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ABSTRACT: Understanding the eﬀects and limitations of
solid/liquid interfaces on energy transport is crucial to
applications ranging from nanoscale thermal engineering to
chemical synthesis. Until now, the majority of experimental
evidence regarding solid/liquid interactions has been limited
to macroscale observations and experiments. The lack of
experimental works exploring nanoscale solid/liquid interactions has been accentuated as the body of knowledge from
theory and simulations at these scales has exploded in recent
years. In this study, we expand on current nanoscale thermal
measurement techniques in order to more fully understand solid/liquid interfacial energy transport. We use thermal ablation
threshold measurements on thick Au ﬁlms in various liquids as a metric to describe thermal transport at the Au/liquid interface.
Furthermore, using ultrafast pump−probe experiments, we gain insight into this transport through picosecond ultrasonic
coupling at solid/liquid interfaces with known macroscopic observations. We ﬁnd signiﬁcant variations in both the ablation
threshold and the damping of the acoustic modes within the Au ﬁlms depending on nanoscopic interactions at the solid/liquid
interface rather than typical macroscale metrics such as acoustic mismatch, measured contact angle, and work of adhesion.

■

INTRODUCTION
Nanoscale interactions and dynamics between solids and
liquids are ultimately the deﬁning factors in a range of
applications including, but not limited to, microﬂuidics,1−3
chemical catalysis,4−6 and microelectronic thermal management.7,8 An increased understanding of such nanoscale
dynamics provides insight into the mechanisms of various
interfacial phenomena, such as protein folding and adsorption,9−11 cell formation,12,13 and other self-assembly processes.14−16 While countless studies have focused on
attempting to understand these solid/liquid interactions at
the macroscale, common metrics such as the contact angle
become oversimplistic and fail to realize the complex
phenomena occurring on the nanoscale. For example, works
alluding to nanoscale eﬀects at interfaces attempt to relate
measurements of the contact angle to chemical composition
and molecular-scale thermodynamic eﬀects at the solid/liquid
interface.17,18 Additionally, other works have gone in the
opposite direction: manipulating the molecular order at a
solid/liquid interface, such as structure and composition, to
control macroscale wetting.16,19 While general empirical trends
have been observed that relate macroscopic measurements of
solid/liquid interactions to nanoscale interfacial properties,
these trends assume that macroscopically observable inter© 2019 American Chemical Society

actions scale to the nanoscale interfacial region. However, only
recently have the necessary models and theories been
developed to enable a more fundamental understanding of
solid/liquid interactions at the nanoscale.20 Thus, it is critical
to develop novel and feasible experimental probes that can
interrogate these nanoscale solid/liquid dynamics to validate
these theories. This will facilitate experimental insight into the
true nature of the wetting of a liquid on a solid surface at
length scales much smaller than typical contact angle
measurements.
A majority of these recent experimental advances have
investigated the structural component of a liquid interacting
with a solid. Work studying the atomic arrangement of liquids
at an interface,21−23 as well as the movement,24−26 or “ﬂow”, of
such atoms, has provided much of the framework for
understanding solid/liquid interfaces. Though the structural
and mechanical natures of these interfaces are an undeniably
important ﬁrst-step in understanding phenomena driven by
these interactions, insight into the exchange of energy across
solid/liquid interfaces would be expected to provide
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Figure 1. (A) Sensitivity plot of the ratio of the in-phase to out-of-phase signal in time domain thermoreﬂectance (TDTR) at 8.8 MHz for a Au/
water (blue) and Au/FC70 (red) interface when ﬁtting for thermal conductivity (κ) and thermal boundary conductance (TBC). (B) Experimental
TDTR data with the line of best ﬁt for SiO2/Au/FC70 and SiO2/Au/H2O stacks. Note that a bidirectional model is used as we probe through the
transparent SiO2 slide. (C) Normalized residuals (i.e., the model’s ﬁt relative to the best-ﬁt thermal decay curve) for a single TDTR scan with an
SiO2/75 nm Au/FC70 stack. Assuming a 5% error in the Au metal transducer thickness, the minimum possible thermal boundary conductance for
Au/FC70 varies from roughly 1 to 5 MW m−2 K−1. (D) Measured thermal boundary conductance for various Au/solid (Au/GaN,27 Au/SiNx,28
Au/SiO2, Au/Cu, Au/Al2O3, Au/Ti, and Au/Si29), Au/liquid (Au/methanol, Au/ethanol, Au/toluene, Au/hexane,30 and Au/H2O31) from the
literature (open circles), and Au/liquid (Au/H2O, Au/ethanol, and Au/FC70), from this work, interfaces as a function of the ratio of the
longitudinal sound speeds of the two media. The blue circle denotes the bounds of the lower limit of thermal boundary conductance for Au/FC70
interfaces assuming a 5% error in metal transducer thickness.

solid/liquid interfaces in which the liquid is not water and
relating this energy coupling to wetting are scarce. The
strengths of the intermolecular forces in a liquid relative to the
interfacial bonding environment are the underlying mechanism
that drives the manifestation of contact angles and
wettability.50 In the extreme case of weak intermolecular
interactions in a liquid (e.g., ﬂuorinatied ﬂuids such as 3M
Fluorinert), comparable liquid/liquid and solid/liquid interaction energies can lead to macroscopic observables and
uncertainties (e.g., contact angle measurements) that are not
indicative of the true nanoscale interactions and resulting
dynamics at the solid/liquid interface. This leads to the
following major question regarding solid/liquid energy
coupling on the nanoscale: how valid is the use of macroscale
wettability (e.g., contact angles) in describing the nanoscale
solid/liquid interactions that drive energy transport across
solid/liquid interfaces? We seek to answer this question in our
work.
Thus far, the limited experimental studies probing the
nanoscale thermal transport interactions at solid/liquid
interfaces have shown that optical pump−probe techniques
are particularly well suited for this application.47,49,51−54

complementary and novel information regarding the nature of
wetting for surfaces at the nanoscale. As referenced previously,
many of the macroscale phenomena driven by these nanoscale
interactions are ultimately dependent on the ability of energy
to couple from one phase to the next.
With respect to thermal transport, recent work has pushed
the theoretical understanding of vibrational scattering and
energy exchange across solid/liquid interfaces.32−36 In addition
to this, fundamental theory, modeling, and simulations have
helped frame a basis to suggest that the strength of the bond at
the solid/liquid interface, which can determine the equilibrium
contact angle, can be correlated to the eﬃcacy of thermal
transport.37−46 Limited experimental results involving liquids
other than water are available to validate and shape these
works. In general, various experimental works have shown that
greater hydrophobicity at solid/water interfaces, determined
via contact angle experiments, leads to a decrease in thermal
boundary conductance (TBC), a measure of nanoscale energy
transport across the interface.47−49 In general, these results
imply that a smaller contact angle, and hence better “wetting”,
leads to greater thermal boundary conductance. However,
experimental works studying energy coupling across planar
2107
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ques, namely, time domain and frequency domain thermoreﬂectance (TDTR and FDTR, respectively), have been used to
measure interfacial energy transport in planar geometries,
providing unique insight into nanoscale energy exchange in
many material systems,66,67 including select solid−liquid
interfaces.30,47,49,68 While this method would be optimal for
probing the solid−liquid interactions on the nanoscale as a
result of its routine use in measurements of TBC, as thermal
boundary conductance is intimately related to the interfacial
bonding environment,58,60,66,69−74 the experimental insensitivity to the interfacial resistance posed by a solid−liquid
interface, due to the large thermal resistance of liquids relative
to that of the interface, makes this approach prone to large
uncertianites or, in some cases, unmeasurable quantities at
interfaces involving low thermal eﬀusivity ﬂuids. We quantify
this lack of sensitivity and resulting uncertainty in measuring
solid−liquid thermal boundary conductance via TDTR
measurements in Figure 1. The relative sensitivity of the
interfacial resistance is signiﬁcantly lower compared to that of
the liquid thermal conductivity, as shown in Figure 1a for both
water and ﬂuorocarbon-based liquid FC70. Note that we
calculate this measurement sensitivity based on the TDTR
sensitivity analysis presented in ref 75.
We experimentally conﬁrm this predicted lack of sensitivity
with TDTR measurements of 75 nm Au ﬁlms on amorphous
SiO2 substrates submerged in the respective liquids; the
experimental data and thermal model ﬁt are shown in Figure
1b. For ﬁtted values of both liquids, H2O and FC70, we ﬁnd
that only a lower limit to thermal boundary conductance can
be obtained; this lower limit is found to be as low as ∼1.9 MW
m−2 K−1 for an FC70/Au interface and ∼40 MW m−2 K−1 for
H2O/Au interfaces. To determine these bounds, we generate
theoretical model curves with varying thermophysical parameters, namely, the thickness of the metal transducer, around the
best ﬁt values obtained with least-squares minimization of our
thermal model to the measured data. We quantify the
diﬀerence between the theoretical and experimental curves
using a normalized residual. An example contour, where we
consider a 5% error in the Au thickness, shows the minimum
range for which the Au/FC70 thermal boundary conductance
allows no more than 1% error in the minimum value. As seen, a
1% residual encompasses TBC values of no less than ∼1 to ∼5
MW m−2 K−1 over this possible range of ﬁlm thickness, yet the
contour diverges and allows for inﬁnitely high TBC values
within the 1% residual bound for only slightly greater ﬁlm
thickness. Note that the best-ﬁt value (∼68 MW m−2 K−1) and
the bounds from error analysis for the H2O/Au interface
remain within the range of previously reported measurements.31,32,47 It is also worth noting that the TBC at the
FC70/Au interface is the lowest value for TBC ever measured
at room temperature. This result is rather counterintuitive
given that FC70 is considered to be a “highly wetting ﬂuid”,
and traditionally highly wetted interfaces are thought to imply
higher TBCs than nonwetted interfaces. However, the ability
to measure only a lower bound to TBC with correspondingly
large uncertainty restricts a more conclusive ﬁnding using
TDTR. Note that this large uncertainty is due to the inherent
limits of the thermal model used in TDTR; as the liquid
thermal conductivity decreases, the uncertainty associated with
the thermal boundary conductance at the solid/liquid interface
increases. Thus, for low-thermal-conductivity materials or
liquids, in a bidirectional heat-transfer model, the uncertainty
in TBC will be inherently large.

Traditional thermoreﬂectance techniques, the current standard
for measurement of interfacial energy transport, lack suﬃcient
sensitivity to energy transport across solid/liquid interfaces as
discussed further below. Thus, in this work, we develop an
altered pump−probe schematic that provides enhanced
sensitivity to the measurement of acoustic phonon propagation
(i.e., picosecond acoustics) in a solid metal ﬁlm in contact with
a liquid. Because acoustic phonons are the primary thermal
carrier in metals that drive the thermal boundary conductance
(TBC) across metal/nonmetal interfaces,55−57 the damping of
such modes upon interaction with the solid/liquid interface
provides a metric describing energy transport across this
interface.52,58−60 We perform these measurements on an array
of gold/liquid interfaces; the results are compared to
macroscale wettability determined via contact-angle measurements. In addition, we measure the thermal ablation threshold,
a separate metric of interfacial energy transport,29 of Au thin
ﬁlms submerged in these various liquids; the two methods are
found to be in good agreement. In both cases, we ﬁnd a
deviation from our metric describing nanoscale energy
transport from that suggested by macroscale wettability.

■

FAILURE OF THERMOREFLECTANCE TECHNIQUES
TO MEASURE TBC
From the perspective of macroscale equilibrium thermodynamics, the interface between two media are described by the
Dupré equation
γSL = γS + γL − WSL

(1)

where γ represents the surface energies of the solid/liquid
interface (γSL) between the solid medium (γS) and the liquid
medium (γL) and WSL represents the work of adhesion
between the two media.61,62 These surface energies are deﬁned
as the energy per area required to form the surface of a given
material. As interfaces form, the energy required to form these
surfaces is reduced as the two media begin to form bonds; this
is the work of adhesion. Many works determine this adhesive
energy at the solid/liquid interface, quantiﬁed by WSL, through
the Young−Dupré equation
WSL ≈ γL(1 + cos(θ ))

(2)

where θ is the measured contact angle of the wetting liquid.62
This formulation has held remarkably true down to atomic
scales as demonstrated by Shenogina et al.40 via molecular
dynamics simulations. However, in situations where contact
angles are hard to deﬁne, such as those at interfaces between
solids and so-called “highly wetting ﬂuids”, as determined via
macroscopic techniques, this relationship is diﬃcult to realize
experimentally.
Attempts to move beyond the use of eq 2 to quantify the
solid/liquid interaction strength and resulting energy transport
have been made through methods such as liquid-densitydepleted boundary layers and depletion lengths near solid/
liquid interfaces. These quantities have been described in
computational studies as fundamental parameters of interfacial
thermal transport.63 However, the experimental measurement
of density depletion is nontrivial, requiring advanced methods
such as neutron reﬂectivity measurements,64 and has not been
applied extensively to many interfaces,64,65 creating a lack of
validation between these computational studies and experimental works investigating energy transport at solid/liquid
interfaces. More readily accessible thermoreﬂectance techni2108
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Figure 2. (A) Schematic of our pump−probe setup. The modiﬁcations that vary from a typical TDTR setup to enhance picosecond acoustic and
brillouin scattering signals are underlined and starred. (B) Normalized magnitude of the detected signal before and after our alterations to a typical
TDTR apparatus as a function of the pump−probe delay time. Moving our sample out of the Rayleigh length and adding an iris prior to the
photodiode greatly enhances the signal produced from picosecond acoustics.

shown in the contour plot in Figure 1c, which represents this
mean square deviation when ﬁtting for various combinations of
thermal boundary conductance of the solid/liquid interface
and thermal conductivity of the liquid layer, any value greater
than this lower limit associated with the TBC leads to the same
quality of ﬁt to our data.78,79

In considering this TBC associated with Au/ﬂuorocarbon
solutions, it is useful to compare the measured value to the
interfacial thermal resistances associated with other Au
interfaces. Assuming a simple acoustic mismatch model
(AMM) for interfacial resistances,68 one would predict an
increase in TBC with increasing overlap of the sound
velocities, ν, of the two media because the phonon densities
of states are proportional to these velocities from the
perspective of the Debye model (i.e., as ν film /ν substrate
approaches 1, TBC is expected to increase). As shown in
Figure 1d, the experimentally measured thermal boundary
conductances for various Au/solid and Au/liquid interfaces are
plotted as a function of the ratio of the longitudinal sound
velocities for the two media comprising the interface; we
consider only Au interfaces because their TBCs are
considerably lower than most metal/dielectric interfaces
when no adhesion layer is utilized.55,76,77 As expected, one
can observe a general increase in TBC for liquids that have
greater overlap in their vibrational density of states relative to
the Au ﬁlm. In the case of Au/FC70, the blue circle denotes
the limits of the possible lower bounds in the thermal model.
As the value of best ﬁt in the model depends on the
thermophysical parameters of the substrate and metal ﬁlm, we
consider a potential of 5% error in the ﬁlm thickness, one of
the model’s most sensitive parameters. As seen, the obtained
lower bound for Au/FC70 interfaces is anomalously low
compared to those for previously measured Au interfaces.
While this lower bound is within the sensitivity/
experimental limitations of TDTR, the ability to obtain a
nominal value, or even a meaningful upper bound, for TBC
with various Au/liquid interfaces, which are poorly wetted on
the nanoscale, is not plausible. The inability to deﬁne an upper
bound is supported through a consideration of the mean
square deviation of the thermal model applied to the
experimental TDTR data obtained for the two liquids. As

■

PICOSECOND ACOUSTICS TO QUANTIFY
PHONON TRANSMISSION
To overcome this lack of sensitivity, we seek alternative
pump−probe experiments to quantify nanoscale energy
transport at solid/liquid interfaces. Namely, we probe the
damping of acoustic phonon modes (e.g., picosecond
acoustics) in the solid layer upon interaction with the solid/
liquid interface. This measurement allows for optical detection
of the propagation of acoustic modes through the piezo-optic
eﬀect of energy coupling between the solid ﬁlm and contacting
layers52,80,81 and can be applied outside of thin Au ﬁlms, as
demonstrated in various material systems including polymers
and other amorphous materials,80,82−84 semiconductors,85−87
and superlattices.88,89 The time-dependent intensity of these
picosecond acoustic signals can be described via58
I(t , T ) = A exp(−Γt ) cos((2π /T )t − δ) − B exp(− t /τ )

(3)

where A, B, and δ are scaling factors, Γ is the damping due to
interfacial energy transfer, T is the period of the pressure front,
and the second term, exp(−t/τ), accounts for the thermal
decay rather than the signal associated with the acoustics.
Fitting this equation to the picosecond acoustic signal over the
ﬁrst nanosecond provides us with two important variables: the
period, T, and damping, Γ, of the acoustic modes. After these
values are obtained, the transmission of these acoustic modes
across the solid−liquid interface can be determined as
transmission = 1 − exp( −ΓT )
2109
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Figure 3. (A) Measured transmission of acoustic phonon modes at the solid−liquid interface as a function of the work of adhesion calculated via
the Young−Dupré equation for various liquids on 75 nm Au ﬁlms. Note that the values are normalized by the nominal value of air for 75 nm Au
ﬁlms and the dashed line is a guide to the eye for an acoustic transmission value equivalent to the value of a Au/air interface. In these experiments,
the nominal transmission coeﬃcient can be considered to be a qualitative measure only because the brillioun scattering/interference induced by a
pressure front in the underlying substrate leads to an inability to quantify the transmissivity of acoustic modes. (B) Measured transmission of
acoustic phonon modes as a function of the measured contact angle. As seen, there remains a deviation between the measure of nanoscale energy
transport and macroscale metrics for solid/liquid wetting. (C) Measured ablation threshold of 200 nm Au ﬁlms as a function of the work of
adhesion calculated via the Young−Dupré equation for various liquids on Au surfaces. (D) Measured ablation threshold as a function of the
measured transmission coeﬃcient in various media; the two measures of nanoscale energy transport show great agreement.

beam being cut oﬀ by the iris.60 This deviation is then
translated to a change in signal at the photodiode. These
modiﬁcations are depicted in Figure 2a. This alteration leads to
a drastic increase in sensitivity to picosecond acoustic signals
during TDTR measurements on 75 nm Au ﬁlms supported by
amorphous SiO2 substrates. The signals before and after these
adjustments are demonstrated. It should be noted that this
technique simultaneously enhances the change in signal
produced from brillouin scattering within the substrate as
shown in Figure 2b. At our probe wavelength of 800 nm,
Brillouin scattering leads to optical interference between the
partial reﬂection of the beam with the pressure front
propagating through the substrate and the primary reﬂection
at the Au/SiO2 interface with an oscillation frequency of
∼21.19 GHz.92 To avoid the creation of beat frequencies and
distorted signals, our choice of a 75 nm Au ﬁlm ensures that
the picosecond acoustic signal of the ﬁlm is in resonance with
this interference frequency; the resonance of the two eﬀects
allows us to determine the relative decay between the varying
media. Thus, all transmission coeﬃcients are normalized to
that of the 75 nm Au ﬁlm in air, as we cannot decouple the two
phenomena.
As can be seen in Figure 3a, the measured acoustic
transmission at various solid/liquid interfaces shows no
discernible trend with work of adhesion. For example, Fomblin
provides the same acoustic attenuation as that of air, whereas
ethanol exhibits a nearly 60% increase, despite the two liquids

Although these signals inherently exist in TDTR, as the
pump always creates an acoustic wave propagating through the
metal ﬁlm, its detection is nontrivial, more so when using a Au
transducer due to its low piezoreﬂectance response at the
commonly used TDTR probe wavelength of 800 nm.90,91
Typically, this can be overcome by performing transient
transmission experiments with the use of thin (i.e., partially
transparent) metal ﬁlms, which produce much larger
responses. These gains in signal from testing in a transmission
conﬁguration can potentially be obscured by nonlinear
interactions between the beam and liquid as the beam passes
through the liquid. Thus, we alter our typical TDTR layout to
enhance the picosecond acoustic signal in reﬂection geometry
with optically opaque ﬁlms, allowing for quantitative analysis of
acoustic wave transmissivity across Au/liquid interfaces.
To enhance the picosecond acoustic signal, we make two
major adjustments: the ﬁlm is moved out of the Rayleigh
length of the focused probe beam waist, and a partially closed
iris is implemented just before the photodiode. In moving the
sample to the linear regime of a focused beam, as the strain
wave propagates to the surface of the transducer, a larger
change in spot size occurs at the sample surface. This deviation
in spot size is more easily detected with the addition of an iris
prior to the photodiode; as the back-reﬂected probe beam is
focused onto the photodiode surface, the iris partially clips the
edges of the beam. With changing spot size, the spatial
variation leads to increased (or decreased) portions of the
2110
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having nearly the exact same WSL value. Additionally, we repeat
these acoustic damping experiments in a transmission
geometry with thin, 20 nm Au ﬁlms submerged in the varying
media. As the optical response associated with the acoustic
mode propagation is much greater in this thickness regime, we
do not require the use of an iris or operating oﬀ-focus to
enhance our signal and thus are able to eliminate the
contribution of interference due to reﬂection in both the Au
ﬁlm and the pressure front in the underlying SiO2 substrate90,92
within our scans. We ﬁnd that the two methods are in excellent
agreement, as shown in Figure 3a. Furthermore, as shown in
Figure 3b, in considering only the contact angle associated
with the interface rather than accounting for the liquid’s
inherent interaction energy (γL), there is a distinct lack of trend
with energy transport at the interface. This clearly demonstrates that macroscopic wetting metrics are not suﬃcient to
describe nanoscale dynamics in many ﬂuids, particularly those
with low contact angles. Given the agreement between
methods, with both ﬁnding the Au/air and Au/ﬂuorocarbon
interfaces to have similar transmission coeﬃcients, we consider
other measurements at solid/liquid interfaces to further
explore the diﬀerences between contact angle measurements
and nanoscale energy transport.

of adhesion, a clear deviation from any such trend is again
observed in the ﬂuorocarbon-based liquids, similar to our
picosecond acoustic measurements of transmissivity, where
ﬂuorocarbon liquids have nearly the same ablation threshold as
found in air. In comparing these ablation threshold values to
the picosecond ultrasonic measurements of acoustic transmissivity, as shown in Figure 3d, we ﬁnd that the two methods
are in excellent agreement, where an increase in phonon
transmission corresponds to a nearly monotonic increase in
ﬂuence necessary to induce the ablation of thin Au ﬁlms. This
agreement between the ablation threshold and phonon
transmission further indicates that acoustic phonons are
indeed the primary thermal carriers contributing to thermal
boundary conductance at Au/liquid interfaces, and electronic
transport does not play a signiﬁcant role in interfacial heat
transfer in these systems. Our posit regarding a phonondominated TBC is further supported by a two-temperature
model93,94 and thermoreﬂectance coeﬃcient analysis95 of the
pump−probe reﬂectivity signals, which shows no change in the
electron−phonon coupling factor of Au, regardless of the
liquid layer, and thus indicates a lack of interfacial electron−
phonon coupling or charge transfer.96
Clearly, both the picosecond acoustic transmission measurements and ablation threshold measurements show that the Au/
ﬂuorocarbon interactions do not follow trends similar to those
of other liquids with respect to the Young−Dupré equation. In
fact, the experiments suggest that the interaction energy
between Au and these ﬂuorocarbon liquids is similar to that of
Au and air (based on the acoustic phonon transmission and
ablation thresholds being similar for both Au/air and Au/
ﬂuorocarbon liquid). Indeed, the bounds of our analysis for the
TBC of Au/ﬂuorocarbon interfaces of ∼1−5 MW m−2 K−1
from our various experiments is on par with the previously
measured TBC of Au/air interfaces by Park et al., where a
value of 4 ± 4 MW m−2 K−1 was obtained. This deﬁes the
macroscopic observation that FC70, and other ﬂuorinated
ﬂuids, are “highly wetting” because a highly wetting ﬂuid would
imply relatively strong solid/liquid interaction energies.
Considering the relatively weak intermolecular bonds of
ﬂuorocabon ﬂuids relative to those of other ﬂuids, it is not
surprising that molecules in a ﬂuid that have inherently weak
intermolecular interactions with each other will also not want
to interact with a surface.
Although ﬂuorinert and other ﬂuorocarbons are known on
the macroscale, via both literature and the measurements
presented here, to have both low surface energy and a
correspondingly low work of adhesion, our metrics display a
clear discrepancy relative to the macroscopic deﬁnitions of
wetting. The comparatively large hydrophobicity, for example,
of ﬂuorocarbons is attributed to their “fatness”, or large
molecular cross-sectional area, leading to their reduced surface
energy97 and their previously measured hindrance to thermal
conductance when measured as self-assembeled monolayers.98
Furthermore, the low polarizability of both ﬂuorine and carbon
bonds leads to reduced London dispersion forces, which exist
only as a result of momentary dipoles, leading to their
inherently repulsive nature.99 Such features may lead to a
greatly reduced, if even existing, Stern layer at the solid/liquid
interface compared to the case of other liquids, such as water.
Finally, given the high solubility of gases in ﬂuorocarbons due
to these weak intermolecular forces,100,101 it is possible that a
vapor layer of such gases forms at the solid/liquid interface,
greatly inhibiting the energy transport across the interface. As

■

ABLATION THRESHOLD AS A METRIC FOR TBC
As shown in our previous work, the thermal ablation threshold
associated with short-pulse, single-shot measurements provides
an accurate metric for changes in thermal transport at
interfaces and correlates well with TDTR measurements of
thermal boundary conductance.29 This threshold quantiﬁes the
minimum laser ﬂuence, or energy density, required to remove
mass from a material’s surface; the nominal value for this
threshold is dependent on the laser pulse duration and thermal
properties of the material system. In our previous work, we
found that the ablation threshold for 25 ps pulses, where the
electrons and lattice reach equilibrium during the pulse and
diﬀusive heat transfer is the characteristic process, can not be
predicted under the assumption of homogeneous thermal
properties of a bulk target when considering thin ﬁlm systems.
Instead, the thermal boundary conductance between the Au
ﬁlm and substrate becomes a limiting factor. In fact, there is a
monotonic, linear increase in the ablation threshold with
increasing TBC;29 the nominal value for the ablation threshold
was measured to increase 6.46 J m−2 per MW m−2 K−1 increase
in thermal boundary conductance. Thus, as a probe of energy
transport at solid−liquid interfaces and a means of quantifying
the thermal boundary conductance for interfaces with large
uncertainties, we measure the ablation threshold for 200 nm
Au ﬁlms with an overlying liquid layer; these results are
depicted in Figure 3c. The ablation conditions and analysis
procedure are detailed in the Supporting Information. Given
the aforementioned change in laser ﬂuence necessary to induce
ablation for a given increase in thermal boundary conductance
(6.45 J m−2 per MW m−2 K−1) and the measured TBC for a
Au/water interface (∼68 MW m−2 K−1), one would predict a
TBC for the Au/FC70 interface to be ∼1−3 MW m−2 K−1;
this prediction is in good agreement with the range of lower
bound from uncertainty analysis on our TDTR measurements,
which spans ∼1−5 MW m−2 K−1.
Although the ablation threshold for the thin Au ﬁlms follows
a nearly linear trend with the bulk wetting and thermophysical
properties associated with the overlying liquid, where the
threshold is plotted as a function of the liquid’s measured work
2111
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determined by Takata et al.,102 these vapor layers are not found
to exist in solid−liquid interfaces involving water, including
under superhydrophobic conditions. This vapor layer could
explain the similarity in thermal boundary conductance
between Au/ﬂuorocarbon interfaces and Au/air interfaces. As
density depletion is known to occur at solid/water interfaces,
the macro- and nanoscale metrics for wetting provide similar
results in such cases, but this eﬀect is not a likely explanation of
disparities in thermal transport at the ﬂuorocarbon/solid
interface. These microscopic features lead to deviations in
energy transport on the nanoscale, but do not have a large
eﬀect on macroscale properties.
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