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Plasmas are an indispensable materials engineering tool due to their unique ability to deliver a
ﬂux of species and energy to a surface. This energy ﬂux serves to heat the surface out of
thermal equilibrium with bulk material, thus enabling local physicochemical processes that
can be harnessed for material manipulation. However, to-date, there have been no reports on
the direct measurement of the localized, transient thermal response of a material surface
exposed to a plasma. Here, we use time-resolved optical thermometry in-situ to show that
the energy ﬂux from a pulsed plasma serves to both heat and transiently cool the material
surface. To identify potential mechanisms for this ‘plasma cooling,’ we employ time-resolved
plasma diagnostics to correlate the photon and charged particle ﬂux with the thermal
response of the material. The results indicate photon-stimulated desorption of adsorbates
from the surface is the most likely mechanism responsible for this plasma cooling.
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lasmas have long been used for the synthesis1 and
manipulation2–4 of materials because of their unique ability
to deliver both energy and chemically-active species to the
surface of materials (Fig. 1)—an attribute that separates them
from other approaches to materials processing. Indeed, the energy
ﬂux serves to drive the surfaces out of thermal equilibrium with
the bulk material, thus enabling local physicochemical processes
that can be harnessed to remove (etch) substrate material, deposit
different material, or chemically modify the surface. Aside from
intentional material modiﬁcations, understanding energy delivery
at the plasma-surface interface is critical for an array of technologies such as nuclear fusion, where plasma-facing materials
must meet complex, yet strict, requirements to avoid degradation
from the aforementioned energetic processes5. While the beneﬁts
or detriments of energy delivery are commonly associated with an
increase in temperature, the temperature, is in fact, the net result
of the difference between energy delivered to and released from
the surface. This can be understood by considering the power
balance at the surface6,

of ancillary plasma diagnostics7, steady-state temperature
measurements8,9, models10,11, and post-treatment ex-situ surface characterization to “re-construct” energy deposition and
absorption6,12,13. More recently, in-situ materials characterization techniques have been developed that allow for real-time
or quasi-real-time analysis14,15. While certainly of value, none
of these approaches provide a direct measure of the response
associated with the ﬂux of species at the surface required 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. This cooling is
enabled by exposing a surface to a pulsed plasma, which allows
the broad range of different energetic processes associated with
plasma exposure to be parsed in time. This cooling is then
measured through time-resolved, relative temperature changes in
the plasma-exposed material with nanosecond resolution.

Pin  Pout ¼ Pheat

Results
In our experiment, we expose a grounded 80-nm gold (Au, 3-nm
RMS roughness) ﬁlm supported by a sapphire substrate to a
pulsed, atmospheric plasma jet (Fig. 1) and simultaneously
measure the reﬂectance of a continuous wave laser from the Au
surface at the point of contact. The entire system is exposed to the
ambient, with room temperature at a constant 20−24°C and
relative humidity of 35−45%. A simpliﬁed schematic of our
experimental conﬁguration is shown in Supplementary Fig. 1.
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 wavelengths16,17 to
directly measure the plasma-induced temperature change on the
Au surface by means of lock-in detection at the plasma jet
repetition frequency, to obtain nanosecond time resolution.
While we do not observe any changes in the static reﬂectivity of
the Au surface, plasma effects are further isolated by measuring
the differential reﬂectivity, which is the change in reﬂectivity of
the Au surface relative to the reﬂectance when no plasma is
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where the power delivered to (Pin) and released from (Pout) the
surface is determined by the ﬂux of energetic particles and
radiation arriving at and leaving the surface, along with endothermic and exothermic reactions occurring on the material
surface. The difference between Pin and Pout is absorbed by the
material (Pheat), with a temperature determined by the thermophysical properties of the material. Of course, this power balance
does not dictate that the energy delivered to the surface must
exceed that released from the surface. The complex array of
incident plasma species and chemical reactions at the surface
could, in theory, enable local temperatures to both increase or
decrease during plasma irradiation. This potential for plasmainduced cooling, or the decrease in the temperature of a surface
during plasma irradiation, could provide avenues for structure
and device cooling, refrigeration, and temperature-controlled
material processing.
Our current understanding of energy delivery from a plasma
to a material surface and its response is guided using a variety

Fig. 1 Atmospheric jet interactions with metallic surface. Left. Photograph of the atmospheric plasma jet interacting with a thin Au ﬁlm on sapphire
substrate. Right. Cartoon schematic of the various species and physical processes and resulting species produced within the jet along with their respective
interactions with the metal ﬁlm.
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present. We note that the use of lock-in detection at the frequency
of which a voltage is applied to the electrode eliminates ‘steadystate’ effects, such as changes in local gas pressure, that may exist
due to the constantly ﬂowing He gas. Additionally, we repeat our
thermoreﬂectance measurements without a voltage applied to the
electrode, as well as an applied voltage with no ﬂowing gas (both
of which eliminate the production of a plasma jet), and observe
neither heating nor cooling—no transient signal is present
without the presence of the atmospheric plasma jet.
The use of a thin Au ﬁlm supported by an insulating substrate
satisﬁes two criteria that are critical to understanding energy
transfer at the plasma-surface interface. First, as Au is a noble
metal and chemically inert, there are minimal surface reactions
(e.g., surface oxidation) that would signiﬁcantly alter the surface
and distort the interpretation of energy deposition mechanisms.
Second, because charge transfer and hot-electron effects occur on
much faster timescales than investigated in this work, the insulating substrate ensures that charged species and electronicallydriven energy transfer from the plasma to the metal surface
remain localized to the surface of the Au ﬁlm. In other words, the
electrons and phonons of the Au are thermalized and can be
described by their respective thermal distribution functions. This
critical aspect ensures that the measured surface temperature is
indicative of only the plasma-Au energy transfer and subsequent
thermal diffusion rather than ballistic mechanisms that traverse
deep into the substrate18,19.
In considering plasma interactions, there is an incident ﬂux of
various species including charged particles, photons, as well as
excited and reactive neutrals (Fig. 1), which deliver energy to the
plasma-exposed material6. In this work, we employ a pulsed,
plasma jet produced in helium, which interacts with a gold surface located some distance from the jet (See the supplemental
information for more detail). While these sources produce species
common to low temperature, non-equilibrium plasmas, there are
several unique attributes worth noting that are relevant to the
work here. When the high-voltage pulse is applied to the active
electrode within the jet body, a high intensity, ionization wave—
or “streamer”—is ejected from the jet nozzle and guided by the
helium ﬂow through the ambient20. As the streamer propagates, it
excites, dissociates, and ionizes both the He and air that mixes
with it, producing a rich mixture of charged, excited atomic, and
neutral (e.g., He, N, O) and molecular (e.g., N2, O2, H2O, OH)
species21. The streamer velocity is signiﬁcantly faster than the
helium gas ﬂow and quickly terminates at the gold surface located
downstream from the jet. The plasma channel left in the wake of
the streamer then persists for as long as the voltage is applied to
the electrode21. The easy to ionize helium column remains
remarkably undiluted in the center of the column22. As such,
species production extends over a ﬁxed volume, but the intensity
varies in time. The resulting ﬂux of charged particles - ions of all
types and electrons - arriving at the gold ﬁlm can be measured as
a net surface current, which varies considerably in time as shown
in Fig. 2a for our experimental system. In these example data, the
plasma jet is produced by applying a high voltage (2000 V) for a
duration (pulse width) of 5 μs at a frequency of 7.8 kHz. The delay
in the rise in current is the time required for the streamer to travel
the distance between the powered electrode and the surface. The
strong rise and subsequent decay of current at the surface while
the voltage is applied is indicative of the streamer colliding with
the surface followed by the formation of a weaker plasma column
until the voltage is turned off.
Likewise, we can directly measure the temperature change of
the material surface (e.g., within the optical skin-depth of the Au
ﬁlm, 15 nm) during plasma irradiation with our thermoreﬂectance technique since the reﬂectance of Au is linearly proportional to temperature (e.g., ΔRf = βΔT, where β is the
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thermoreﬂectance coefﬁcient of Au)23. An example of our measured thermoreﬂectance data is shown in Fig. 2b. Note, the
thermoreﬂectance coefﬁcient for this laser wavelength (637 nm) is
negative, and thus surface heating corresponds to a decrease in
measured reﬂectance16,17. As shown in the Supporting Information (Supplementary Fig. 4), the signal is inverted for probe
wavelengths corresponding to photon energies exceeding the
interband transition threshold of Au (< 520 nm) and the thermoreﬂectance coefﬁcient becomes a positive value.
A few salient features can be noted in Fig. 2b. First, at the
beginning and end of the plasma pulse, an anomalous decrease in
signal magnitude can be observed. 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, there is a simultaneous, rapid increase of both
the measured thermoreﬂectance and surface current ~2 μs after
the rise in voltage. This heating event is followed by a transient
decay associated with heat conduction into the substrate, which is
governed by the thermal properties of the ﬁlm and substrate.
Interestingly, a peak in reﬂectivity is observed ~1 μs after the
rise in voltage, and prior to the rapid heating event. As the
thermoreﬂectance coefﬁcient of Au at this laser wavelength
(637 nm) is negative, this increase suggests a reduction in surface
temperature.
As discussed above, the ﬂux of various charged species incident
upon the metal ﬁlm results in a net current, which leads one to
invoke Joule’s ﬁrst law where the power dissipated is proportional
to the product of the current and resistance (e.g., P ∝ I2R). As
with other current sources, this relationship explicitly leads to an
increase in temperature, even without consideration of particle
interactions (e.g., momentum transfer due to the kinetic energy of
incoming ions or the charge transfer associated with neutralization of ions). As the measured thermoreﬂectance is indicative of a
change in the gold’s temperature, one should expect that the
temporal derivative of this reﬂectivity trends with the current,
since temperature is directly related to particle number density/
charge, which is the temporal integrand of current (e.g., Rf ∝
T ∝ Q = ∫i ⋅ dt). Indeed, as shown in Fig. 2c, the temporal derivative of our thermoreﬂectance data is in excellent agreement
with the measured current. We thus conclude that heating is, as
assumed, associated with simple ohmic heating of the metal ﬁlm.
In stark contrast is the strong deviation between current and
derivative associated with the observed reduction in temperature
prior to heating. This leads to the obvious question: What is the
mechanism for this plasma-induced cooling?
Discussion
There are a number of physical processes arising at the plasmasurface interface that could potentially reduce the temperature of
a surface. Thermionic emission, for example, has been theoretically devised as a refrigeration method, with potential efﬁciencies
on par with Carnot cycles24, though it is nearly impossible to
experimentally achieve at or near room temperature, with the
exception of limited cases in select material systems such as
superlattices25 and 2-D heterostructures26. In the case of an
atmospheric plasma jet studied in this work, the gas temperature
rises no more than about 20 K for the longest duration plasma
pulse (see Supporting Information) and the surface remains at or
near room temperature. Thus, the thermally-driven mechanism
of electron cooling cannot occur.
However, there are two additional effects that could also lead to
the observed cooling phenomenon. The ﬁrst, which has been
recently shown to lead to a temperature decrease in highrepetition laser ablation27, is material ejection from the surface. It
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Fig. 2 Transport measurements of an atmospheric plasma jet. a The measured surface current of the Au ﬁlm and b the measured thermoreﬂectance
of the Au surface as a function of time for a 5 μs plasma pulse. The laser probe wavelength is 654 nm. c Measured surface current (solid red line)
overlaid with the temporal derivative of the measured changed in reﬂectivity due to the plasma pulse (open circles). The laser probe wavelength here is
405 nm. The two are in reasonable agreement, aside from the reduction in surface temperature ~1 μs, indicating Joule heating to be the primary
mechanism of energy transfer from the plasma to the Au surface. d Measured thermoreﬂectance data from b due to the plasma pulse (black dots) and
two-temperature model calculations for the sample system (solid blue line). The observed cooling is attributed to the removal of adsorbed species on
the Au surface.

is well-known that plasma jets lead to the modiﬁcation of a
material surface. In fact, when the jet used in this work is operated at higher power (much greater than reported here), erosion
of the Au surface is observed. Alternatively, adsorbate desorption
could be the underlying mechanism for observed cooling. Despite
the inert nature of Au, water will adsorb on Au surfaces even
under ultra-high vacuum conditions28, albeit in a weakly bound
physisorbed state (<< 1 eV). In such a case, many species emanating from the plasma jet would deliver enough energy to liberate water molecules. This process is effectively plasma-induced
evaporative cooling of the surface.
The second potential mechanism is similar to the Nottingham
effect, whereby cooling results from the loss of electrons via ﬁeld
emission29. In this work, electrons removed from the surface of
the gold during the neutralization of ions as they approach the
metal surface30 or via photoemission may lead to cooling.
To elucidate which of these potential mechanisms is responsible for plasma-induced surface cooling, it is important to consider the magnitude of temperature reduction upon cooling. To
gain insight into this, we note that during the observed cooling,
the peak differential reﬂectivity is measured to be ΔRf/Rf ≈ 3 ×
10−5. Based on previous works16,17, the thermoreﬂectance
coefﬁcients of thin Au ﬁlms are of a similar order, ΔRf/ΔT ≈
2−4 × 10−5, indicating the observed cooling is on the order
of ~1 K.
If we consider the possibility that this temperature reduction is
due to the sublimation of the Au ﬁlm, then only a monolayerequivalent number of Au atoms would need to be ejected from
the ﬁlm within the plasma-irradiated region to achieve the
observed degree of cooling (see Supporting Information for calculations and further discussion on this topic). Similarly, if we
consider that the observed cooling is induced by the removal of
4

adsorbed water, which has a signiﬁcantly greater heat capacity
than that of Au, a similar temperature decrease requires submonolayer, or non-uniform distributions, of water to be removed
from the surface within the probed volume. This is certainly
plausible given our measurements are conducted at standard
temperature and pressure28, where re-absorption occurs on
timescales orders of magnitude shorter than the period between
plasma pulses (tens of nanoseconds to microseconds for contaminant adsorption, compared to the hundreds of microseconds
between each measured plasma pulse). Likewise, a mixture of
adsorbed hydrocarbons (e.g., adventitious carbon) and gas would
be expected under these conditions. We note that our approximation is likely an overestimation of the average energy-per
particle. Owing to the ﬁnite coverage of the adsorbed layers, the
phonon population is restricted for measurements at room
temperature and is likely restricted to a classical equipartition
limit. In addition, adsorbate–adsorbate and adsorbate-substrate
interactions (e.g., binding energies) will likely play enough of a
role that the energy-per-particle is altered.
We can repeat a similar analysis for the number of electrons
that would need to be emitted for a 1 K temperature reduction
within the probed volume of the Au; at the timescales measured
here, the electron and phonon temperatures can be considered in
equilibrium, and thus the energy requirement for a temperature
decrease remains dominated by the phononic heat capacity of Au,
as used above. Nonetheless, one must consider the energy lost per
electron; the average energy of an electron in a metallic system is
~3/5 of the Fermi energy (≈5.5 eV for Au). Thus, for a 1 K
temperature decrease at room temperature, ~7 × 108 electrons
would need to be emitted from the Au surface.
To gain further insight into which of these mechanisms, or
combination of mechanisms, is driving the observed cooling
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process, we perform two-temperature model (TTM) calculations31
for our experimental geometry. This method allows us to explicitly
calculate energy losses/gains to the electron and lattice subsystems.
While additional details can be found in the Supporting Information, we use the measured surface current as of the temporal proﬁle
for the heating source of the electronic subsystem, and the thermal
properties (e.g., thermal conductivity and interfacial thermal resistances) of our 80 nm Au/Al2O3 are determined from time-domain
thermoreﬂectance (TDTR) measurements. To simulate the atomic
or electronic ejection, we supply a ‘cooling’ source that removes
energy from either the phononic or electronic subsystem. While we
ultimately ﬁnd that either atom or electron ejections can re-produce
our experimentally-measured data with high accuracy (see Fig. 2d),
these calculations provide important insight into the time-scale of
this cooling process. When considering the heating and cooling
events together, the best TTM ﬁt to our data requires that the
cooling is limited to the ﬁrst 800 nanoseconds after the voltage is
applied. That is to say, the heating and cooling events do not appear
to overlap in time.
To properly understand this, we consider the temporal ﬂux of
species incident upon the Au surface by comparing the current
measurements discussed above with time-resolved photoemission
measurements (see measurement details in the Supporting Information). Those results, shown in Fig. 3a, indicate that a ﬂuence of
photons impinges upon the Au surface at the timescales corresponding to the cooling and, importantly, they are present prior to
the dramatic rise in measured current and heating. These results are
characteristic of a surface interacting with a remotely located pulsed
plasma jet. While the excited species that relax via photon emission
and the charged particles are simultaneously produced near the
remotely located electrode when the high voltage is applied, the
photons arrive at the surface well before the comparatively lowvelocity charged species. The wavelength range of photons emitted
from the plasma jet, typical of plasma produced at atmospheric
pressure mixtures of air and helium, extends from the IR to the
extreme UV, with energies that range from below 1 eV to ≈20 eV
(see details in Supporting Information, including Supplementary
Figs. 4 and 5). This range of photons incident to the gold surface are
certainly sufﬁcient to drive the emission processes discussed above.
For gold, the work function is 5.1 eV and the enthalpy of atomization is 3.8 eV/atom (364 kJ mol−1). Likewise, photon-driven
desorption of adsorbates32 has been observed for a wide range of
material systems and photon energies. For example, the desorption
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of water from Pd(111) has been demonstrated using 6.4 eV
(194 nm) and 5.0 eV (248 nm) photons33. The liberation of physisorbed species such as CO on Ag(111)34 and H2CO or CH2CO on
Ag(111)35 only requires 1.1 eV (1098 nm) photons. While these
species desorb as neutrals, oxygen can also be liberated from aluminum in the form of negative ions by photons in the range of
≈8–10 eV36.
The possibility of a photon-driven cooling mechanism is further supported by spatially-resolved thermoreﬂectance measurement results shown in Fig. 3b. For these data, we raster the
plasma jet with respect to the position of the laser probe, allowing
us to extract a spatio-temporal temperature proﬁle of the Au
surface. In agreement with our previous work14, we observe a
heating proﬁle of ≈0.5 mm; this is ≈1/3 of the tube diameter from
which the jet emanates. More importantly, in this work, we
observe the cooling of the Au surface in regions extending beyond
the heated width. This can be understood by recognizing the
plasma is ‘guided’ by the helium ﬂow leaving the tube, such that
the majority of the plasma-produced particles arrive at the surface
over an area dictated by the diameter of the gas ﬂow/surface
intersection. Conversely, the photons formed via spontaneous
emission from excited species formed along the plasma channel
have both random phase and direction, thus potentially interacting with a much larger surface area. The exception to this will
be sub-200 nm photons, which are readily absorbed in the air
outside the helium channel. Still, it is reasonable to expect a
concentrated region of charged particle interactions toward the
center and a more diffuse region of photon interactions extending
beyond the region dominated by charged particles.
While a photon-driven process is reasonably supported by the
results, the liberation of substrate material and surface adsorbates,
as well as electronic emission, can all be supported by our measurements, two-temperature analysis, and prior TDTR measurements. Discerning the potential contribution of these processes
requires additional considerations.
We start by noting the results of Fig. 3a clearly show the photons
arrive at the surface during the entire voltage pulse, as well as after
the voltage is extinguished. That is, photons are present both before
and after the charged particle ﬂux that is associated with heating. If
the cooling were caused by photon-driven electron emission or
ejection of gold atoms, one should expect cooling to occur during
both times that photons are the dominant species since there is
ample material mass and essentially an inﬁnite reservoir of electrons

Fig. 3 Time-resolved emission and in-plane thermal transport dynamics. a Time-resolved emission measurement of the He jet interacting with the gold
surface along with the voltage applied to the electrode and the measured surface current. The emission lines shown are from He* at 668 nm and NO* at
204 nm and 235 nm, illustrating that a range of energetic photons arrives at the surface both before and after the charged particle ﬂux. b Spatially-resolved
thermoreﬂectance measurements of an Au surface. A width of 0.5 mm is heated from the ﬂux of charged particles, while the observed photon-induced
cooling extends to a much larger region. Blue corresponds to the observed cooling of the sample surface (increase in the modulated reﬂectance signal,
ΔRf), while red denotes an increase in surface temperature (decrease in ΔRf).
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to be ejected. And yet, cooling is only observed before heating. On
the other hand, photo-desorption of adsorbed species would only
occur during the initial ﬂux of photons since the ﬂux of all species—
particularly ions—will remove adsorbates from the surface prior to
the end of the applied voltage pulse. Thus, photon-stimulated
desorption of adsorbates is the most likely mechanism responsible
for plasma cooling.
To further reinforce this plasma-induced evaporative cooling
of a metal surface, we consider the relative heating and cooling
contributions with varying plasma jet parameters. For example, as
the applied voltage of the electrodes is increased, we observe a
corresponding increase in the measured surface current and the
associated peak temperature of our thermoreﬂectance measurements (see Supporting Information and Supplementary Fig. 6);
these observations can be attributed to an increase in the ﬂux of
charged species at the surface associated with a higher density
plasma formed with increasing voltage. However, the minimum
temperature achieved during cooling is negligibly affected by
these changes, at least within the regimes considered in this work.
Yet, like the ﬂux of charged particles, the ﬂux of photons
responsible for either desorption or electronic emission will be
increasing with voltage as well. In other words, the cooling
magnitude has saturated and the additional ﬂux does not play a
role. As noted previously, neither gold atoms nor electrons are in
limited supply, and so atom- or electron-mediated cooling
mechanisms should not plateau with increasing photon ﬂux. This
further reinforces our position that neither Au atom nor electron
ejection is responsible for the observed plasma-induced cooling.
A similar result is observed when varying voltage pulse widths,
where the peak temperature varies signiﬁcantly with changes in
charged particle ﬂux. The net cooling magnitude, however,
remains relatively constant above some critical width (≈2 μs in
this work). Interestingly, below this critical pulse width, this
cooling can occur without any signiﬁcant plasma-induced heating
of the Au surface. Here, a sufﬁcient number of high-energy
photons are produced at plasma ignition to drive desorption, but
the voltage is extinguished before the streamer and the associated
ﬂux of charged particles can reach the surface with sufﬁcient
intensity. Just above this temporal width, a spike in both the
heating and cooling proﬁle is observed due to an abundance of both
charged particles and photons. While these observations clearly
reinforce the notion of photon-driven, desorption-induced cooling
of the Au surface, the complexities of experiments with plasma jets
at ambient conditions limit the number of controls required to
identify cooling mechanisms with further certainty. It will be
interesting to investigate these phenomena with different materials
and/or gas compositions to see how cooling varies. Still, the results
indicate potential regimes for which the relative heating and cooling
proﬁles of the gold surface can be controlled by manipulating
various plasma parameters. In fact, our previous work14 identiﬁed
conditions where net cooling was a possibility, but in the absence of
an explanation, it remained a curiosity. The results shown here
demonstrate when cooling occurs and how it can be controlled.
In summary, we have provided a nanosecond-resolved measurement of energy transduction during pulsed plasma interactions
with a surface using a time-dependent thermoreﬂectance method.
The heating of the metal Au surface through a ﬂux of charged
species is the predominant mechanism of energy transfer, which
dissipates primarily through conduction into the material; this
process is in excellent agreement with our TTM calculations. Furthermore, we ﬁnd that the plasma jet induces transient cooling of
the Au surface prior to heating. This cooling is correlated to a ﬂux
of photons that precedes the charged particle ﬂux, which we argue,
liberates surface adsorbates from the Au ﬁlm, thus temporarily
cooling the metal surface; this process is typically overwhelmed by
the heating of material surfaces during steady-state operation and
6

thus previously undetectable. While more work is needed to fully
understand the underlying mechanisms, the results open the door
to a previously unreported means of surface cooling and provide
insight into the plasma-material interactions that drive material
modiﬁcation and processing.
Methods
Atmospheric plasma jet. A schematic of our atmospheric plasma jet and the
experimental setup is shown in Supplementary Fig. 1a. The details of this experimental conﬁguration have been discussed in detail in our previous work14. In
summary, the plasma jet consists of a hollow needle electrode centered within a
ceramic tube; this tube is enclosed by a grounded, metal casing. Helium ﬂows
through the needle electrode at a constant rate (1500 sccm; measured with a mass
ﬂow controller). To drive plasma production, high-voltage pulses (1.5−2 kV) are
applied to the needle for a set duration (2−5 μs) and frequency. For the data in this
work, the operating voltage, pulse width, and frequency were 2 kV, 5 μs, and
7.79 kHz, unless noted otherwise. Our experiments are performed in laboratory air
with a relative humidity of 35−45%. The measurement setup is partially enclosed
to minimize external ﬂow from laboratory air conditioners and ﬁltration systems
that can perturb the plasma jet during laser spectroscopy measurements. The
substrate in this work is an 80 nm Au ﬁlm on a crystalline Al2O3 substrate; the
metal ﬁlm is located 1 cm from the exit of the jet and connected to the ground.
Current transformers and high-voltage probes are used to measure the current to
the ground and power to the driven electrode.
Transient laser reﬂectivity measurements. To measure the temperature of the
Au surface during plasma interactions, we perform transient thermoreﬂectance
measurements with a laser probe, as illustrated in Supplementary Fig. 4. For this
work, we focus an incident laser, with a wavelength of either 405 nm or 637 nm, to
the Au surface at an incident angle of ≈45 degrees. The reﬂected beam is collimated
and re-focused into a silicon photodiode. The photodiode output is then sent to a
pre-ampliﬁer; this output is then measured with a lock-in ampliﬁer (Zurich
Instruments UHFLI). We use the applied voltage for the plasma production as the
reference signal for the lock-in ampliﬁer. However, rather than measuring the
magnitude/phase of the reﬂectance, we use periodic waveform analysis (comparable to moving boxcar averaging) to obtain the transient differential reﬂectance
that is induced by the plasma jet.
Photoemission measurements. To understand the relative ﬂux of species at the
surface, optical emission spectroscopy was employed to measure both time-averaged
broadband emission as well as time-resolved emission intensity of select lines. The
geometry for these measurements is shown in Supplementary Fig. 4. A NIR spectrometer (Ocean Optics HR2000+) was used to measure the time-averaged emission
spectrum from the jet using the geometry shown in Supplementary Fig. 4a. Those
results are shown in Supplementary Fig. 5 and indicate a wide range of photons extending from UV to IR—are produced by the plasma jet. VUV and EUV photons
(<200 nm) have also been observed in He jets, but are not observable in our
experiments due to bandwidth limitations and strong absorption in air. The spectrum
also indicates that, despite being produced in a helium ﬂow, a wide variety of airrelated products are produced in the plasma due to the downstream mixing of helium
and air. While useful for species identiﬁcation, the spectrum lacks any spatial or
temporal information. To best understand the reﬂectivity results, the time-resolved
ﬂux of photons at the surface must be measured. To do this, we employed the
geometry shown in Supplementary Fig. 4b, which provides a line-of-sight along the
axis of the jet and thus the ability to measure emission incident to the surface from
ignition through the afterglow. Select emission lines were monitored using a scanning
monochromator (2035 McPherson) with a photomultiplier tube (McPherson model
number 654) connected to a multichannel scaler (Stanford Research Systems Model
SR430 multichannel scaler) to accumulate the data. Those results are shown in Fig. 3
of the main article and compared to the time-dependent voltage and current
measurements.

Data availability
The data that support the plots within this paper and other ﬁndings of this study are
available from the corresponding authors.

Received: 20 July 2021; Accepted: 18 April 2022;

References
1.

Dou, S. et al. Plasma-assisted synthesis and surface modiﬁcation of electrode
materials for renewable energy. Adv. Mater. 30, 1705850 (2018).

NATURE COMMUNICATIONS | (2022)13:2623 | https://doi.org/10.1038/s41467-022-30170-5 | www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30170-5

2.
3.
4.

5.
6.

7.
8.

9.

10.
11.

12.

13.

14.

15.

16.

17.
18.
19.
20.

21.

22.

23.
24.
25.
26.
27.
28.

Donnelly, V. M. & Kornblit, A. Plasma etching: yesterday, today, and
tomorrow. J. Vac. Sci. Technol. A: Vac., Surf., Films 31, 050825 (2013).
Chu, P. K., Chen, J. Y., Wang, L. P. & Huang, N. Plasma-surface modiﬁcation
of biomaterials. Mater. Sci. Eng.: R: Rep. 36, 143–206 (2002).
Penkov, O. V., Khadem, M., Lim, WonSuk & Kim, DaeEun A review of recent
applications of atmospheric pressure plasma jets for materials processing. J.
Coat. Technol. Res. 12, 225–235 (2015).
Linsmeier, C. et al. Development of advanced high heat ﬂux and plasma-facing
materials. Nucl. Fusion 57, 092007 (2017).
Kersten, H., Deutsch, H., Steffen, H., Kroesen, G. M. W. & Hippler, R. The
energy balance at substrate surfaces during plasma processing. Vacuum 63,
385–431 (2001).
Zweben, S. J. Fusion Technology, second edn., Vol. 17 pp. 214–214.
(Cambridge University Press, 1990) https://doi.org/10.13182/fst90-a29184.
Takizawa, K., Sasaki, K. & Kono, A. Sensitive measurements of electric ﬁeld
distributions in low-pressure Ar plasmas by laser-induced ﬂuorescence-dip
spectroscopy. Appl. Phys. Lett. 84, 185–187 (2004).
Staack, D., Raitses, Y. & Fisch, N. J. Shielded electrostatic probe for
nonperturbing plasma measurements in Hall thrusters. Rev. Sci. Instrum. 75,
393–399 (2004).
Graves, D. B. & Brault, P. Molecular dynamics for low temperature plasmasurface interaction studies. J. Phys. D: Appl. Phys. 42, 194011 (2009).
Warrier, M., Schneider, R. & Bonnin, X. Subroutines for some plasma surface
interaction processes: physical sputtering, chemical erosion, radiation
enhanced sublimation, backscattering and thermal evaporation. Comput. Phys.
Commun. 160, 46–68 (2004).
Kersten, H., Deutsch, H., Otte, M., Swinkels, G. H. P. M. & Kroesen, G. M. W.
Micro-disperse particles as probes for plasma surface interaction. Thin Solid
Films 377-378, 530–536 (2000).
Knoll, A. J. et al. Real time characterization of polymer surface modiﬁcations
by an atmospheric-pressure plasma jet: electrically coupled versus remote
mode. Appl. Phys. Lett. 105, 171601 (2014).
Walton, S. G. et al. Plasma-surface interactions in atmospheric pressure
plasmas: in situ measurements of electron heating in materials. J. Appl. Phys.
124, 43301 (2018).
Shinohara, M. et al. Interaction of hydrogen-terminated Si(100), (110), and
(111) surfaces with hydrogen plasma investigated by in situ real-time infrared
absorption spectroscopy. J. Vac. Sci. Technol. A: Vac., Surf. Films 21, 25–31
(2003).
Wilson, R. B., Apgar, B. A., Martin, L. W. & Cahill, D. G. Thermoreﬂectance
of metal transducers for optical pump-probe studies of thermal properties.
Opt. Express 20, 28829 (2012).
Radue, E. L. et al. Hot electron thermoreﬂectance coefﬁcient of gold during
electron-phonon nonequilibrium. ACS Photonics 5, 4880–4887 (2018).
Tomko, J. A. et al. Long-lived modulation of plasmonic absorption by ballistic
thermal injection. Nat. Nanotechnol. 16, 47–51 (2021).
Giri, A. et al. Mechanisms of nonequilibrium electron-phonon coupling and
thermal conductance at interfaces. J. Appl. Phys. 117, 105105 (2015).
Boeuf, J. P., Yang, L. L. & Pitchford, L. C. Dynamics of a guided streamer
(’plasma bullet’) in a helium jet in air at atmospheric pressure. J. Phys. D: Appl.
Phys. 46, 015201 (2013).
Johnson, M. J., Boris, D. R., Petrova, T. B. & Walton, S. G. Spatio-temporal
characterization of a pulsed DC atmospheric pressure plasma jet interacting
with substrates. J. Phys. D: Appl. Phys. 54, 085202 (2021).
Van Doremaele, E. R. W., Kondeti, V. S. S. K. & Bruggeman, P. J. Effect of
plasma on gas ﬂow and air concentration in the efﬂuent of a pulsed cold
atmospheric pressure helium plasma jet. Plasma Sources Sci. Technol. 27,
095006 (2018).
Rosei, R. & Lynch, D. W. Thermomodulation spectra of Al, Au, and Cu. Phys.
Rev. B 5, 3883–3894 (1972).
Mahan, G. D. Thermionic refrigeration. Mater. Res. Soc. Symp. Proc. 545,
459–466 (1999).
Vashaee, D. & Shakouri, A. Improved thermoelectric power factor in metalbased superlattices. Phys. Rev. Lett. 92, 106103 (2004).
Rosul, Md. Golam et al. Thermionic transport across gold-graphene-WSe2
van der Waals heterostructures. Sci. Adv. 5, eaax7827 (2019).
Kerse, C. et al. Ablation-cooled material removal with ultrafast bursts of
pulses. Nature 537, 84–88 (2016).
Freund, J., Halbritter, J. & Hörber, J. K. H. How dry are dried samples? Water
adsorption measured by STM. Microsc. Res. Tech. 44, 327–338 (1999).

ARTICLE

29. Fleming, G. M. & Henderson, J. E. The energy losses attending ﬁeld current and
thermionic emission of electrons from metals. Phys. Rev. 58, 887–894 (1940).
30. Hagstrum, H. D. Theory of auger ejection of electrons from metals by ions.
Phys. Rev. 96, 336–365 (1954).
31. Chen, J. K., Tzou, D. Y. & Beraun, J. E. A semiclassical two-temperature model
for ultrafast laser heating. Int. J. Heat. Mass Transf. 49, 307–316 (2006).
32. Zhou, X.-L., Zhu, X.-Y. & White, J. M. Photochemistry at adsorbate/metal
interfaces. Surf. Sci. Rep. 13, 73–220 (1991).
33. Wolf, M., Nettesheim, S., White, J. M., Hasselbrink, E. & Ertl, G. Dynamics of
the ultraviolet photochemistry of water adsorbed on Pd(111). J. Chem. Phys.
94, 4609–4619 (1991).
34. Fleck, L., Beuhler, R. J. & White, M. G. State-resolved photodesorption of CO
from Ag(111): nonthermal desorption at 1064 nm. J. Chem. Phys. 106,
3813–3816 (1997).
35. Howe, P.-T. & Dai, H.-L. Photodesorption of physisorbed molecules from a
Ag(111) surface: the low photon energy threshold and the low translational
temperature of desorbed molecules. J. Chem. Phys. 108, 7775–7782 (1998).
36. Walton, S., Peko, B. & Champion, R. Photon-induced anion emission: a
mechanism for ion-induced secondary-electron emission from an Al/O
surface. Phys. Rev. B 58, 15430–15432 (1998).

Acknowledgements
This manuscript is based upon work supported in part by the Ofﬁce of Naval Research
under award No. N00014-20-1-2686 and by the Air Force Ofﬁce of Scientiﬁc Research
under award no. FA9550-18-1-0352. This work was also partially supported by the Naval
Research Laboratory base program.

Author contributions
J.A.T. and S.G.W. performed the time-resolved optical thermometry measurements. M.J.J.
and D.B.R performed plasma characterization measurements and the corresponding analysis. T.B.P. provided theoretical support for plasma characterizations. J.A.T. performed the
thermal model calculations. S.G.W. and P.E.H. conceived the experiments and supervised
the project. All authors discussed the results and assisted in writing the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-30170-5.
Correspondence and requests for materials should be addressed to John A. Tomko, Scott
G. Walton or Patrick E. Hopkins.
Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work. Peer reviewer reports are available.
Reprints and permission information is available at http://www.nature.com/reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.
© The Author(s) 2022

NATURE COMMUNICATIONS | (2022)13:2623 | https://doi.org/10.1038/s41467-022-30170-5 | www.nature.com/naturecommunications

7

