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The overarching objective of the proposed program is to demonstrate the effects of 
externally applied stimuli on thermal transport in materials and active devices, 
simulating the external loads and energetic excitations and particles that would be 
impinging on materials and devices in energetic plasma environments. This proposed 
work has two main goals: 1) experimental quantification of the role of externally applied 
stimuli and the resulting changes in metal/non-metal interfacial energy barriers on 
thermal transport processes in metal thin films and at metal/non-metal interfaces; and 2) 
experimental quantification and computational simulation of the role of electrical and/or 
optical excitations on changes in the electron-phonon spectral energy landscape and 
thermal conductivity of materials.  The overarching hypothesis driving this work is that 
externally applied stimuli and species that are present in plasma fields (e.g., electric 
fields, optical pulses, accelerated ions) can manipulate both carrier scattering rates and 
distributions, resulting in changes to thermal transport properties of materials.  We 
culminated this program with the development for a method to measure the carrier 
scattering rates and temperature changes of surfaces when subjected to directed 
plasmas, which enabled the measurement of plasma cooling, in which an impinging 
plasma jet can be used to locally cool a surface.  We published 19 refereed journal 
publications and presented work from this project as part of 31 presentations during this 
reporting period (9 invited talks by Hopkins and 21 contributed talks/posters at 
conferences by Hopkins or students).   
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Accomplishments 
 
Research Objectives: 
 
The overarching objective of the proposed program is to demonstrate the effects of 
externally applied stimuli on thermal transport in materials and active devices, 
simulating the external loads and energetic excitations and particles that would be 
impinging on materials and devices in energetic plasma environments. This proposed 
work has two main goals: 
 
1) experimental quantification of the role of externally applied stimuli and the resulting 
changes in metal/non-metal interfacial energy barriers on thermal transport processes in 
metal thin films and at metal/non-metal interfaces. 
 
2) experimental quantification and computational simulation of the role of electrical 
and/or optical excitations on changes in the electron-phonon spectral energy landscape 
and thermal conductivity of materials.   
 
The technical approach to achieve these goals are based on laser-based pump-probe 
techniques to selectively excite various carries in materials, and probe as a function of 
time the lifetime and temperature changes of these excited species.  The approach is 
this work involved applying these pump-probe techniques to materials and devices in 
which additional external fields are applied to measure the temperature changes and 
roles of carrier excitations and interface scattering on the resulting properties to assess 
the role of electron-phonon and interfacial nonequilibrium.  We applied these laser-
based probes to materials and device architectures, including the development of a 
novel configuration in which we used a directed plasma excitation to excite the surface 
of a material and used laser probes to measure the resulting carrier dynamics and 
temperature changes.  This is shown below in Figure 1. 

 
Figure 1. Schematic of typical material system that is interrogated with pump-probe laser 
technique.  As part of this program, we developed the capability to integrate directed plasma jets 
into the pump-probe laser experiment to measure the role of plasma excitations on the 
nonequilibrium electron and phonon dynamics in materials.  A picture of this experimental 
detection is shown on the right.  Figure from J. Appl. Phys. 124, 043301 (2018). 
 

a ceramic tube (r¼ 0.8 mm) that extends out of the end of a
grounded cylindrical metal casing. The metal tubing (pow-
ered electrode) is connected to a high-voltage source through
an electrical feedthrough in the wall of the grounded metal
casing. The end of the casing necks down to effectively form
a ground ring near the end of the ceramic tube. A discharge
is thus generated within the gas flow between the metal tube
driven at high voltage and the ground ring at the end of the
tube. A plasma plume emerges from the end of the ceramic
tube and passes through the ambient before termination at
adjacent surfaces. The gas concentration changes rapidly as
the helium mixes with air. The jet can be driven by a vari-
ety of power supplies. In this work, both AC (36 kHz, Vpp
¼ 1–3 kV) and pulsed DC (1–5 ls pulse width, 1%–10%
duty factor, V¼ 2 kV) are employed. The carrier gas is He
and typical gas flows are 5–10 l/min. Note that at these vol-
tages, a plasma is only produced when the helium is flow-
ing. High voltage probes (North Star High Voltage; Model
# PVM-5) are used to measure the instantaneous applied
voltage and current transformers (Pearson Electronics, Inc.;
Model #4100) are used to measure the currents delivered to
the driven electrode and surface in contact with the plasma
plume.

In these experiments, the optically excited carrier
dynamics within a thin gold film deposited by electron-beam
evaporation on a fused quartz or silicon substrate was moni-
tored using TDTR as the plasma jet operating parameters
were varied to change the flux of species delivered to the Au
surface, as well as the position with respect to the plasma jet
point of contact (see Fig. 1 for schematics of the experi-
ments). The thickness of the Au film was determined via pro-
filometry (Bruker Dektak XT). The electrical resistivity of
the Au film was measured via a four-point probe to be 2.926
" 10#6 X-cm, resulting in a calculated thermal conductivity
of 246 W m#1 K#1 via the Wiedemann-Franz law. An elec-
trical probe in contact with the Au thin film provides a path
to ground for the plasma current. The plasma source voltage,
source current, and surface current were all captured through

oscilloscope (Lecroy Corp; Model # LC584AL) traces. The
laser spots used for TDTR were focused onto the sample sur-
face and easily fit within the area irradiated by the plasma
jet. The 1/e2 radii of the pump and probe laser spots were 18
and 9 lm, respectively, and were determined using a
ThorLabs scanning slit optical beam profiler. TDTR scans
spanning delay times of #2 to 3 ps were collected with and
without the plasma operating over a range of conditions.
Note that a pump-probe time delay of t¼ 0 ps corresponds to
the maximum TDTR signal after pulse absorption, roughly
equivalent to the maximum electron temperature in the
metal; thus, pulse absorption occurs before t¼ 0 ps using our
nomenclature. The plasma source was mounted on a micro-
meter stage allowing the plasma jet point of contact to be
varied with respect to the TDTR measurement.

III. RESULTS AND DISCUSSION

Plasma jets, like the one employed here, are typically
produced in a noble gas flowing through a cylindrical DBD
configuration using either AC or pulsed DC voltage wave-
forms and then allowed to expand into the ambient at the end
of the tube.20–22 The approach yields a plasma plume that
extends from the exit of the tube. The plume, however, is not
uniform but rather varies strongly in both time and space
according to the applied voltage, driving frequency, and
downstream gas mixing.23,24 Thus, any interactions with sur-
faces will have similarly strong temporal dependencies.
Figures 2 and 3 show the applied power and surface currents
measured in this work. The AC jet (Fig. 2) employs a 36 kHz
AC high voltage (Vpp$ 2 kV) signal. The “no jet” signals
are acquired in the absence of a helium flow and represent
the displacement currents within the circuit, which can be
used to determine the plasma currents by subtracting them
from the measured current when the plasma is operating.
When the gas is turned on, indicated as “jet” in the plots, a
small bump on the current trace at about 2 ls indicates the
ignition of the plasma. Shortly after, a large increase in

FIG. 1. The experimental layout. (Left) A schematic of the plasma jet, TDTR lasers, and surface along with (Center) an image of the setup. (Right) Plasma jet
schematic showing the driving circuit and electrical diagnostics.

043301-3 Walton et al. J. Appl. Phys. 124, 043301 (2018)
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Accomplishments: 
 
1) Plasma Cooling: Tomko, J.A., Johnson, M.J., Boris, D.R., Petrova, T.B., Walton, 
S.G., Hopkins, P.E., “Plasma-induced surface cooling,” Nature Communications 13, 
2623 (2022). 
 
Our current understanding of energy delivery from a plasma to a material surface is 
guided using a variety of ancillary plasma diagnostics, steady-state temperature 
measurements, models, and post-treatment, ex-situ surface characterization to ‘re-
construct’ energy deposition and absorption. More recently, in-situ materials 
characterization techniques have been developed that allow for real time or quasi-real 
time analysis.  While certainly of value, none of these approaches provide a direct 
measure of the localized, transient response associated with the energy flux at the 
surface. To realize plasma cooling, the transient thermal response of a material to each 
energetic species in the plasma must be monitored to separate the localized and 
transient energy transport mechanisms from the spatially and temporally averaged net 
power transfer and temperature rise.  
 
In this work, we experimentally demonstrate the ability of an incident plasma to cool the 
surface of a material. While seemingly counterintuitive that an incident beam of energy 
would lead to a decrease in surface temperature, this plasma cooling is enabled by the 
spectrum of different energetic processes that are intrinsic to directed plasma energy 
(Fig. 2a), which we show through time resolving the relative temperature changes 
occurring in a material exposed to a directed plasma in situ with nanosecond resolution. 
Our experiment relies on a pulsed atmospheric plasma jet incident upon an 80 nm Au 
film supported by a sapphire substrate. We simultaneously measure the reflectance of a 
continuous wave laser from the Au surface following the plasma-surface interaction 
(e.g., plasma pump - laser probe measurements); a simplified schematic of our 
experimental configuration is shown in Fig. 2b. For the operating conditions in this work, 
there are negligible laser-plasma interactions, and the reflected beam is not affected by 
any direct interactions. Rather, we rely on the strong thermoreflectance coefficient of Au 
at visible wavelengths to directly measure the plasma-induced temperature rise on the 
Au surface by means of lock-in detection at the plasma jet repetition frequency, with the 
use of a periodic waveform analyzer to obtain nanosecond time resolution during the 
plasma-surface energy transfer process.  
 
In considering plasma interactions, there is an incident flux containing various species 
including, but not particularly limited to, photons, ions, and neutrals, (Fig. 2a) which 
leads to a net electrical current from the jet to the plasma-exposed material. This 
phenomena can be measured as a net surface current, as shown for example in Fig. 2c 
for our experimental system. Likewise, as the reflectance of Au is linearly proportional to 
temperature, we can directly measure the temperature rise induced by the flux of these 
various species; an example of our measured thermoreflectance data is shown in Fig. 
2d. As is the case for these example data of surface current above, this 
thermoreflectance data is measured for a voltage across the electrodes in the plasma 
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jet that has a 5 µs duration; this voltage width will henceforth be considered the plasma 
‘pulse-width.’ Note, the thermoreflectance coefficient for this laser wavelength (637 nm) 
is negative, and thus surface heating corresponds to a decrease in measured 
reflectance .  
 

 
Figure 2. a) Experimental schematic. A pulsed atmospheric plasma jet bombards an Au surface, 
while a continuous wave laser monitors the thermoreflectance of the Au surface to gain insight to 
the plasma-surface energy transfer mechanisms. c) Measured thermoreflectance as a function of 
time for a 5 µs plasma pulse and d) the measured surface current at the Au film.  
 
 
2) Development of capability to probe ultrafast electron-phonon response and 
spatial distribution of energy transfer during plasma excitation: Walton, S.G., 
Foley, B.M., Tomko, J., Boris, D.R., Gillman, E.D., Hernandez, S.C., Giri, A., Petrova, 
Tz.B., Hopkins, P.E., “Plasma-surface interactions in atmospheric pressure plasmas: In 
situ measurements of electron heating in materials,” Journal of Applied Physics 124, 
043301 (2018). *Editor’s Pick 
 
The energy flux to a surface during plasma exposure and the associated surface 
heating are of long standing interest as they contribute to the physico-chemical changes 
that occur during plasma-based materials synthesis and processing. Indeed, the energy 
delivered to the surface, via a flux of particles and photons, in concert with a flux of 
reactive species serves to chemically modify, etch, and/or deposit materials, with an 
efficacy that depends on the plasma processing environment. A unique feature of 

2

Figure 1. a) Experimental schematic. A pulsed atmospheric plasma jet bombards an Au surface, while a continuous wave laser monitors the
thermoreflectance of the Au surface to gain insight to the plasma-surface energy transfer mechanisms. c) Measured thermoreflectance as a
function of time for a 5 µs plasma pulse and d) the measured surface current at the Au film.

interface. First, as Au is a noble metal and chemically-inert,
there are minimal plasma-surface reactions (e.g., surface oxi-
dation) that would distort the interpretation of energy deposi-
tion mechanisms. Second, as charge transfer and hot-electron
effects occur on much faster time scales than investigated in
this work, the insulating substrate ensures that charged species
and electronically-driven energy transfer from the plasma
to the metal surface remain localized to the surface of the
Au film18,19. This critical aspect ensures that the measured
surface temperature is indicative of only plasma-Au energy
transfer and subsequent thermal diffusion rather than ballistic
mechanisms that traverse deep into the substrate.

RESULTS

In considering plasma interactions, there is an incident flux
containing various species including, but not particularly lim-
ited to, photons, ions, and neutrals, (Fig. 1a) which leads to
a net electrical current from the jet to the plasma-exposed
material14. This phenomena can be measured as a net surface
current, as shown for example in Fig. 1c for our experimental
system. Likewise, as the reflectance of Au is linearly propor-
tional to temperature (e.g., DR = bDT , where b is the ther-

moreflectance coefficient of Au), we can directly measure the
temperature rise induced by the flux of these various species;
an example of our measured thermoreflectance data is shown
in Fig. 1d. As is the case for these example data of surface
current above, this thermoreflectance data is measured for a
voltage across the electrodes in the plasma jet that has a 5
µs duration; this voltage width will henceforth be considered
the plasma ‘pulse-width.’ Note, the thermoreflectance coef-
ficient for this laser wavelength (637 nm) is negative, and
thus surface heating corresponds to a decrease in measured
reflectance20.

A few salient features can be noted in each of these curves.
First, at the beginning and end of the plasma pulse, an anoma-
lous decrease in signal magnitude can be observed. We note
that this is an artifact in our periodic waveform analyzer and
not a true change in optical reflectance due to the plasma
pulse; these features are present even when the laser is turned
off and the photodetector is blocked. Second, a peak in reflec-
tivity is observed at 2 µs. As the thermoreflectance coefficient
at this laser wavelength (637 nm) is negative, this observation
suggests a reduction in surface temperature at this time-frame.
While a more in-depth discussion can be found below, it is
important to note that the transfer of energy, charge, atoms,
etc., to a surface is expected to lead to an increase in surface
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plasma synthesis and processing is that most of the delivered energy is absorbed at or 
very near the surface over short (picosecond) time scales. The dissipation of thermal 
energy proceeds through electron-electron and/or electron-phonon interactions as they 
propagate through the material, with relaxation time scales that can be orders of 
magnitude slower. Typically then, the surface is not in thermal equilibrium with the bulk 
material. Fast, surface-sensitive techniques are thus required to fully appreciate the 
dynamics of the plasma-surface interaction. In this work, we employ pump-probe Time-
Domain Thermoreflectance, a surface sensitive technique typically used to measure 
thermal properties of thin films, to determine electron heating of thin metal films during 
exposure to an atmospheric pressure plasma jet. The results, in conjunction with current 
measurements, are used to develop a first order understanding of plasma jet-surface 
interactions. The results show that the energy delivered by the plasma jet causes a 
localized increase in electron energy within the thin film over an area commensurate 
with the plasma jet radius.   
 

 
Figure 3. TDTR measurements showing the effect of the plasma jet. (a) TDTR signal intensity as a 
function of pump-probe delay time with and without the plasma jet operating and (b) those signals 
after normalizing to the peak intensity. The latter illustrates the differences in signals after 
accounting for any experimental variations. (c) The peak TDTR signal with and without plasma 
running as a function of lab time (real time). The solid line is the raw data (open symbols) after 
smoothing. The measurements employ an AC-driven jet and the material is 200 nm thick Au films 
on Si substrates. The laser and jet spots at the surface are co-aligned.  

response of the plasma-surface interaction on the time scale
of seconds as the power and gas supplied to the plasma jet
are turned on and off and the spatial profile of the plasma jet
interaction at the surface of the metal film. Shown in Figs. 5
and 6 are the time-dependent results of those measurements.
The measurements are analogous to the measurements in
Fig. 4(b) except that the driving voltage waveform of the
plasma jet replaces the pump laser as the primary heating
frequency. For the remainder of this paper, we report results
for 80 nm Au films deposited on quartz substrates.

Figure 5 shows the time profile using the AC jet
(36 kHz) with probing laser signal phase-locked to 36 kHz.
The signal increases strongly as the jet is turned on at t¼ 0 s
and remains nearly constant until the gas flow is turned off at
"27 s. Between then and "60 s, the AC power remains on.
The absence of gas flow ensures that no plasma jet is pro-
duced and so, the non-zero signal indicates an effect due to
the AC power. To understand this better, the experiments
were repeated using pulse DC rather than AC. The results in
Fig. 6 show the time profile using a plasma jet driven with a
4 ls long, 2 kV pulse running at 10 kHz. Unlike the AC
results, the signal goes to zero when the gas flow is turned
off but applied power remains on. While the reasons for this

difference are not known, we speculate AC fields drive
inductive heating in the gold film. Importantly, the measure-
ments of Figs. 5 and 6 suggest a correlation between the
plasma jet operation and changes in the surface reflectivity
produced by elevated temperatures in the film. It is important
to note that with either jet, the reflectance signals before and
after jet irradiation are identical, indicating that the plasma
does not affect the surface in ways that would change the
reflectance.

To further explore this correlation, measurements to
probe the spatial extent of this heating were performed. The

FIG. 4. TDTR measurements showing the effect of the plasma jet. (a)
TDTR signal intensity as a function of pump-probe delay time with and
without the plasma jet operating and (b) those signals after normalizing to
the peak intensity. The latter illustrates the differences in signals after
accounting for any experimental variations. (c) The peak TDTR signal with
and without plasma running as a function of lab time (real time). The solid
line is the raw data (open symbols) after smoothing. The measurements
employ an AC-driven jet and the material is 200 nm thick Au films on Si
substrates. The laser and jet spots at the surface are co-aligned.

FIG. 5. The change in thermoreflectance produced by the AC plasma jet
impacting an 80 nm Au film on a quartz substrate. Shown is the probe laser
response, phase-locked to the plasma driving frequency (36 kHz), as a func-
tion of time. When the plasma jet is turned on (“Jet on”), the gas is flowing
and power is on. Between “Gas off” (" 27 s) and “AC power off” (" 60 s),
the gas flow is turned off but power remains on. During this mode, there is
no visible plasma plume. Note that the signal does not go to zero when the
gas flow is off.

FIG. 6. The change in thermoreflectance prompted by a pulsed plasma jet
(pulse width ¼ 4 ls; period¼ 100 ls). Shown is the probe laser response,
phase-locked to the plasma driving frequency (10 kHz), as a function of
time. When the plasma jet is turned on (“Jet on”), the gas is flowing and
power is on. At "27 s (“gas off”), the gas flow is turned off but power
remains on and no plasma plume is visible. In contrast to the AC plasma jet,
the signal does go to zero when the gas flow is turned off.

043301-5 Walton et al. J. Appl. Phys. 124, 043301 (2018)
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Figure 4. The change in plasma-driven thermoreflectance as a function of position for pulsed 
(10kHz) jets with pulsed widths of 4ls and 8ls. The left ordinate corresponds to the signal intensity 
of the probe laser response when the pulse width is 4 ls, while the right corresponds to the signal 
intensity when the pulse width is 8 ls. Note the factor of 2 difference in intensity along with a 
slightly broader profile when the pulse width is 8 ls.  
 
 
3) Extremes in electron-phonon coupling in metals and metal alloys during 
conditions of strong nonequilibrium 
 
Giri, A., Tokina, M.V., Prezhdo, O.V., Hopkins, P.E., “Electron-phonon coupling and 
related transport properties of metals and intermetallic alloys from first principles,” 
Materials Today Physics 12, 100175 (2020). 
 
The fundamental scattering mechanisms between electrons and phonons in metals and 
metallic alloys dictate a wide range of phenomena in their materials’ physics. Using first-
principles calculations carried out on dense electron and phonon wavevector grids, we 
determine the mode-level descriptions of electron-phonon interactions for nine 
characteristic metals, shedding light on their electrical and thermal transport properties 
at a range of electron and phonon temperatures. Our results reveal that even though 
there are similarities between the phonon densities of states of various simple metals, 
the electronic structure can significantly affect the modal contributions to electron-
phonon coupling in metals.  
 
We find that even though the phonon density of states for Al resembles closely the 
density of states of the noble metals (Au, Ag, and Cu), the spectral functions and the 
contributions from the longitudinal and transverse phonon modes vary drastically be- 

results are shown in Fig. 7, where the plasma jet point of
contact on the surface is varied with respect to the laser spot.
In this case, the jet is driven with pulsed DC (4 ls; 10 kHz).
Figure 7(a) shows the signal intensity acquired while moving
the plasma jet through the laser point of contact where 1 s
corresponds to approximately 2 lm. This suggests a heating
zone with a diameter of about 0.5 mm, which is about 1/3 the
inner diameter of the tube from which the jet emerges.
Figure 7(b) shows the same measurement while moving in
the opposite direction. The slight asymmetry in the signal
intensity in both figures is consistent and likely due to the
measurement geometry (e.g., the jet is incident to the surface
at an angle). Nonetheless, the data support the aforemen-
tioned correlation between the plasma jet and surface
heating.

Figure 8 compares the signal response for a jet driven
with pulsed DC at 10 kHz for 4 ls and 8 ls. An increase in
signal intensity is seen for a longer pulse duration (note that
the scale difference between the left and right ordinate is a
factor of 2), which is correlated with a relative increase in
temperature within the material. A somewhat broader distri-
bution is also seen for the longer pulse duration, suggesting
that a longer plasma exposure drives a larger thermal
response that is dissipated over a larger area.

Taken together, the results of Figs. 5–8 strongly suggest
the observed elevation in TDTR peak intensity [Fig. 4(b)]

and changes in TDTR profiles [Fig. 4(a)] are, in fact, caused
by the plasma jet interactions with the surface. The TDTR
measurements, on the other hand, can be related to the
energy of the electrons and their collision dynamics. As
such, the TDTR technique provides a method to examine
plasma-driven surface interactions that elevate the energy of
electrons within the metal.

Accordingly, we revisit the TDTR measurements shown
in Fig. 4 using plasma jets driven by both AC and pulsed
DC. Figure 9 shows the results for the AC Jet (36 kHz) gen-
erated at different applied voltage amplitudes (the values

FIG. 7. The change in thermoreflectance produced by a pulsed plasma jet
(pulse width ¼ 4 ls; period ¼ 100 ls) as a function of distance from the
plasma plume point of contact on the surface. (a) Signals acquired while
moving the plasma plume through the laser center point of contact where 1 s
corresponds to approximately 2 lm. (b) The same measurement while mov-
ing in the opposite direction. The slight asymmetry in the effective heating
region is likely due to the experimental configuration.

FIG. 8. The change in plasma-driven thermoreflectance as a function of
position for pulsed (10 kHz) jets with pulsed widths of 4 ls and 8 ls. The
left ordinate corresponds to the signal intensity of the probe laser response
when the pulse width is 4 ls, while the right corresponds to the signal inten-
sity when the pulse width is 8 ls. Note the factor of 2 difference in intensity
along with a slightly broader profile when the pulse width is 8 ls.

FIG. 9. TDTR measurements with electron energy fitting using an AC jet
(36 kHz) driven at different applied voltage amplitudes. The values for
applied voltage are peak-to-peak voltage. Also shown is the baseline case
when the jet is not operating (0 kV). The inset shows an expanded view of
the data at t¼ 0 (or peak intensity). The measurements indicate an increase
in the time-average electron energy (temperature) within the material is
expected when the applied voltage is increased.

043301-6 Walton et al. J. Appl. Phys. 124, 043301 (2018)
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tween these metals; the longitudinal contribution to electron-phonon coupling in Al is 
almost twice that of the noble metals. We attribute this to the drastically different 
electronic density of states for the free-electron-like Al in comparison to the noble 
metals with high density of d-bands close to the Fermi level. For the intermetallic 
copper-gold alloys and the superconducting metals (Nb and Ta), the peaks in the 
Eliashberg spectral functions are mostly dictated by their corresponding phonon density 
of states. The electron temperature-dependent volumetric electron-phonon coupling 
factors are also calculated for the metals and the results demonstrate that G can either 
increase (as in the case of Au, Ag, Cu, copper-gold alloys) or decrease (as in the case 
of Nb and Ta), or it can also demonstrate a non-monotonic change (as in the case of Al) 
as a function of electron temperature, depending on the electronic structures of the 
metals. For the alloys, the electron-phonon coupling strength, l, and the volumetric 
electron-phonon coupling parameter, G, cannot be taken as the geometric mean of the 
two metals and are relatively much larger than that of their elemental constituents. We 
also find that the electron thermal conductivity of the 50/50 CuAu alloy is relatively 
higher than that of Cu3Au and CuAu3, and the electron thermal conductivities of the 
25/75 and 75/25 alloys are similar to experimental measurements of disordered copper-
gold alloys with the same compositions.  
 
As a snapshot of our results, Fig. 5 shows electron temperature on the volumetric 
electron-phonon coupling factor. Figure 5 a – d show our calculations of the electronic 
density of states and G for the elemental metals and the copper-gold alloys as a 
function of electron temperature up to 4,000 K. In Fig. 5c, we also include the room-
temperature measurements of G for Al, Au, and Cu from pump-probe thermoreflectance 
measurements for comparison with our calculations. Overall, the calculations agree very 
well with the pump-probe experimental results at room temperature for three metals. 
Note, experimental results at relatively high electron temperatures are non-existent in 
literature, which is mostly due to the lack of analytical formulations (that can be applied 
beyond the Drude approximations) to correctly interpret the results from pump-probe 
thermoreflectance experiments, a problem we are currently working on as part of this 
program. For Al, G is independent of electron temperature, which is characteristic of the 
free-electron-like density of states of Al (see inset of Fig. 5a). For the rest of the metals 
with d-band electrons, at relatively weak thermal excitations, where the density of states 
is similar to the free-electron gas model with negligible d-band excitation, G is 
independent of temperature. However, at relatively large thermal excitations, significant 
d-band electrons can be excited resulting in a sharp increase in G. The d-band 
electrons in Au, Cu, and their alloys (as shown in Fig. 5a and inset of Fig. 5d, 
respectively) lie ~2 eV below the Fermi energy, therefore G starts to increase at electron 
temperatures of ~3000 K. However, for Ag, G remains relatively constant below and 
electron temperature of ~5000 K since the d-bands are located ~3 eV below the Fermi 
energy as shown in Fig. 5a. In contrast to the aforementioned metals, G decreases 
monotonically with electron temperature for the transition metals. This can be attributed 
to the fact that both Nb and Ta have a wider electron energy spectrum (with ~10 eV 
window around Fermi level) and a local dip in the density of states around the Fermi 
level as shown in Fig. 5b.  
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These results have major implications in the thermal conductivity of metals subjected to 
high energy, pulsed interactions, such as those experienced in space, during an intense 
blast or high-Mach number re-entry, or in any plasma environment, where the electrons 
experience a strong degree of nonequilibrium from short and intense energy fluxes.   
 

 
Figure 5. The electronic density of states for (a) Au, Cu, Ag, Al (inset), (b) Ta, and Nb as calculated 
from electronic structure performed with Quantum Espresso package. Volumetric electron-
phonon coupling factor, G, for (c) the elemental metals along with experimental data for Al, Cu, 
and Au, and (d) copper-gold alloys as a function of electron temperature. The electronic density of 
states for the alloys are also shown in the inset. 
 
 
4) Nonequilibrium heat transfer across interfaces during thermionic transport:  
Rosul, Md. G., Lee, D., Olson, D.H., Liu, N., Wang, X., Hopkins, P.E., Lee, K., 
Zebarjadi, M., “Thermionic transport across gold-graphene-WSe2 van der Waals 
heterostructures,” Science Advances 5, eaax7827 (2019). 
 
Solid-state thermionic (SSTI) power generators can be viewed as intermediate between 
vacuum-state thermionic converters and thermo-electric power generators. Like many 
other heat engines, these devices can work either as power generators where they 
convert input heat to electricity or as coolers where applied electricity is used to pump 
heat. These devices are made by inserting a semiconducting layer between metallic 
electrodes. The semiconducting layer forms an energy barrier for charge carriers, 
allowing only hot ones to pass. This current flow is referred to as thermionic current. 
The SSTI devices are similar to vacuum-state thermionic ones wherein the vacuum is 
replaced by the semiconducting layer. Because of the lower energy barrier, the SSTI 
devices operate at temperatures much smaller than the vacuum-state thermionic 
devices. The SSTI devices are also very similar to thermoelectric devices. The most 
important difference is that the thermionic transport in SSTI devices is ballistic, whereas 
the thermoelectric transport is diffusive. In SSTI converters, to maintain ballistic 
transport of the hot electrons, the semiconducting layer thickness, L, should be equal or 
less than the electron mean free path. On the other hand, a minimum length is needed 

TMcM
c ¼

ulog

1:2
exp

!
" 1:04ð1þ lÞ
l" m&cð1þ 0:62lÞ

"
(8)

where ulog is a logarithmic average of the phonon frequency and m&c
is the Columbic psuedopotential. The values of m&c define the
electroneelectron repulsive interaction in metals and are typically
taken as '0.1e0.13 as these values are usually not known [14,16].
We note that in our calculations, we do not directly compute m&c
from first principles, which is beyond the scope of this study as it
requires the proper implementation of both electroneelectron and
electronephonon interactions. However, previous works have
considered the Coulombic effects to directly compute m& from first
principles [46,47]. For Nb, we predict a Tc ¼ 9.05 K with a m&c ¼ 0.20
utilizing our iterative approach, which is very close to the experi-
mentally measured values of Tc ¼ 9.25 K [48]. A value of m&c ¼ 0.13
predicts a Tc ¼ 13.4 K, which clearly overestimates the critical
temperature for Nb. Similarly, for Ta, we predict Tc ¼ 4.83 K for
m&c ¼ 0.16, which is very close to the experimentally measured
values of Tc ¼ 4.47 K for Ta [48]. The larger values of m&c that

correctly predict the critical temperatures for both these metals as
compared to the typical values used for other metals suggest that
electroneelectron repulsive interactions could have a stronger in-
fluence in these metals as compared to the other metals studied in
this work where m&c '0.11 (see Table 1). However, to correctly
validate this, one has to directly compute the Coulombic pseudo-
potential by taking into account the electroneelectron repulsive
interactions along with the electronephonon interactions as car-
ried out in Refs. [46] and [47], which is beyond the scope of this
work but clearly deserves further investigations.

Next, to better understand the physical processes occurring
under highly non-equilibrium conditions that are characteristics of
metals irradiated with short-pulse lasers or energetic ion
bombardment of metal targets [10,53,54], we consider the effect of
electron temperature on the volumetric electronephonon coupling
factor. To this effect, we consider the electronephonon coupling
factor derived by Allen [1], as given in Eq. (6). Fig. 6aed show our
calculations of the electronic density of states and GðTeÞ for the
elemental metals and the copperegold alloys. In Fig. 6c, we also
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Fig. 7. Temperature-dependent electron thermal conductivity, ke, calculated from the lowest order variational solution of the Boltzmann transport equation for the six elemental
metals considered in this work. For comparison, experimental results from Ref. [57] are also included (hollow square symbols).

Fig. 6. The electronic density of states for (a) Au, Cu, Ag, Al (inset), (b) Ta, and Nb as calculated from electronic structure performed with Quantum Espresso package. Volumetric
electronephonon coupling factor, G, for (c) the elemental metals along with experimental data for Al (Ref. [50]), Cu (Ref. [51]), and Au (Ref. [52]), and (d) copperegold alloys as a
function of electron temperature. The electronic densit of states for the alloys are also shown in the inset. (e) Electronephonon coupling strength, l, for the copperegold alloys as a
function of atomic percentage of gold. (f) G as a function of atomic percentage of gold for the copperegold alloys.
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to suppress the tunneling of electrons, which is undesirable because low-energy 
electrons (with energies smaller than the chemical potential) act as holes and lower the 
efficiency of the electron transmitting device.  Additionally, the efficiency of SSTI 
devices is inversely related to the thermal conductance across the device, and thus the 
thermal resistance of this ballistic device and the thermal resistances at the contacts, 
which experience varying degrees of electron-phonon nonequilibrium, are of utmost 
importance to minimize to increase conversion efficiency. 
 
In this work, We study thermionic cooling across gold-graphene- WSe2-graphene-gold 
structures shown in Fig. 6. The measured Seebeck coefficient, thermal and electrical 
conductance, and ZT values at room temperatures are in agreement with the theoretical 
predictions using first-principles calculations combined with real-space Green’s function 
formalism. This work lays the foundation for development of efficient thermionic devices.  
 

 
Fig. 6. Au-Gr-3WSe2-Gr-Au device. (A) Illustration of the cross-section of the Au-Gr-3WSe2-Gr-Au 
structure. The three layers of WSe2 flake are sandwiched by top and bottom graphene layers on a 
Si/SiO2 substrate, and contact metals (Ti/Au) are deposited on top and bottom graphene layers. 
(B) Optical microscope image of an Au-Gr3WSe2-Gr-Au device. The three layers WSe2, top 
graphene, and bottom graphene are highlighted by red, white, and black dashed lines, 
respectively. Scale bar, 20 µm.  
 
For the device shown in Fig. 6, We used TDTR to characterize the conductance of the 
Gr-3WSe2-Gr structure. We first coated a nominal 80-nm Al transducer onto our Gr-
3WSe2-Gr structure, which had been mechanically exfoliated previously onto silicon 
with a thermal oxide of 300 nm. The thickness of the Al was confirmed via pico- second 
acoustics, while its thermal conductivity was determined from reference specimens 
placed near the Gr-3WSe2-Gr sample during deposition. The effective 1/e2 pump/probe 
radius is ~1.5 mm. The measured conductance at the Al-Gr-SiO2 interface was found to 
be 20 MW m−2 K−1, while that of the Al-Gr-3WSe2-Gr-SiO2 interfaces was 9 MW m−2 K−1. 
Because these two measurements reflect the series resistances of the structures, we 
can use these values to determine the thermal conductance of the Gr-3WSe2-Gr 
structure alone. Doing so allowed us to extract a conductance of 17 MW m−2 K−1 for the 
structure.  
 
 
 

Chen et al. (17) reported a low thermal conductance of 2.36MWm−2K−1

for the graphene–h-BN–graphene heterostructure. In this structure,
h-BN forms too high of an energy barrier for electrons and results in
poor electronic properties. Therefore, the structure’s figure of merit
at room temperature is only on the order of 10−6. To our knowledge,
this is the only experimentally measured ZT for layered structures
across few nanometers.

Because of lack of well-established measurement methods (18, 19),
currently, there are very few experimental studies focused on the
efficiency of the SSTI converters made out of 2D van der Waals
heterostructures. Here, we computationally and experimentally study
thermionic transport across a gold–graphene–3 layers of WSe2–
graphene–gold (Au-Gr-3WSe2-Gr-Au) structure. We report a hybrid
experimental technique that combines the thermoreflectance and
cooling curve measurements to extract the equivalent figure merit
of the SSTI converter. Although our measured room temperature
figure of merit is small (ZT = 1.5 × 10−3), this value is three orders
of magnitude higher than the previously reported value for similar
types of 2D heterostructures (17). The experimental values are in close
agreement with the theoretical values calculated for this structure.

RESULTS
Electrical transport
The Au-Gr-3WSe2-Gr-Au device was fabricated on the Si/SiO2 sub-
strate where the device structure is illustrated on Fig. 1A. A bottom gra-
phene layer, three layers of WSe2, and a top graphene layer were
mechanically exfoliated and transferred on the substrate in sequence
using a polydimethylsiloxane (PDMS)–assisted transfer method. The

thickness of WSe2was identified by using optical contrasts on an optical
microscope image of the WSe2 on the PDMS, where thicknesses of
reference samples (from one to five layers) were measured by atomic
force microscopy (AFM) and their optical contrasts in the green
channel of a charge-coupled device camera were served as reference
values. Metal electrodes [Ti (3 nm)/Au (100 nm)] were deposited by
using a general photolithography process and an electron-beam evap-
oration. The fabricated device was annealed at 200°C in a vacuum
chamber overnight to achieve the ohmic contact between metal and
graphene. The optical microscope image of the fabricated device is
shown in Fig. 1B, and Fig. 1C shows the current-voltage characteristic
measured across the top and bottom metal contacts, indicating a near-
ohmic contact. Our further analysis shows that the measured value is
dominated by the contact resistance between Au/Ti and graphene (see
the Supplementary Materials).

The room temperature Seebeck coefficient of this structure was
measured by the setup schematically shown in Fig. 2A. A small external
heater was placed close to one of the metallic pads to create a local hot
spot.We then used two thermocouples and two electrical probes direct-
ly connected to the gold pads (contacts) to simultaneously measure the
temperature differential and the Seebeck voltage across the Au-Gr-
WSe2-Gr-Au device. The device-level Seebeck coefficient can be esti-
mated by linearly fitting themeasured Seebeck voltage (mV)with respect
to the measured temperature differential DT (K), as shown in Fig. 2B. It
is noted that the data suffer from a large noise due to nonuniformity of
the induced temperature gradient across the sample. Nevertheless, our
obtained experimental Seebeck coefficient of ~72 ± 12 mV/K is in good
agreement with the theoretically calculated value of 84 mV/K using first-
principles and Green’s function calculations.

Fig. 1. Au-Gr-3WSe2-Gr-Au device. (A) Illustration of the cross-section of the Au-Gr-3WSe2-Gr-Au structure. The three layers of WSe2 flake are sandwiched by top and
bottom graphene layers on a Si/SiO2 substrate, and contact metals (Ti/Au) are deposited on top and bottom graphene layers. (B) Optical microscope image of an Au-Gr-
3WSe2-Gr-Au device. The three layers WSe2, top graphene, and bottom graphene are highlighted by red, white, and black dashed lines, respectively. Scale bar, 20 mm.
(C) I-V curve of the fabricated Au-Gr-3WSe2-Gr-Au device.
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Chen et al. (17) reported a low thermal conductance of 2.36MWm−2K−1

for the graphene–h-BN–graphene heterostructure. In this structure,
h-BN forms too high of an energy barrier for electrons and results in
poor electronic properties. Therefore, the structure’s figure of merit
at room temperature is only on the order of 10−6. To our knowledge,
this is the only experimentally measured ZT for layered structures
across few nanometers.

Because of lack of well-established measurement methods (18, 19),
currently, there are very few experimental studies focused on the
efficiency of the SSTI converters made out of 2D van der Waals
heterostructures. Here, we computationally and experimentally study
thermionic transport across a gold–graphene–3 layers of WSe2–
graphene–gold (Au-Gr-3WSe2-Gr-Au) structure. We report a hybrid
experimental technique that combines the thermoreflectance and
cooling curve measurements to extract the equivalent figure merit
of the SSTI converter. Although our measured room temperature
figure of merit is small (ZT = 1.5 × 10−3), this value is three orders
of magnitude higher than the previously reported value for similar
types of 2D heterostructures (17). The experimental values are in close
agreement with the theoretical values calculated for this structure.

RESULTS
Electrical transport
The Au-Gr-3WSe2-Gr-Au device was fabricated on the Si/SiO2 sub-
strate where the device structure is illustrated on Fig. 1A. A bottom gra-
phene layer, three layers of WSe2, and a top graphene layer were
mechanically exfoliated and transferred on the substrate in sequence
using a polydimethylsiloxane (PDMS)–assisted transfer method. The

thickness of WSe2was identified by using optical contrasts on an optical
microscope image of the WSe2 on the PDMS, where thicknesses of
reference samples (from one to five layers) were measured by atomic
force microscopy (AFM) and their optical contrasts in the green
channel of a charge-coupled device camera were served as reference
values. Metal electrodes [Ti (3 nm)/Au (100 nm)] were deposited by
using a general photolithography process and an electron-beam evap-
oration. The fabricated device was annealed at 200°C in a vacuum
chamber overnight to achieve the ohmic contact between metal and
graphene. The optical microscope image of the fabricated device is
shown in Fig. 1B, and Fig. 1C shows the current-voltage characteristic
measured across the top and bottom metal contacts, indicating a near-
ohmic contact. Our further analysis shows that the measured value is
dominated by the contact resistance between Au/Ti and graphene (see
the Supplementary Materials).

The room temperature Seebeck coefficient of this structure was
measured by the setup schematically shown in Fig. 2A. A small external
heater was placed close to one of the metallic pads to create a local hot
spot.We then used two thermocouples and two electrical probes direct-
ly connected to the gold pads (contacts) to simultaneously measure the
temperature differential and the Seebeck voltage across the Au-Gr-
WSe2-Gr-Au device. The device-level Seebeck coefficient can be esti-
mated by linearly fitting themeasured Seebeck voltage (mV)with respect
to the measured temperature differential DT (K), as shown in Fig. 2B. It
is noted that the data suffer from a large noise due to nonuniformity of
the induced temperature gradient across the sample. Nevertheless, our
obtained experimental Seebeck coefficient of ~72 ± 12 mV/K is in good
agreement with the theoretically calculated value of 84 mV/K using first-
principles and Green’s function calculations.

Fig. 1. Au-Gr-3WSe2-Gr-Au device. (A) Illustration of the cross-section of the Au-Gr-3WSe2-Gr-Au structure. The three layers of WSe2 flake are sandwiched by top and
bottom graphene layers on a Si/SiO2 substrate, and contact metals (Ti/Au) are deposited on top and bottom graphene layers. (B) Optical microscope image of an Au-Gr-
3WSe2-Gr-Au device. The three layers WSe2, top graphene, and bottom graphene are highlighted by red, white, and black dashed lines, respectively. Scale bar, 20 mm.
(C) I-V curve of the fabricated Au-Gr-3WSe2-Gr-Au device.
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Fig. S1. TDTR measurement. Best fits for the Al-Gr-SiO2 and Al-Gr-3WSe2-Gr-SiO2 interfacial 
regions.  
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Impacts 
 
This work resulted in the emergence of a new diagnostic that will enable deeper 
understanding of plasma-surface interactions.  Specifically, the ability to combine laser 
heating and probing with plasma sources unlocks the possibility of probing the plasma-
surface dynamics with temporal resolution on the order of picoseconds.  This will result 
in the ability to unlock a deeper understanding into how different energetic species in a 
plasma exchange energy with electron and phonons in a solid.  This advanced 
diagnostic is detailed in the following two papers from this program that are also 
outlined above 
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situ measurements of electron heating in materials,” Journal of Applied Physics 124, 
043301 (2018). *Editor’s Pick 
 
This advance not only has major impacts in the fields of thermal transport and materials 
science, but also has major impacts in plasma physics disciplines. 
 
 


