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Extreme near-field heat transfer between metallic surfaces is a subject of debate as the state-of-the-art theory
and experiments are in disagreement on the energy carriers driving heat transport. In an effort to elucidate
the physics of extreme near-field heat transfer between metallic surfaces, this paper presents a comprehensive
model combining radiation, acoustic phonon, and electron transport across sub-10-nm vacuum gaps. The results
obtained for gold surfaces show that in the absence of bias voltage, acoustic phonon transport is dominant for
vacuum gaps smaller than ~2 nm. The application of a bias voltage significantly affects the dominant energy
carriers as it increases the phonon contribution mediated by the long-range Coulomb force and the electron
contribution due to a reduced potential barrier. For a bias voltage of 0.6 V, acoustic phonon transport becomes
dominant at a vacuum gap of 5 nm, whereas electron tunneling dominates at sub-nm vacuum gaps. The com-
parison of the theory against experimental data from the literature suggests that well-controlled measurements
between metallic surfaces are needed to quantify the contributions of acoustic phonon and electron as a function

of the bias voltage.
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I. INTRODUCTION

Radiative heat transfer between two surfaces separated by a
subwavelength vacuum gap can exceed the far-field blackbody
limit by a few orders of magnitude owing to tunneling of
evanescent electromagnetic waves [1]. Theoretical predictions
of near-field radiative heat transfer based on fluctuational
electrodynamics [2] are well established, and have been ex-
perimentally validated in various configurations for nanosized
vacuum gaps [3—18]. However, fluctuational electrodynam-
ics may not be able to accurately describe heat transfer in
the extreme near-field regime, defined here as sub-10-nm
vacuum gap distances, due to its macroscopic nature involv-
ing local-field averaging (i.e., local dielectric function) [19].
In addition, fluctuational electrodynamics solely accounts
for electromagnetic waves (i.e., radiation), whereas acoustic
phonons and electrons may also contribute to heat transport
between surfaces separated by single-digit nanometer vac-
uum gaps prior to contact. A few theoretical works have
investigated acoustic phonon transport across vacuum gaps
[19-30], and some have explicitly shown the inadequacy of
fluctuational electrodynamics for modeling heat transfer in the
extreme near field [19,21,23-30].

Experimental measurements of extreme near-field heat
transfer are scarce [31-36]. Jarzembski et al. [36] measured a
thermal conductance exceeding fluctuational electrodynamics
predictions by three orders of magnitude between a silicon tip
and a platinum nanoheater separated by sub-10-nm vacuum
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gaps down to contact. By considering all energy carriers, it
was shown quantitatively that heat transfer across nanometer-
sized vacuum gaps can be dominated by acoustic phonon
transport mediated by van der Waals and Coulomb forces.
Extreme near-field heat transfer between metallic surfaces
has also been measured, but drastically different results have
been reported. Kim et al. [33] measured heat transfer between
a thermocouple-embedded tip fabricated at the free-end of
a stiff cantilever and a suspended resistive microheater at
305 K. Their measurements between a gold (Au)-coated tip
and an Au surface are in good agreement with fluctuational
electrodynamics down to a vacuum gap of ~2 nm. On the
other hand, Kloppstech et al. [34] reported the measurement
of heat transfer between an Au thermocouple-embedded scan-
ning tunneling microscope tip and a cryogenically-cooled Au
surface, observing heat transfer largely exceeding fluctua-
tional electrodynamics for vacuum gaps from 7 nm down to
0.2 nm. However, no comprehensive modeling was performed
to quantitatively support their observation. Subsequently, Cui
et al. [35] measured heat transfer between an Au-coated
tip and an Au surface, both subjected to various surface-
cleaning procedures, for vacuum gaps from 5 nm down to a
few A. They hypothesized that the large heat transfer reported
by Kloppstech ef al. [34] may be due to a low apparent
potential barrier for electron tunneling mediated by surface
contaminants bridging the tip and the surface prior to bulk
contact.

A few theoretical papers have analyzed extreme near-field
heat transfer between Au surfaces [23,25-30]. Using a surface
perturbation approach, Pendry et al. [23] predicted that the
heat transfer coefficient due to acoustic phonons exceeds that
obtained with fluctuational electrodynamics for vacuum gaps
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smaller than 0.4 nm. Similar results were obtained by Volok-
itin [28]. Alkurdi efr al. [27] compared the contributions of
radiation, phonons and electrons to heat transfer between Au
surfaces separated by vacuum gaps varying from 1.5 nm down
to 0.2 nm. Using a three-dimensional (3D) lattice dynam-
ics framework, it was found that acoustic phonon transport
exceeds radiation for all vacuum gaps considered, whereas
electron tunneling slightly surpasses the phonon contribu-
tion for vacuum gaps smaller than 0.4 nm. In stark contrast,
Messina et al. [26] predicted that acoustic phonon transport
does not play any role in extreme near-field heat transfer
between Au surfaces. Their results indicated that for vac-
uum gaps smaller than ~1 nm, electron tunneling largely
dominates heat transfer, whether or not a bias voltage is ap-
plied between the two surfaces. Volokitin showed that surface
charges induced by a bias voltage [28,29] and the electrical
double layer effect [30] between Au surfaces increase the
contribution of TM-polarized electromagnetic waves in the
extreme near field.

Despite these experimental and theoretical efforts, the
mechanisms driving heat transfer between metallic surfaces
separated by sub-10-nm vacuum gaps are not well understood.
The objective of this paper is to elucidate the physics underly-
ing extreme near-field heat transfer between Au surfaces, and
to determine vacuum gap ranges in which radiation, phonon,
and electron are the dominant carriers. This is achieved by
implementing a comprehensive model that accounts for all en-
ergy carriers, and by comparing theoretical predictions against
the experimental data from Refs. [26,33,34]. It is shown that in
the absence of bias voltage, heat transfer is mediated by acous-
tic phonon transport for vacuum gaps smaller than ~2 nm.
In addition, applying a bias voltage between Au surfaces
enhances the contributions of acoustic phonon and electron
tunneling owing to the long-range Coulomb force and the
lower potential barrier, respectively.

II. DESCRIPTION OF THE MODEL

To compare the theory against experimental results, the
thermal conductance G between a tip and a surface separated
by a vacuum gap d is calculated from local heat transfer
coefficients i between two parallel surfaces, modeled as semi-
infinite layers, using the Derjaguin approximation [3,37]:

G = / " drh(d)2rr, (D
0

where r is the radial direction, ryp, is the tip radius, and d=
d + rip — \/1rip> — r? is the vacuum gap distance between the
surfaces (see Fig. 1). The heat transfer coefficient in Eq. (1) is
the sum of contributions from radiation, phonon, and electron,
as detailed hereafter.

A. Radiation transport

The heat transfer coefficient due to radiation between
two parallel surfaces (media L and R) separated by a vac-
uum gap of thickness d (medium 0) is calculated using
fluctuational electrodynamics to account for the near-field
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FIG. 1. The thermal conductance between a tip and a surface
separated by a vacuum gap d is calculated from the heat transfer
coefficients between two parallel surfaces, modeled as semi-infinite
layers, separated by a vacuum gap d using the Derjaguin approx-
imation. Topmost atoms are located at the Au-vacuum interfaces.
The interatomic vacuum distance d’ used for predicting acoustic
phonon transport is the same as the vacuum gap thickness d used for
radiation and electron tunneling calculations. The left (L) and right
(R) semi-infinite layers are assumed to be at constant and uniform
temperatures 71 and Tx.

effects [1]:
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where w is the angular frequency, k, is the component of
the wave vector parallel to an interface, and ®(w, T) is
the mean energy of an electromagnetic state calculated as
hw/lexp(hw/k,T) — 1]. The transmission functions in polar-
ization state y for propagating (k, < ko) and evanescent
(k, > ko) electromagnetic waves in vacuum are, respectively,
given by
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where k,( is the component of the vacuum wave vector per-
pendicular to an interface, and r(’)’ i (j =L, R) is the Fresnel
reflection coefficient [38]. The frequency-dependent dielectric
function of Au is calculated using the Drude model provided
in Ref. [39].

B. Acoustic phonon transport

Acoustic phonons can tunnel across vacuum gaps via force
interactions. Acoustic phonon transport is modeled using
the one-dimensional (1D) atomistic Green’s function (AGF)
method [40,41]. The heat transfer coefficient due to acoustic
phonon transport across an interatomic vacuum distance d’ for
a 1D atomic chain is written as

hy— " 40 T (@) N, TL) — N, T
b AT T, 4 OV ) = N T

®

where N = 1/[exp(hw/kyT ) — 1] is the Bose-Einstein distri-
bution function and A is the cross-sectional area of an atom.
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The atomic radius of Au is taken as 1.740 A [42]. The topmost
atoms are located at the Au-vacuum interfaces [43], such
that the interatomic vacuum distance d’ is the same as the
vacuum gap thickness d used for radiation and electron trans-
port calculations (see Fig. 1). Note that the lattice constant
of Au (4.065 A) is used as the criterion for bulk contact.
The minimum distance at which the heat transfer coefficient
is calculated is therefore 4.065 A. The phonon transmission
function is given by the Caroli formula [44]:

Ton(@) = Trace[l'LG4TrG]], (©6)

where the superscript 1 denotes conjugate transpose, I'L g is
the escape rate of phonons from the device region to the semi-
infinite layers, and Gy is the Green’s function of the device
region. In the present paper, the device region encompasses
the vacuum gap and five atoms in each of the semi-infinite lay-
ers. Increasing the number of atoms in the device region does
not affect the phonon transmission function. Details about the
1D AGF method have been provided in Refs. [36,40,41].
Short- and long-range force interactions are considered for
modeling acoustic phonon transport across vacuum gaps. For
the short-range interactions, the Lennard-Jones model is used
to account for the van der Waals force and overlapping elec-
tron cloud repulsive force [45—47]. The Lennard-Jones model
is provided in Sec. S1 within the Supplemental Material [48].
When there is a bias voltage, the induced surface charges
generate long-range capacitance and Coulomb forces [49-52].
The capacitance force between Au atoms is derived from the
capacitance force between a tip and a surface [48]:

6Ovbzias A
2 d?
where € is the permittivity of free space and Vjy, is the bias
voltage. Similarly, the Coulomb force between Au atoms is
calculated from the Coulomb force due to surface charges
between a tip and a surface [48]:
0.0 A )

drend” Agp’

(N

F Capacitance —

K Coulomb —

where Ay, is the tip surface, Qs is the surface charge, and Q; is
the tip charge defined as Q; = —(Qs + Qc). The induced ca-
pacitive charge is given by Q. = CWjas, Where C (= €Agp/d)
is the parallel plate capacitance [53]. At the onset of contact,
the Coulomb force vanishes due to charge neutralization [54].
The reduction of the surface charge density (Qs/Agp) with re-
spect to the vacuum gap separating a tip and a surface has been
previously predicted [55,56]. In addition, an experimental ef-
fort has demonstrated a vanishing capacitance between a tip
and a substrate with the reduction of the vacuum gap distance
[57]. As such, the surface charge density should ideally be
treated as a function of the interatomic distance [56]. How-
ever, since it is challenging to develop a distance-dependent
surface charge density model, Qs/Ag, is treated here as a
constant value, which is a reasonable assumption for gap
distances of a few nanometers [55], that vanishes below a cut-
off vacuum distance [58]. The cut-off value is approximated
as the interatomic vacuum distance for which electron tun-
neling becomes significant, corresponding to d’~ 7 A [59].
Jarzembski et al. [36] estimated the surface charge density
of a biased platinum surface based on their experimental

conditions. A surface charge density of 8x10™* C/m? was
estimated for a bias voltage of 0.8 V. In the present paper,
a value of 6x10™* C/m? is used for Viiss = 0.6 V under the
assumption that the surface charge density varies linearly with
the bias voltage [60,61].

The validity of the capacitance and Coulomb force models
at nanosized vacuum gaps is justified as follows. The capaci-
tance force model based on Eq. (7) has been validated down
to a vacuum gap of ~10 nm via force microscopy between a
nickel probe and a PMMA surface [62] and down to ~5 nm
via atomic force microscopy (AFM) between a tungsten tip
and a silicon surface [63]. In addition, El Khoury et al. [64]
measured force gradients between an AFM probe and epoxy
surfaces, and found an excellent agreement between experi-
ments and theory based on the capacitance and Coulomb force
models given by Egs. (7) and (8) down to a vacuum gap of
10 nm.

For the vacuum gap distances considered in this paper,
the Coulomb force largely exceeds the capacitance force (see
Fig. S1 of Sec. 2 within the Supplemental Material [48]).
Therefore, the total force driving acoustic phonon transport
across vacuum gaps between two Au surfaces is given as
the sum of the Lennard-Jones force model (Fi_j) and the
Coulomb force (Fcoulomp):

Fowl = FL_j + Fcoulomb- (9)

The inputs for AGF calculations are the force constants, which
are obtained by taking the absolute values of the first-order
derivative of Fi with respect to d’ (i.e., |0 Fior/0d’]) [21].

C. Electron transport

Electrons can contribute to heat transfer across vacuum
gaps via tunneling and thermionic emission. Owing to the
low temperatures considered (~300 K), thermionic emission
is negligible. The heat transfer coefficient due to electron
tunneling across a vacuum gap can be written as [65-67]

1 Winax
hgy = ——— dE,[(E, + kyTL)NL(E,, Ty
el (TL — TR) /;OO z[( z + Ko L) L( z L)

— (E; 4+ ko TR)NR(E; — €Vpias, TR)ITa(E),  (10)

where e = 1.602x107'° C is the electron charge, E. is the
electron energy perpendicular to the surfaces, and Wy, is the
maximum potential barrier. The term N;(E., T;), denoting the
number of electrons at energy level E, per unit area and per
unit time, is calculated as [65]

NAE.T) = TRl E: ~Er, (11
(E,T;) = n exp[ ————= ) |,
J 4 J 27T2h3 p kavj

where m, = 9.109x 107" kg is the electron mass, and Ef, ;
is the Fermi level used as a reference for computing the
electron energy [65]. The electron transmission function
is calculated using the Wentzel-Kramers-Brillouin (WKB)
approximation [68]:

Ta(E;) = exp[— Smefzdz\/W(z)—Ez] 12)

h

where W (z) is the potential barrier profile in the vacuum gap,
while z; and z; are the roots of W(z) — E, = 0 delimiting

125404-3



TAKURO TOKUNAGA et al.

PHYSICAL REVIEW B 104, 125404 (2021)

(a)

Q 109 T T
Né O  Phonon by Alkurdi et al.
s 0 e Electron by NEGF

— 1074 .
c

0

Q

B 105

(o] 10”1 [u] T
(&)

.Q o

1)

S 10% A =
|’: Electron Phonon Radiation
= by WKB

[}

I 10 T T

1 10

Gap (nm)

(b)

102 T T
X A Kim etal. T | 300K
% 10" 1 ® Electron by NEGF e .
g
§ 10°9° 1
© o
=]
'g Radiation
G 1074 T J
9 42 A, ,a
© Phonon
£ 1071 1
2 Electron
= by WKB

103 T T

1 10
Gap (nm)

FIG. 2. (a) Heat transfer coefficients due to radiation, phonon, and electron between two Au surfaces separated by a vacuum gap d (Tj, =
305K, Tk = 300K, Viias = 0 V). The electron heat transfer coefficient is calculated via the WKB approximation and the NEGF. The phonon
heat transfer coefficient predicted via the 1D AGF method is compared against the 3D lattice dynamics results of Alkurdi ez al. [27]. (b) Thermal
conductance between a 450-nm-radius tip (300 K) and a surface (305 K), both made of Au, separated by a vacuum gap d. The total conductance
is calculated using the electron heat transfer coefficient from the WKB approximation. The predicted conductance is compared against the

experimental results of Kim er al. [33].

the width of the electron tunneling barrier E,. The potential
barrier profile can be expressed as [65]

W(2) = Wia(z) + Wie(2).

Note that the space-charge effect is assumed to be fully sup-
pressed for sub-10-nm vacuum gaps [67]. The ideal barrier
profile [67] and image-charge perturbation [69] are, respec-
tively, calculated as

(13)

Wia(z) = b — (dr, — Py — evbm)(g), (14)

e 2w +w(Z)+w(1-2 15
el v+ (5) e (-5)] 09

where & g = 5.10 eV is the work function of Au [70] and ¥
is the digamma function.

The WKB approximation may lead to an overestimation
of the electron heat transfer coefficient below vacuum gaps of
~0.5 nm [66,71]. As such, for small vacuum gaps, the electron
heat transfer coefficient is also calculated via the 1D non-
equilibrium Green’s function (NEGF) approach described in
Ref. [66]. In the NEGF framework, the electron transmission
function is given by

Ta(E;) = Trace[[LGRTR(GM)'],

Wie(z) =

(16)

where I'L_ g is the energy broadening matrix, whereas G® is
the retarded Green’s function.

III. RESULTS

The heat transfer coefficients between two Au surfaces due
to radiation, acoustic phonon transport, and electron tunneling
are presented in Fig. 2(a) for the experimental conditions
taken from Kim et al. [33], where T, = 305K, Tk = 300K,
and W5 = 0 V. The Au-vacuum interfaces support surface
plasmon polaritons at a high frequency (~1.2x10'® rad/s)
that cannot be thermally excited at room temperature. As
such, the radiation heat transfer coefficient, dominated by

TE-polarized electromagnetic waves, saturates as the vacuum
gap decreases. It should be noted that while fluctuational elec-
trodynamics is not expected to be valid for sub-2-nm vacuum
gaps owing to non-local effects [39], radiation predictions
below 2 nm vacuum gaps are shown throughout the paper
for reference. In addition, the enhancement of TM-polarized
electromagnetic waves mediated by the electrical double layer
effect (no bias voltage) [30] and by surface charges induced by
a bias voltage [28,29] is not taken into account in the radiation
model. As explained hereafter, these effects have no impact on
the calculated thermal conductance.

In the absence of bias voltage, only the van der Waals
and overlapping electron cloud forces, represented by the
Lennard-Jones model, contribute to acoustic phonon trans-
port. The phonon heat transfer coefficient exceeds that of
radiation for a vacuum gap smaller than ~2 nm. This result
contrasts with the results of Refs. [23,28] where acoustic
phonon transport exceeds radiation transfer for vacuum gaps
smaller than ~0.4 nm. This discrepancy can be explained by
the different descriptions of the force interactions and phonon
transmission in Refs. [23,28]. It is worth noting that the accu-
racy of the 1D AGF approach used in this paper is verified in
Fig. 2(a) by comparison against the results obtained from a 3D
lattice dynamics framework [27]. The electron heat transfer
coefficient exceeds the radiation heat transfer coefficient for a
vacuum gap smaller than ~1 nm. Provided that the NEGF
calculates the electron transmission function more accurately
than the WKB approximation for vacuum gaps smaller than
~0.5 nm [66,71], the results indicate that the phonon contribu-
tion always exceed that of the electron for sub-2-nm vacuum
gaps near room temperature.

Figure 2(b) shows the predicted thermal conductance be-
tween a 450-nm-radius Au tip at 300 K and an Au surface
at 305 K by applying the Derjaguin approximation with the
heat transfer coefficients shown in Fig. 2(a). These predictions
are compared against the conductance measured in Ref. [33]
for vacuum gaps down to ~2 nm. Clearly, for vacuum gaps
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FIG. 3. (a) Heat transfer coefficients due to radiation, phonon, and electron between two Au surfaces separated by a vacuum gap d (Tj. =
280K, Tr = 120K, Vhias = 0.6 V). The electron heat transfer coefficient is calculated via the WKB approximation and the NEGF. The phonon
heat transfer coefficient is calculated both with and without bias voltage. (b) Thermal conductance between a 30-nm-radius tip (280 K) and a
surface (120 K), both made of Au, separated by a vacuum gap d. The total conductance is calculated using the electron heat transfer coefficient
from the WKB approximation. The predicted conductance is compared against the experimental results of Kloppstech et al. [34] and Messina

et al. [26].

larger than ~1.5 nm, heat transfer is mediated by radiation.
The calculated total conductance is in good agreement with
the experimental data of Ref. [33]. The results from the com-
prehensive model presented in this paper therefore support the
conclusions of Kim et al. [33]. Vacuum gaps approximately
equal to or smaller than 1 nm would have been required to
observe a significant enhancement of the conductance me-
diated by acoustic phonon transport. Note that including the
electrical double layer effect [30] in the radiation transport
model does not impact the thermal conductance in the vacuum
gap range considered in Kim ef al. [33] (see Sec. 3 within the
Supplemental Material [48]).

Figure 3(a) presents the heat transfer coefficients between
two Au surfaces due to radiation, acoustic phonon transport,
and electron tunneling for the experimental conditions taken
from Kloppstech et al. [34], where Ty, = 280K, T = 120K,
and W5 = 0.6 V. The phonon heat transfer coefficient is cal-
culated with and without bias voltage, and the shaded area in
Fig. 3(a) shows its possible values. Owing to the long-range
Coulomb force mediated by the bias voltage, the phonon heat
transfer coefficient exceeds that of radiation for vacuum gaps
smaller than ~5 nm. The Coulomb force, however, has a low
impact on the phonon heat transfer coefficient for vacuum
gaps smaller than 1 nm. Note that these predictions are signif-
icantly larger than the acoustic phonon transport results under
the electrostatic force for Vi, = 1V reported in Refs. [23,28].
This is explained by the fact that Refs. [23,28] only take into
account the capacitance force, which is significantly smaller
than the Coulomb force. The electron heat transfer coefficient
is enhanced due to the bias voltage that lowers the poten-
tial barrier for tunneling. The WKB approximation suggests
that electron-mediated heat transfer exceeds acoustic phonon
transport for vacuum gaps smaller than 1 nm. The NEGF also
suggests that the electron heat transfer coefficient is slightly
larger than that of phonon, but for sub-0.5-nm vacuum gaps.

The thermal conductance calculated between a 30-nm-
radius Au tip and an Au surface is shown in Fig. 3(b) under

the same experimental conditions as in Fig. 3(a) (temper-
atures of 280 and 120 K, Wy,s = 0.6 V). The results are
compared against the experimental data of Kloppstech ef al.
[34], in addition to a more recent set of data from the same
group [26]. Note that the most recent experimental data were
obtained for surface and tip temperatures of, respectively,
195 K and 295 K. These slight temperature differences have
no noticeable impact on the heat transfer coefficients (see
Sec. S4 within the Supplemental Material [48]). The total
conductance, which include the radiation, phonon, and elec-
tron contributions, display three distinct regimes. For vacuum
gaps larger than 5 nm, radiation transport via evanescent
electromagnetic waves drives heat transfer. For vacuum gaps
from 5 nm down to ~1.5 nm, radiation transitions to acoustic
phonon-mediated heat transfer. Acoustic phonon transport be-
comes dominant between vacuum gaps of 1.5 nm and 0.9 nm.
For vacuum gaps smaller than 0.9 nm, electron tunneling
drives heat transfer owing to the applied bias voltage.

The magnitude of the experimental and theoretical data are
quite different. Nevertheless, a power-law analysis may enable
determining the energy carriers driving heat transport in the
experiments of Refs. [26,34]. In the vacuum gap range of
1 nm to 1.5 nm where acoustic phonon transport is dominant,
the predicted total conductance follows a d =3 power law.
Within that range, the data of Messina et al. [26] vary as d ~%?,
which is close to the theory. This regime arises due to the
Coulomb force induced by the bias voltage. For vacuum gaps
smaller than 0.9 nm where electron tunneling dominates heat
transport, the total conductance follows a d~'>¢ power law.
Interestingly, a similar trend is observed in the experimental
data of Kloppstech et al. [34] but at much larger vacuum
gaps (d 2 5 nm). It is worth noting that the enhancement
of radiation transfer in TM polarization mediated by surface
charges induced by a bias voltage, discussed in Refs. [28,29],
has no impact on the thermal conductance shown in Fig. 3(b).
Indeed, for Wy, = 1V, the TM component of the radia-
tion heat transfer coefficient exceeds the TE contribution for
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FIG. 4. Thermal conductance between a 30-nm-radius tip
(280 K) and a surface (120 K), both made of Au, separated by a
vacuum gap d. The electron heat transfer coefficient is calculated
with the WKB approximation using an apparent potential barrier of
1 eV. The phonon heat transfer coefficient is calculated with a bias
voltage of 0.6 V. The predicted conductance is compared against the
experimental results of Messina et al. [26].

vacuum gaps smaller than ~0.18 nm [28,29]. Additionally,
the radiation heat transfer coefficient that includes the elec-
trical double layer effect [30] never exceeds the phonon heat
transfer coefficient for Vy,s = 0.6 V reported in Fig. 3(a). As
such, the electrical double layer effect has no impact on the
thermal conductance shown in Fig. 3(b).

It has been hypothesized that contaminants bridging the tip
and the surface prior to bulk contact may lower the poten-
tial barrier for electron tunneling [35]. Using their measured
tunneling current, Messina et al. [26] estimated an apparent
potential barrier of 1 eV, which induces an enhancement of
the electron heat transfer coefficient. Figure 4 shows the ther-
mal conductance predicted by considering a simple potential
barrier of 1 eV for electron tunneling. As expected, electron
tunneling for that case becomes dominant at a larger vacuum
gap (~1.5 nm). The magnitude of the total conductance is
closer to the experimental data of Messina et al. [26], but the
trends are different. Electron-mediated heat transport follows
a d~'%2 power law, which is not experimentally observed. In
the gap range between 1.5 nm and 2 nm where all energy
carriers contribute to the conductance, a d~27 power law

is predicted. This is again close to the d~>° power law of
Messina et al. [26], which however arises in a slightly different
vacuum gap range (1 nm to 1.5 nm). It is concluded that the
measured conductance reported by Messina et al. [26] is not
solely due to electron tunneling. Rather, heat transport for this
case is likely to be a combination of acoustic phonon trans-
port, enhanced via the bias voltage, and electron tunneling
possibly enhanced by the low apparent potential barrier me-
diated by contaminants. It has been pointed out that the data
of Kloppstech et al. [34] were obtained at different apparent
potential barrier heights [26], which make their interpretation
challenging. Yet, the variation of the conductance with respect
to the vacuum gap suggests electron-mediated heat transfer.

IV. CONCLUSIONS

In summary, a comprehensive model combining fluctu-
ational electrodynamics for radiation, the AGF method for
phonon, and the WKB approximation in addition to the
NEGF approach for electron has been implemented to an-
alyze extreme near-field heat transfer between Au surfaces.
In the absence of bias voltage and near room temperature,
heat transfer is mediated by radiation through evanescent
electromagnetic waves down to a vacuum gap of ~2 nm,
below which acoustic phonon transport is the dominant energy
carrier. It was shown that the application of a bias voltage in-
creases not only electron tunneling, but also acoustic phonon
transport mediated by the long-range Coulomb force. As a
result, for a bias voltage of 0.6 V, acoustic phonon transport
can affect heat transfer for vacuum gaps from 5 nm down to
~1 nm, and electron tunneling should be a responsible heat
transfer mechanism below 1 nm. However, comparison of the
comprehensive model against state-of-the-art measurements
[26,33,34] reveals that additional data are needed to experi-
mentally quantify the contributions of acoustic phonons and
electrons as a function of the bias voltage in the heat transfer
between Au surfaces separated by sub-10-nm vacuum gaps.
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