ⇡ 2�4⇥10�5, indicat-
ing the observed cooling is on the order of approximately 1
K.

In the case of material removal for evaporative cooling, the
process of atomic desorption from the target surface must oc-
cur prior to energy deposition into the bulk of the material.
Based on the spot size and skin depth of our laser in Au, the
probed volume is ⇠150 µm3. Pairing this volume with the
volumetric heat capacity of Au, ⇠2.49 MJ m�3 K�1, a lo-
cal 1 K temperature reduction would require 0.37 nJ to be
removed from the probed volume. At room temperature, a
reasonable approximation to the average thermal energy of
each particle in a solid is simply 3kBT , or ⇠1.24⇥10�20 J.
With these values in mind, it would require 3⇥ 1010 atoms
to be removed from the probed volume. If a uniform ‘sheet’
of atoms were removed across the probed area, this number of
atoms corresponds to a single monolayer of material removed.
This is certainly reasonable, as plasma jet’s are commonly uti-
lized for removal of surface contaminants that are adsorbed at
much faster time scales than the separation time between sub-
sequent plasma pulses (tens of nanoseconds-to-microseconds
for contaminant adsorption, compared to tens-to-hundreds of
microseconds between each measured plasma pulse). We fur-
ther note that similar calculations can be performed for ph-
ysisorbed water liberated from the Au surface, which would

“Plasma-induced surface cooling,” Nature Comm. 13, 2623 (2022) 34



Thermoreflectance of gold

( )J. Hohlfeld et al.rChemical Physics 251 2000 237–258240

2. Transient linear reflectivities

2.1. Interband transitions

For quasi-free electrons, light below the plasma
frequency is partly absorbed and partly reflected
from a metal surface but the dependence of reflectiv-
ity on electron temperature is usually weak. This

! .changes completely when interband transitions IT
are involved like, for example, d-srp excitations in
noble metals, as sketched in Fig. 3. Since the reflec-
tivity varies with electronic occupancy it is evident
that broadening of the Fermi distribution at elevated
temperatures leads to increased absorption and de-

!creased reflection for "v- ITT interband transi-
.tion threshold , and the other way around for "v)

ITT. To illustrate this, calculated changes of the
! .relative reflectivity DRrR of gold ITT s 2.47 eV

are plotted in the inset of Fig. 3 for various electron
temperatures T . These curves are based on fre-e
quency and temperature dependence of the dielectric

! .function ´ v,T which we derived from modelse
w x w xdeveloped by Jah and Warke 31 and Rustagi 32

w xwith some refinements described in Refs. 11,28,33 .
In our experiments we excite conduction electrons

with a pump pulse and monitor their relaxation by
the reflectivity change of a probe pulse with varying
delay. For the actual data analysis we use the nor-

Fig. 3. Illustration of the density of states in gold at elevated
electron temperatures. Calculated changes of relative reflectivities

! .at energies near the interband transition threshold ITT are plot-
ted in the inset for various electron temperatures.

Fig. 4. Maximum changes of probe beam reflectivity obtained in
pump-probe experiments on a 1 mm thick polycrystalline gold
sample with probe photon energies around the interband transition

! .threshold ITT . The measurements were performed with two
! . !probe beam polarizations: py p open symbols and 458y s full

.symbols . The inset shows two typical pump-probe traces for
! .458y s polarization from which data were taken. Dashed py p

! .and solid 458y s lines show the result of model calculations for
an electron temperature of 2700 K. For better comparison, the
py p data are divided by 1.8.

malized change in probe beam reflectivity, defined
as
DR R T yR 293K! . ! .es . 2.1! .
R R 293K! .
A first test of the model for the dielectric function
consisted of verifying for a well defined pump flu-
ence, i.e., a fixed electron temperature, the trend of
! .DRrR with photon energy around the interband

! .transition threshold ITT , shown in the inset of Fig.
3. To this purpose corresponding pump-probe mea-
surements were carried out on a 1 mm thick gold
sample. Maximum values of the probe beam reflec-

! .tivity change, DRrR , taken from time-depen-max
dent measurements as shown in the inset, are plotted
in Fig. 4 as a function of the photon energy of the
probe beam. Data for two polarizations of the probe
beam show the same trend, although there is some
scatter towards lower energies. The observed varia-
tion with photon energy and the sign change at the
ITT are in qualitative agreement with earlier results

w xreported in Refs. 2,17 . Here, we demonstrate that
the data in Fig. 4 can be described quantitatively by

! .the model for e v,T s2700 K , as shown by thee
dashed line for pyp polarization and the solid line
for 458y s polarization. The same quantitative
agreement between model calculations and experi-

! .Chemical Physics 251 2000 237–258
www.elsevier.nlrlocaterchemphys

Electron and lattice dynamics following optical excitation of
metals
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Abstract

New results about relaxation dynamics of optically excited electrons in metals, mostly gold and nickel films, are
presented. Emphasis is on electron temperature near the surface as well as on the range of energy transport by ballistic and
diffusive electron motion in comparison to the optical penetration depth. The experiments focus on the interval between
creation of an electron temperature and the time at which thermal equilibrium between electrons and lattice is reached.
Results were obtained by time-resolved linear and second-harmonic reflectiÕity measurements carried out in pump-probe
mode. It is shown that the two-temperature model is well suited to describe hot electron diffusion in metals and to extract
electron–phonon coupling constants from experimental data, provided corrections for ballistic electron motion are incorpo-
rated. The electron–phonon coupling constant of gold was found to be independent of film thickness down to 10 nm. For
noble metals, probe reflectivities near the interband transition were related to electron temperatures by a proper model for the
dielectric function. For transition metals such relation between reflectivity and electron temperature is more difficult. A new
pump-pump-probe technique was introduced which allows to study hot electron relaxation by probing the reflectivity in
thermal equilibrium between electrons and lattice. Also these results can be well described by the two-temperature model.
Finally, the interface sensitivity of the second harmonic was utilized to detect vibrational motion and thermal expansion of

! .ultrathin nickel films on Cu 001 . q 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

The response of metals to optical radiation is a
w xclassical topic treated in textbooks 1 . Fresnel for-

mulas with complex index of refraction describe
reflection, absorption, and transmission in case of
thin films. The irradiated sample is heated by the
absorbed energy density, determined by spot size and
energy deposition depth. For cw radiation the excita-
tion rate is low and the time between two local
excitations is much longer than the relaxation rate by

welectron-electron and electron–phonon collisions 2–
x4 . Consequently, electrons and lattice are in time-
averaged thermal equilibrium and heat diffusion into

deeper parts of the material takes place on a scale set
by the lattice thermal diffusivity. Regarding the ab-
sorbed energy density, there is a decisive difference
between cw and ultrashort pulse laser radiation. For
example, assuming total absorption, a 1 ps laser
pulse of 1 mJ deposits an energy density which is
106 times larger than what of a 1 W cw laser stores
per picosecond. The consequence regarding the local
density of excited electrons is dramatic. To see this,
let us estimate the number of excited electrons per
atom. In a homogeneous lattice with 5=1028
atomsrm3, total absorption of a 1 mJrps pulse with
photon energy of 2 eV distributed over 100 mm2

irradiated area and an absorption depth of 20 nm will

0301-0104r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
! .PII: S0301-0104 99 00330-4

• Probe energies below 
d-band to Fermi level transition 
(ITT)
• Increase DT
• Decrease DR/R
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Figure 2. a) Measured thermoreflectance as a function of time for a 5 µs plasma pulse and b) the measured surface current at the Au film.

DISCUSSION

While thermionic emission has been theoretically devised
as a refrigeration method, with potential efficiencies on par
with Carnot cycles21, it is nearly impossible to experimentally
achieve at or near room temperature, with the exception of
limited cases in select material systems such as superlattices22

and 2-D heterostructures23. In the case of thermally-driven
electron emission, the current emitted from a metal surface
with work function f at a temperature T is given by,

J(f ,T ) = AT
2
e
�f/kBT (1)

where A=mek
2
B
/2p2

h̄
3 ⇡ 120 A cm�2 K�2 and kB is Boltz-

mann’s constant. In the case of Au, with a work function of
over 5.25 eV, this leads to an almost infinitesimally-small cur-
rent density (7⇥ 10�78 A m�2), certainly immeasurable and
impractical at finite temperatures. Given such, we certainly
would expect no cooling-effect from an atmospheric plasma
jet due to thermal excitations.

Alternatively, there are two potential effects that could be
leading to the observed cooling phenomenon. First, which
has been recently shown to lead to a temperature decrease
in high-repetition laser ablation24, would be material ejection
from the surface. It is well-known that plasma jets, including
atmospheric jets as used in this work, lead to modification of
a material surface. At large plasma fluxes (much greater than
reported in our thermoreflectance data), we do in fact see irre-
versible damage to surface of the Au film. In addition to po-
tential sublimation of the Au surface itself, adsorbate desorp-
tion could be the underlying mechanism for observed cooling;
it is well known that water will adsorb on Au surfaces even un-
der UHV conditions25. In such a case, the weak bonding of
physisorbed water to the Au surface would allow for potential
liberation of water molecules from nearly all species emanat-
ing from the plasma jet. Such a process would be an analog to
evaporative cooling.

The second potential mechanism driving the observed cool-
ing is in line with thermionic emission; the Nottingham effect,
whereby electrons undergo field emission due large values of
charge separation and is well-known to cool material surfaces
could be playing a role26. Given the plasma induces a large
flux of charged species toward the Au surface, it is possible
that when these species are in close proximity to the metal,
the potential exceeds the work function/Schottky barrier, and
electrons are removed from the gold film.

During the observed cooling, the peak differential reflectiv-
ity is measured to be DR/R ⇡ 3⇥10�5. Based on an array of
previous works19,20, the thermoreflectance coefficients of thin
Au films are of similar order, DR/DT ⇡ 2�4⇥10�5, indicat-
ing the observed cooling is on the order of approximately 1
K.

In the case of material removal for evaporative cooling, the
process of atomic desorption from the target surface must oc-
cur prior to energy deposition into the bulk of the material.
Based on the spot size and skin depth of our laser in Au, the
probed volume is ⇠150 µm3. Pairing this volume with the
volumetric heat capacity of Au, ⇠2.49 MJ m�3 K�1, a lo-
cal 1 K temperature reduction would require 0.37 nJ to be
removed from the probed volume. At room temperature, a
reasonable approximation to the average thermal energy of
each particle in a solid is simply 3kBT , or ⇠1.24⇥10�20 J.
With these values in mind, it would require 3⇥ 1010 atoms
to be removed from the probed volume. If a uniform ‘sheet’
of atoms were removed across the probed area, this number of
atoms corresponds to a single monolayer of material removed.
This is certainly reasonable, as plasma jet’s are commonly uti-
lized for removal of surface contaminants that are adsorbed at
much faster time scales than the separation time between sub-
sequent plasma pulses (tens of nanoseconds-to-microseconds
for contaminant adsorption, compared to tens-to-hundreds of
microseconds between each measured plasma pulse). We fur-
ther note that similar calculations can be performed for ph-
ysisorbed water liberated from the Au surface, which would

Plasma cooling of surface
Plasma cooling: either mass removal or 

electron ejection from high eV photons (can 
not rule out either)

-DR = increase in temperature from energy transfer to gold

Cooling of surface from 
decrease in surface current 

or pulse turning off
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Theme: Developing experiments to measure thermal 
properties of materials subjected to extreme fluxes 

and nonequilibrium

• Thermal conductivity of materials: a nanoscale perspective on heat 
transfer and measurements

• Extreme thermometry: measuring thermal properties of materials up 
to 4,000 K

• Transient temperature changes during plasma-surface interactions
• “Plasma cooling”

• Interfacial heat transfer control of the IR properties of solids
• Near field radiative heat transfer coupling with phonon-

polaritons
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!Table II, Fig. 9", and lowers the thermal conductivity !Fig.
8". From the Py-Al trend, Dreyer’s66 ‘‘almandine’’ sample
contains about 30% pyrope.
The grossular-andradite binary could not be adequately fit

to any polynomial. Instead, the data were modeled by two
quadratic fits for the high-Al and high-Fe3! ends of the
curve !Fig. 8". This complicated fit is needed to describe the
asymmetry of the Gr-An series, particularly the steep rise at
high Gr content !Fig. 8". Such a steep rise probably does not
occur at high Py content for the Py-Al binary because
pyrope-rich samples have two pairs of IR peaks that are
degenerate,23 providing a large FWHM, which limits the rise.
The steep trend observed for doped YAG samples occurs
because YAG, similar to grossular, has narrow and well-
resolved IR peaks.
The model predicts k"8–8.5 W/m K for grossular, 6

W/m K for pyrope, and 5 W/m K for almandine and andra-
dite !Table IV". The thermal conductivity of spessartine and
uvarovite should also be about 5 W/m K. From Fig. 8 and the
experimental data !Table III", garnets with a high degree of
solid solution !i.e., most natural garnets" will have k between
3 and 3.5 W/m K.
The nonlinear dependence of k !Fig. 8" must be due to

changes in the FWHM because all the other physical prop-
erties in Eqs. !10" and !11" depend nearly linearly on com-
position !Fig. 7". The average FWHM has a minimum near
the middle of the two binaries examined here !Fig. 10". The
asymmetry of the thermal conductivity curves !Fig. 8" is also
repeated in the FWHM !Table IV, Fig. 10". The precise na-
ture of the compositional dependence of FWHM is compli-
cated by factors such as accidental degeneracy. Chemistry
appears also to be a factor as the Fe3! end members for both
the Ca and Y garnets have broader peaks. Two-mode
behavior62 pertains because the existence of local modes pro-
vides additional opportunities for phonon-scattering; hence,
lifetimes are shorter and peaks are broader overall. One-
mode behavior can also provide peak broadening.71 The un-

derlying reason for the mimima in the average FWHM is
disorder on the sites. The existence of the minima near the
middle of both series and the similar values for the average
FWHM near the minimum suggests that grossular-andradite
series is disordered by the same amount as the pyrope-
almandine series. Thus, the birefringence seen for these
samples, which is common in such garnets, is not compatible
with ordering on the various sites.
The importance of the FWHM to the thermal conductivity

is emphasized in Fig. 11, which shows that the measured k
correlates linearly with the average FWHM from garnets
with similar composition. This correlation has scatter be-
cause the sound speeds and other relevant parameters in Eq.
!11" are not accounted for. The correlation !Fig. 11" empha-
sizes the wide variation in FWHM that is possible for one
given structure, and confirms that phonon-scattering life-
times are represented by FWHM in IR spectra.

VIII. CONCLUSIONS

The results affirm the validity of utilizing phonon life-
times implicit in the damped harmonic oscillator model in

FIG. 9. Calculated values of #2 for samples 41 (Al100),
11 (Al82Py18), and 33 (Al50Gr6Py44), showing the widening of
cation-translation peaks with increasing disorder on the X lattice
site. Most modes behave similarly.

FIG. 10. Compositional dependence of the FWHM !Tables II,
III, and IV". Triangles with solid line: pyrope-almandines; open
triangles: pyrope-almandines with high Ca which are not included
in the curve fit. Squares and broken line: grossular-andradites. The
lines are cubic fits.

FIG. 11. Relationship of measured thermal conductivity to IR
peak widths obtained from similar samples !Table III". Triangles:
pyrope-almandines; squares: grossular-andradites; diamonds: syn-
thetic garnets. The solid line is a linear fit to the data; R"0.95.
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(a) TDTR (b) FDTR (c) SSTR

FIG. 1. Characteristic excitations and corresponding responses for (a) TDTR, (b) FDTR, and (c) SSTR techniques. In TDTR,
the magnitude of the thermoreflectance is monitored as a function of pump-probe delay time, while in FDTR the thermally-
induced phase lag between the pump and probe is monitored as a function of frequency. In SSTR, the steady-state induced
magnitude of the thermoreflectance is monitored for given changes in heat flux. Notice the increase in thermal penetration
depth, �thermal, which is proportional to the spot size in a SSTR experiment, resulting from the lower modulation frequencies
employed in SSTR.

viding insight into the vibrational mean free path spectra
of solids (i.e., relating to the “thermal conductivity ac-
cumulation function”)47–55 and the spectral coupling of
phonons across interfaces (i.e., relating to the “thermal
boundary conductance accumulation function”).10

Thermoreflectance techniques, by definition, rely on
the principle of thermoreflectance,1,56–58 measuring a
material’s change in reflectivity due to the change in its
temperature. In a typical modulated pump-probe ther-
moreflectance experiment such as TDTR or FDTR, a
pump beam is used to thermally excite the surface of
the sample at some frequency, f . The change in in-
tensity of a reflected probe beam is related to the tem-
perature change on the surface as function of either f
or the delay time between the pump and probe pulses
in the case of short pulsed-based experiments. Where
TDTR utilizes short, typically sub-picosecond, pulses to
monitor the thermoreflectance decay as a function of de-
lay time after pump pulse heating as well as the phase
shift induced from the modulated temperature change
at f , FDTR can utilize a variety of pulsed or continu-
ous wave (cw) lasers to monitor the phase shift in ther-
moreflectance signals solely as a function of f . When f
becomes low enough, the material of interest will reach
steady-state conditions during on periods of the modula-
tion event. In this regime, a third technique has recently
emerged. “Steady-State Thermoreflectance” (SSTR) op-
erates like FDTR only in the low frequency limit,59 mon-
itoring the thermoreflectance of the surface at increasing

pump powers and inducing a Fourier-like response in the
material. Ulitmately, SSTR o↵ers an alternative method
to measure the thermal conductivity of materials via op-
tical pump-probe metrologies. The characteristic pump
excitations and responses for each of these techniques is
presented in Fig. 1. We review the recent advances in
SSTR in Section IV.
In addition to their non-contact nature, these opti-

cal metrologies are advantageous relative to many other
thermometry platforms in the relatively small volume
and near-surface region in which they measure. By us-
ing proper laser wavelengths to ensure nanoscale optical
penetration depths, the thermal penetration depth (i.e.,
the depth beneath the surface in which these techniques
measure the thermal properties), �thermal, can be lim-
ited to the focused spot size, or much less, depending on
the modulation frequency. Further, given the pump and
probe spot sizes can be readily focused to length scales on
the order of micrometers, thermoreflectance techniques
allow for spatially-resolved surface measurements of ther-
mal properties with micrometer-resolution, and the abil-
ity to create thermal property areal “maps” or “images”.
We review the pertinent length scales of TDTR, FDTR,
and SSTR in Section II, followed by the advances towards
areal thermal property “mapping” in Section III.
The change in reflectivity of a given material is related

to both the change in temperature of the material (i.e.,
the thermoreflectance, which is ultimately of interest for
the measurements of temperature changes and thermal

Sub-ps
thermal 

excitation

Picoseconds to 
nanoseconds

directly relate reflectance to the change in electron distribution can
be extremely difficult.26

Nonetheless, these inadequacies provide crucial information
toward the measurement of electron–phonon interactions via ultra-
fast pump–probe measurements. As referenced above, the tempera-
ture of the phonon subsystem contributes significantly to the
transient reflectivity signal and is weakly dependent on wavelength.
In the regime of which reflectivity is considered to be intraband in
nature, and thus the Drude model is applicable, one obtains a
nearly constant thermoreflectance coefficient, which is dominated
by the temperature rise of the phonon subsystem. Conversely, the
temperature of the electron subsystem and its associated thermo-
optic coefficient is strongly dependent on wavelength, due to its
strong dependence on interband transitions but trends toward zero
at photon energies far from interband transition threshold.25,26

Given such, we expect that for probe wavelengths far from the
interband electronic transitions in a metal, that the thermoreflec-
tance is dominated, if not solely proportional to, the lattice temper-
ature of the metal.

In this work, we investigate the role of interband contributions
applied to transient optical responses in ultra-fast pump–probe
experiments using both experiments and first-principles calcula-
tions. We interrogate the temporal dynamics of !20 nm Au on
insulating substrates following excitation with a 400 fs, 520 nm
pulse using probe wavelengths spanning from 0.85 to 4.35 eV
(1500–285 nm) as a means of separating the contributions of the
electron and phonon subsystems to the perturbed optical response.

Furthermore, we perform ab initio calculations to understand the
role of intra- and interband contributions to the modulated optical
response. In doing so, we find that the electron–phonon coupling
factor of Au is in fact constant at least up to electron temperatures
of !2000 K, consistent with Eq. (2) and free electron theory.
In doing so, we posit that the variations in the reported values of G
in Au from prior literature could be obfuscated from interband
transitions leading to inaccuracies in the thermo-optical model.
We summarize an array of reported literature values for the elec-
tron–phonon coupling factor of Au as a function of the tempera-
ture of the electron subsystem in Fig. 1(b).

II. RESULTS AND DISCUSSION

In excellent agreement with a wealth of literature, we find the
ultrafast transient dynamics to be strongly dependent on the probe
wavelength in the visible; an example of this observation is shown
in Fig. 2. Even in cases of constant pump fluence, ensuring a cons-
tant electron–phonon coupling factor, and thus constant tempera-
ture transients for the two subsystems, the signals are vastly
different for the two probe wavelengths. This observation is tradi-
tionally attributed to a variation in thermo-optic coefficients for
each wavelength; as the wavelength approaches resonance with an
electronic transition, dR=dTe increases. Indeed, a fit of the TTM to
our experimental data demonstrates that dR=dTe is strongly depen-
dent on the wavelength of the probe, at least for visible wavelengths.
Conversely, the phonon-contribution to modulated reflectance,

FIG. 1. (a) Experimental schematic of our optical pump–probe measurements on Au (left) and a diagram of the various thermal carrier dynamics following pump excitation
in Au (right). (b) Compilation of previous literature values for the measured electron–phonon coupling factor of thin Au films as a function of excited electron temperature
are shown as solid symbols, and models and density functional theory calculations are shown as lines. The experimental results are based on ultrafast pump–probe exper-
iments with probe wavelengths in the visible, typically ,800 nm.
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kSP ! k0 sin (!)"
2m"
d

, (4)

where d is the grating period and m is an integer. This is essen-
tially a form of Bragg scattering—light interacts with the grating,
coupling into di!ractive modes, which results in a slowing of the
light propagation. In all of these approaches by changing the
angle of incidence !, the momentum at a given incident fre-
quency can be tuned to match the momentum o!set between
free-space light and the polariton mode [see Fig. 1(a)]. The "nal
method of exciting surface polaritons is by coupling free-space light
to subwavelength particles [Fig. 1(e)], where the additional momen-
tum is provided by Mie scattering from the small particle size.18 This
is visualized for spherical particles in Fig. 1(e), but is generally
observed in a range of resonant nanoparticle geometries fabricated
via top-down58–60 or bottom-up approaches.61 Note that in this case
we are generally exciting localized polaritons, as opposed to the
propagating modes excited via prism or grating coupling. The result
is the formation of a resonant antenna that can be deeply subdi!rac-
tional in scale, with the resonant frequency determined by the shape
and size of the structure. Therefore, by plotting the resonant fre-
quency as a function of nanoparticle size and/or shape, the surface
polariton dispersion can again be extracted, analogous to Fig. 1(a).
Nanoparticle scattering is also the methodology behind the stimula-
tion of polaritons within the near-"eld optical microscopy tech-
niques, which will be covered later in this tutorial. While the above
description describes any polaritonic system (including those in both
visible and infrared), the IR poses a unique set of challenges when

compared to the near-IR or visible including the longer free-space
wavelengths, associated window materials, detectors, and sources.

The remainder of this tutorial article will introduce the appro-
priate measurement techniques, beginning with FTIR spectroscopy,
the predominant method for collecting spectra within the MIR to
FIR. We will then highlight methods for measuring spectra from
smaller regions of interest including FTIR microscope operation
and nano-FTIR and scanning optical probe techniques. We follow
this up by discussing the additional challenges associated with such
measurements in the FIR. Building upon this introduction, we then
provide a few key examples where some of these techniques have
been implemented previously in the literature.

III. MEASUREMENT TECHNIQUES

In this section of the tutorial, we aim to describe the variety of
experimental techniques which can be employed to excite, measure,
characterize, and investigate polaritonic materials in the MIR to
FIR, summarized in Table I. We begin by discussing the workhorse
of IR spectroscopy, the FTIR, which can be used to characterize the
IR optical properties of bulk materials over large areas and broad
spectral bands. However, traditional FTIR spectroscopy is not
always suitable for probing ultrathin "lms, small areas, or singular
features. Moreover, without coupling mechanisms capable of
momentum-matching incident light from the broadband source of
the FTIR, direct measurement of polaritonic modes is not possible.
For this reason, we extend our discussion of FTIR spectroscopy to
cover the attenuated total re#ectance (ATR) technique, which is
capable of probing weakly absorbing thin "lms and modes with
momenta larger than that of free-space light. We also discuss FTIR
microscopy for spectroscopic probing of small (but still di!raction-

FIG. 1. Surface polariton dispersion and coupling, adapted from Folland and Caldwell, in Quantum Nano-Photonics, edited by B. Di Bartolo, L. Silvestri, and M. Cesaria
et al. (Springer Netherlands, Dordrecht, 2018), p. 235. (a) The dispersion relationship for electromagnetic waves in a polar semiconductor, highlighting the region between
!TO and !LO which supports surface phonon polaritons. (b)–(e) Due to the momentum mismatch between free-space light and polaritons, methods to probe them require
this mismatch to be overcome. This can be realized by coupling light to the polaritonic medium through a high-index prism in either the (b) Kretschmann or (c) Otto con!g-
urations, by (d) imparting higher momentum through grating coupling or (e) through nanostructuring of the polaritonic medium, resulting in sub-diffractional resonant
cavities.
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• Light couples with electric 
dipole creating quasiparticle

• At IR wavelengths: Phonon 
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• Phonon-polaritons (PhP) in h-BN exist in Reststrahlen band 
bounded by optical phonon energies at G-point

Review Article: Nature Mat. 16, 182
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Figure 2 | Hyperbolic phonon-polaritons in hBN. a, Real parts of the in-plane (✏t) and out-of-plane (✏z) permittivity tensor components of hBN. Type I
lower and II upper Reststrahlen bands are shaded. A schematic of the hBN crystal structure is presented in the inset. b, Phonon-polariton dispersion within
Reststrahlen bands experimentally obtained from the SNOM images near edges of a 105-nm-thick hBN, versus the in-plane momenta kt (filled symbols).
Solid lines are theory results. c, Hyperbolic phonon-polariton dispersion of the out-of-plane wavevector kz as determined by the aspect ratio dependence of
the resonance frequencies for di�erent conical-shaped nanostructures. This is plotted for both the upper (top) and lower (lower) Reststrahlen band. The
solid lines are analytical calculations for ellipsoidal particles, while the various symbols indicate the resonant frequencies for experimental conical
nanostructures. d, Schematic of time-domain SNOM measurement of phonon-polaritons in hBN. Mid-infrared light incident on the Au antenna launches
hyperbolic polaritons in hBN, which propagate away from the Au edge and decay exponentially in amplitude and are finally collected by the nanotip.
e,f, Line scans of the SNOM amplitude taken as a function of the delay time between the incident (on Au) and detected fields (by tip). The polaritons’
group velocity (measured for frequency within the type II and I Reststrahlen bands respectively) can be extracted from the rate at which the ‘envelope’ of
the fields propagates away from the Au edge, while both sign and magnitude of the phase velocity can be determined from the direction and speed of the
red/blue fringes with respect to the envelope. g, Schematic showing the launching of hBN hyperbolic phonon-polaritons from the edges of the Au disc,
when it is illuminated with mid-infrared light. h, Atomic force micrograph of Au discs defined lithographically on SiO2/Si substrate before the hBN
transfer. i, SNOM image of a 395-nm-thick hBN at laser frequency != 1,515 cm�1, where the observed ‘rings’ produced by the hyperbolic polaritons are
concentric with the Au discs. Adapted from ref. 11, Nature Publishing Group (a,c); ref. 16, Nature Publishing Group (b,g–i); and ref. 13, Nature Publishing
Group (d–f).

NATUREMATERIALS | VOL 16 | FEBRUARY 2017 | www.nature.com/naturematerials

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

187

PRB 71, 205201

Second-order Raman scattering by the longitudinal optical
phonons when compared to the transverse modes is some-
what larger in intensity than expected from the phonon den-
sity of states, see Fig. 3. Also, the peaks and dips that corre-
spond to Raman scattering by LO phonons from high-
symmetry points in the Brillouin zone are better seen in the
experiment than in the calculations. The LO phonons belong
to the totally symmetric representation in most parts of the
Brillouin zone. Totally symmetric modes often have a par-
ticularly large electron-phonon interaction. This explains the
higher intensities of the LO related features in the Raman
spectrum when compared to the phonon density of states.
Judging from our second-order spectra, the calculation by

Karch and Bechstedt59 gives a most reliable description of
the phonon dispersion in cubic boron nitride. Our experi-
ments confirm the strong dispersion of the acoustic phonons.
The transverse and longitudinal optical branches of cubic BN
do not cross along !-L as in many other III-V
semiconductors.59 This results in the two separate frequency
ranges for the LO and TO branches, which we found experi-
mentally as well.

B. Hexagonal boron nitride

In Fig. 4 we show the second-order Raman spectrum of
hexagonal boron nitride !full line". As for cubic boron nitride
several features from higher-order Raman scattering are
clearly observed in the spectra in our UV Raman measure-
ment. The broken line in Fig. 4 is the ab initio phonon den-
sity of states by Kern et al.;28 similar results were obtained
by Yu et al.29 and also in calculations of a single sheet of
hexagonal BN.25,26 The agreement between the calculated
phonon density of states and the second-order Raman mea-
surements is very good, especially, at high phonon energy.

The most prominent maxima in the density of states have
their counterparts in the measured spectrum. In the following
we discuss the different parts of the second-order spectrum
starting from the highest energies, where the agreement be-
tween theory and experiment is best.
For the following discussion we reproduced the calculated

phonon dispersion by Kern et al.28 in Fig. 5. We assigned all
the phonon branches by their irreducible representations in
the interior of the Brillouin zone.
The extremely sharp feature at 2540 cm−1 in Fig. 4 comes

from the overtones of the flat transverse optical branch be-
tween the M and K point of the BN Brillouin zone. This peak
is labeled 2TO!KM" in Fig. 4, all frequencies are compiled
in Table IV. The full width at half maximum of the
2TO!KM" peak is 80 cm−1, implying a band width of
40 cm−1 between M and K. The frequency of the transverse
optical band in boron nitride thus varies by only 7% between
its maximum at the ! point and the minimum at M. In
graphite—a structurally related compound—the correspond-
ing value is 20%.60 The reason for the large differences in the
phonon dispersion of hexagonal BN and graphite is that
graphite is a semimetal. This gives rise to Kohn anomalies
and a strong softening of some phonon modes in graphite.61
Above 2540 cm−1 the phonon density of states in Fig. 4

sharply decreases and the step at 2730 cm−1 marks twice the
frequency of the Raman-active ! point mode. The second-
order value for the !-point frequency !1365 cm−1" is in ex-
cellent agreement with the first-order Raman measurement
discussed in Sec. III.
The peak at 2940 cm−1 !labeled overb. in Fig. 4" is asso-

ciated with the overbending of the in-plane longitudinal op-
tical phonon. The highest frequency of the !5

+ or E2g high-
energy phonon is not at the ! point, but at approximately 1/2

FIG. 4. Second-order Raman scattering in hexagonal boron ni-
tride. The full line is the experimental spectrum. The broken line is
the phonon density of states after Kern et al. !Ref. 28"; the frequen-
cies were multiplied by 2. For the most prominent features in the
second-order spectrum the assignment is indicated, see Table IV for
the measured frequencies and Fig. 5 for the labeling of the
branches. Compared to Fig. 1!b" the y scale is expanded by a factor
of 300.

FIG. 5. Phonon dispersion of hexagonal boron nitride calculated
by Kern et al. !Ref. 28". The phonon branches at the high-symmetry
points and lines in the Brillouin zone were assigned to the irreduc-
ible representations of the BN group. The numbers correspond to
the subscript of the irreducible representation and the "/# sign to
the superscript. For example, the two lowest branches at the M
point labeled 2− and 3+ belong to the M2

− and M3
+ representation.

The degeneracy of these two phonons is accidental. At the high-
symmetry points all phonon overtones and the following combina-
tions give rise to in-plane polarized second-order Raman scattering
!1
±

! !5
±, !2

±
! !6

±, M3
±

!M4
±, M1

±
!M2

±, K1,2!K5, and K3,4!K6.
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Can we modulate and control PhP lifetimes with heat?
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Will Hutchins
(Former intern at 
NASA Langley)

Au film
h-BN flake

• MIR time delayed probe of DR across upper Reststrahlen band
• How does heat from Au indirectly change PhP in h-BN?

Silicon substrate



Enhanced heat sinking with PhP coupling

45

• Temperatures of PhP modes decay an order of magnitude faster 
than non-PhP modes

• Order of magnitude enhance thermal conductance away from 
hot spot (Au/h-BN thermal boundary conductance increase)



Implication: Radiation heat sinking?? Radiation detection??
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Fundamentals of Heat and 
Mass Transfer



Developing experiments to measure thermal properties of 
materials subjected to extreme fluxes and nonequilibrium

4 PROPOSED WORK 26

Figure 5: Schematic illustration of the generation of active species in a plasma produced in a molecular gas and their
delivery to a negatively-biased substrate. The incident flux includes: negative ions (-), radicals (R), excited species
(*), photons (h⌫), compound molecules (CM), and fast neutrals (FN), while ‘dissipation’ mechanisms include thermal
relaxation and the liberation of surface adsorbates.

answered from a number of research fronts. First, we can understand the post-mortem e↵ects of
plasma-surface interactions on the thermal conductance of the processed surface. To do so, I have
extended TBC measurements via TDTR and picosecond acoustics, as done with the other phases,
to directly measure the change in thermophysical properties of a native aluminum oxide layer [32].
While this does not provide a detailed understanding of energy transfer in itself, it provides strong
motivation to the need for understanding plasma-surface dynamics. From this, I have utilized a
double-lock-in approach during TDTR measurements to directly interrogate plasma-induced electron
heating of an inert Au surface [154]. While this technique does not provide the temporal resolution
required, it provided a number of unique results. The primary of which is an observed cooling
regime, in which we observed a reduction in the electron temperature of the Au surface during plasma
exposure. With this in mind, I propose a detailed temporal investigation into plasma-surface

interactions. This third front will utilize a ‘plasma jet-pump’/CW laser-probe system,

identical to that of the ‘gas-pump’/CW laser-probe system developed for investigation

into solid/gas interfacial heat transfer in the previous section. In a similar light, these
works rely on the use of an inert thermoreflectance transducer (Au), on a number of substrates with
varying thermal conductivity, to decouple various modes of energy dissipation from the plasma to
the material surface.

4.4.2 Objectives

Measure the changes in thermal conductance due to plasma processing of a material

Use TDTR as a monitor of in situ electron heating during plasma-surface interactions

Signal Analysis

Ph.D. Dissertation Defense 11

Al2O3

Pump Waveform

a-SiO2

Temperature Response

• Temperature rise is proportional to 
photodetector voltage

!" ∝ $%
% ∝ $&

&
• Heat flux proportional to pump power

!'(( ∝ !)
• Therefore, we can claim
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• Use a Calibration to get -
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Plasma-surface heat 
transfer

Polaritons and near 
field radiation
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T = 3,698 K
el=663 nm = 0.38


