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ABSTRACT. Near-field radiative heat transfer (NFRHT) between planar metallic surfaces
was computationally explored over five decades ago by Polder and Van Hove (Phys. Rev.
B (1971)). These studies predicted that, as the gap size (d) between the surfaces decreases,
the radiative heat flux first increases by several orders of magnitude until  is ~100 nm after
which the heat flux saturates. However, despite both the fundamental and practical
importance of these predictions, the combined enhancement and saturation of NFRHT at
small gaps in metallic surfaces remains experimentally unverified. Here, we probe NFRHT
between planar metallic (Pt, Au) surfaces and show that RHT rates can exceed the far-field

limit by over a thousand times when d is reduced to ~25 nm. More importantly, we show



that for small values of d RHT saturates due to the dominant contributions from transverse
electric evanescent modes. Our results are in excellent agreement with the predictions of
fluctuational electrodynamics and are expected to inform the development of technologies
such as near-field thermophotovoltaics, radiative heat-assisted magnetic recording, and

nanolithography.



Nanoscale radiative heat transfer [1-3] (also called near-field radiative heat transfer (NFRHT)) is
being actively probed [4-13] as novel heat transport phenomena arise when the gap size (d)
between a hot planar emitter and a cold planar receiver is reduced to the nanoscale. Such NFRHT
phenomena are expected to have strong potential for energy conversion applications [14-20] and
thermal management and control [8,10,21]. The pioneering theoretical work of Polder and Van
Hove [22] suggested that, when the gap size between two planar metallic surfaces is decreased,
the radiative heat flux would increase by several orders of magnitude until d becomes comparable
to or smaller than the skin depth of the metal [23], after which the heat flux saturates. Past
experiments [4,24] on plane parallel silica surfaces of silica have probed NFRHT in very small
gaps (~10 nm) and observed large enhancements over the blackbody limit, however, experimental
studies of NFRHT between metallic surfaces have been either limited to larger gap sizes [6] or
restricted to non-planar geometries [12,13,25-28] due to which these interesting and
technologically relevant predictions of Polder and van Hove remain experimentally unverified. In
this work, we perform RHT measurements between plane-parallel surfaces of Pt (and Au)
separated by gap sizes < 30 nm and demonstrate both large increases in heat flux compared to the
far-field as well as saturation of heat currents at small gap sizes. Further, we obtain excellent

agreement with fluctuational electrodynamics (FED) calculations.

In our experiments, building upon our past work[24], we employ microfabricated Si-based
emitter devices [see Figs. 1(a) and 1(b)] with an integrated Pt serpentine line that acts as both a
heater and thermometer. Each emitter features a 15-pm-tall circular mesa with a diameter of
80 um whose surface is coated either with Pt (100-nm-thick), Au (100-nm-thick) or SiO> (2-pm-
thick) depending on the experiment. Further, we fabricated macroscopic planar receiver devices

with doped Si chips coated with the corresponding material (see the Supplemental Material [29]



for more details). Cleanliness and planarity of the active region of the device surfaces are critical
and hence were carefully characterized through dark-field (DF) optical microscopy and atomic
force microscopy (AFM). A DF image of one of the mesas employed is shown in Fig. 1(c) and
reveals only one faint particle (see inset). AFM characterization of this same mesa surface [Fig.
1(d)] confirms that the faintly visible particle in the DF images have a height < 23 nm (profiles
in Fig. S2 in [29]). Furthermore, AFM images of smaller scan areas show that the peak-to-peak

roughness of the surface is ~6 nm (see [29]).

To perform NFRHT experiments we employed a custom-built nanopositioner [39] that
enables in situ control of the parallelism between the devices (with ~6 prad resolution) as well as
the spatial separation between them (~2 nm resolution) in a high-vacuum environment
(~107° Torr) and at room temperature (297 + 0.5 K). In our measurements, the emitter and
receiver devices were integrated into the nanopositioner and the spatial separation between them
was controllably changed in the z-direction using a piezoelectric actuator on which the receiver

was mounted (see Fig. 1(a) and [29] for more details).

To measure the gap-dependence of the radiative thermal conductance, the emitter
temperature was increased by ~11.6 K by supplying a dc current of 0.9 mA through the integrated
Pt serpentine [see Figs. 1(a), 1(b) and 2(a)]. Once the emitter is heated, the piezo actuator is
employed to progressively reduce the gap between the devices [Fig. 2(c)] until contact is
established following a thermal approach described below. During this process, the heat flux to
the receiver (see Fig. 2(b) for a thermal resistance network) varies as a function of gap size and
results in a gap-dependent change in the emitter temperature (AT,). This temperature change is

monitored by continuously measuring the resistance of the emitter device by superimposing a



sinusoidal current of amplitude I, = 70 pA and frequency 497 Hz on the heating dc current in
the Pt serpentine and measuring the voltage drop across the serpentine line using an SRS 830 DSP

(Stanford Research) dual-phase lock-in amplifier.

The measurement of electrical resistance change, combined with the temperature
coefficient of electrical resistance for the Pt heater/thermometer (1.92 x 1073 K™! from a
complementary measurement), enables quantification of AT, with a resolution of ~1 mK in a
bandwidth of 0.26 Hz [40]. Figures 2(c) and (d) show data from an experiment involving Pt
devices where the change in gap size and the corresponding change in the emitter temperature
(AT,) can be seen. Upon mechanical contact between the surfaces the AT, signal changes abruptly
to a much larger value, as demonstrated in past work [24], revealing the instant at which contact
and conductive heat transfer occur [marked with a red dashed line in Figs. 2(c) and 2(d)]. Note
that the gap size at contact is estimated to be ~23 nm, limited by the size of the largest particles

on the mesa surface (see Fig. S2(e) in [29]).

From the data shown in Fig. 2, we can compute the gap-dependent near-field conductance
(Gyr(d)) between the two Pt surfaces. Considering the thermal resistance network shown in Fig.
2(b), it can be seen that (see the Supplemental Material, Sec. 2 [29], for details of the derivation):

anp — Qin - Qbeam — _ATthh,beam
ATy, ATy, AT,;. '

Gyr(d)~ ey

where Q44 1s the heat flow through the gap, Q;;, is the heat input into the emitter per unit time,
Qpeam 18 the heat flowing out through the beams, G¢p peqm 1s the thermal conductance of the
emitter suspension beams (which is 2.95 X 10™* WK1, see [29]), AT, is the emitter’s original

temperature above room temperature (11.6 K) at large gap sizes and AT, is the gap-dependent



change in the emitter temperature due to the approach of the Pt surfaces. Note that this expression
for Gy does not consider the far-field contribution, which is not directly measured in this
configuration. From Eq. (1), it can be seen that the gap-dependent AT, enables us to compute the

near-field thermal conductance.

The measured Gygr(d) can then be converted to a heat transfer coefficient h(d) =
Gin_gap(d)/Amesa = (Gyp(d) + Gpp)/Amesa, Where Agq, is the area of the emitter mesa
(~5.03 X 1072 m?), and Ggp is the far-field conductance that is determined computationally.
Specifically, Ggr is calculated considering the grey-body emissivity of Pt (0.054) [41] and then
added to the experimental values. The h(d) measured for Pt surfaces is presented in Fig. 3(a)
(corresponding data for Au surfaces are presented in Figs. S4 and S5 in [29]). As mentioned above
the gap size at contact is assumed to be 23 nm for Pt surfaces, so the data of each measurement is

displaced as discussed in our previous work [24].

It can be seen from the measured data that h between Pt surfaces increases dramatically for
small gap sizes compared to the far-field regime, reaching a ~1300-fold enhancement in the RHT
as the gap size is reduced to ~25 nm. The values observed are also ~ 65 times larger than the
blackbody limit [42]. In addition to the data for the Pt-coated devices, Fig. 3(a) also shows data
from measurements of h(d) for SiOz-coated devices, where a 2-pm-thick SiO; layer is thermally
grown on otherwise identical emitter and receiver devices. Gyp(d) is measured following the same
procedure used for the metallic devices and h(d) is estimated by calculating the Gpr for SiO. It
can be seen from these data that the gap-dependence of Gy for Pt- (and Au)-coated devices for

d < 100 nm is distinctly different from those of SiO»-coated devices and is also much weaker.



To quantitatively compare our experimental results with theory, we modelled the NFRHT
for Pt-Pt, Au-Au and Si0,-SiO> structures using the framework of FED [22,23,43]. As described
in Sec. 4 of the SM [29], we treated our system as a 5-layer, 1-dimensional structure and computed

the total heat transfer coefficient (h(T, d)) from:

w dw 9[hw/(e"/kET-1)

nT,d) = [ 1 kg (w, k) + 7 (. )] dk, @)

where h is the reduced Planck constant, kg is the Boltzmann constant, T is the absolute temperature
(assumed to be T = 300 K), w is the frequency of the radiation, k is the magnitude of the
wavevector component parallel to the surface planes, and 75 and 7, are the transmission
probabilities for the transverse electric (TE) and transverse magnetic (TM) modes, respectively.
Computational results for Pt- and SiO»-coated devices are shown in Fig. 3(a) (corresponding data
for Au-coated devices are shown in Figs. S4 and S5 in [29]). The data in Fig. 3(a) show that our
measurements are in good agreement with the predictions of FED. Further, one can see that our
results feature a distinctly different gap-dependence between the two materials. In fact, the gap-
dependence for the SiO>-coated devices features a 1/d? behavior that corresponds to contributions
from surface phonon polaritons, whereas the Pt-coated devices show a much weaker gap-

dependence with the conductance becoming largely independent of d for small gaps.

To obtain a deeper understanding of the origin of this difference between metals and polar
dielectrics, Fig. 3(b) shows results from FED-based calculations where the contributions from
evanescent and propagating TE and TM modes are plotted. It can be seen that, in contrast to SiO2,
whose NFRHT is dominated by evanescent TM modes (see Fig. S8 in [29]), the dominant
contributions for Pt surfaces are from evanescent TE modes, and similarly for Au surfaces (see
Fig. S8 in [29]). We note that in our computational analysis (see Sec. 4 [29]) we have treated our
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system as consisting of multiple layers to systematically account for the fact that it employs thin
films of Pt or Au. However, a comparison of our computational results for 100-nm-thick films to
that of semi-infinite Pt (Au) regions (Fig. S9 in [29]) shows that the magnitude of the computed
fluxes is almost identical. From this we can conclude that the 100-nm-thick films act effectively
as semi-infinite slabs. Therefore, to understand the underlying physics of the gap-dependence of

h we examine the RHT between semi-infinite Pt-Pt and Au-Au structures.

In this context it is essential to answer two questions: 1) Why do evanescent TE modes
dominate NFRHT in metals as opposed to evanescent TM modes in polar dielectrics? and 2) Why
do the contributions of evanescent TE modes saturate with decreasing gap size? In order to directly
answer the first question, we show in Figs. 4(a) and 4(b) the frequency- and wavevector-dependent
transmission function corresponding to evanescent TE and TM modes for Pt (Fig. S10 in [29] for
Au). It can be seen that, when compared to evanescent TM modes, the transmission for evanescent
TE modes is relatively large at low frequencies. In fact, the transmission corresponding to
evanescent TM modes is large only at very high frequencies (Fig. S11 in [29]) and is associated
with a surface plasmon resonance peak close to the plasma frequency (~1.24 X 10*° Hz for Pt and
~2.17 X 105 Hz for Au [44]). However, such modes do not make appreciable contributions at

d[hw/(eh®/kBT-1)]
oT

room temperature due to the term that is present in Eq. (2). In contrast, the

computed transmission function for SiO; [Figs. 4(c) and 4(d)] shows that evanescent TM modes

have large values even at low frequencies due to contributions from surface phonon polaritons.

Finally, to understand why the contributions of evanescent TE modes saturate with

decreasing gap size, it is instructive to note that past work [22] has shown that the transmission of



the evanescent TE modes (T ¢pqn (@, k)) between two semi-infinite half spaces separated by a gap

is dependent on the Fresnel reflection coefficients (761 y4c) and gap-sizes (d) as follows:

Ts evan (@, k) < [IM(15er pac (@, k) ) e 1racd ]2, 3)

Here, 70t vac (W, k) is the frequency- and wavevector-dependent Fresnel reflection coefficient for

a TE wave incident from the vacuum onto a metal and

Yvac = Véac + i%;éw = (CU/C)Z — k2. 4)

It can be seen from Eq. (4) that, for large k, yyqc = k and Eq. (3) simplifies to t4(w, k) o«
[Im(r,%et,vac (w, k))e_kd]z. It is clear from this simplified expression that, as d reduces, modes
corresponding to large k vectors also have appreciable transmission values, provided
Im(r,ﬁlet'vac(w, k)) does not decrease with increasing k. However, for metals, past theoretical
work [23] has shown that there is a cut-off wavevector kyt—orf = wp/c, Where w,, is the plasma
frequency of the metal (Pt/Au in this case) and c is the speed of light in vacuum, above which

Im(r,flet’vac(w, k)) becomes very small. Therefore, the RHT becomes nearly gap-independent

. . . : 1 8 .
when d is smaller than a critical distance given by d riticar~ = (wL) =% where § is the
cut—off 14

skin depth for the metal. From this expression and using data from Ref. [44] for w,, we estimate
a dcriticar 0f 30.7 nm for Pt and 17.5 nm for Au, which are consistent with our observations. This

explains why saturation of RHT is observed for metallic films, but not for SiO».

To conclude, we performed systematic experiments of the NFRHT for prototypical metals
(Pt/Au) and polar dielectrics (Si02) and demonstrated that heat transfer rates exceed the far-field

and blackbody limits in both cases. Further, we show that gap-dependence of NFRHT for metallic



surfaces differs significantly from that for polar-dielectric surfaces. Finally, via systematic
modelling, we attribute the observed differences to differences in the contributions of evanescent
TE and TM modes to NFRHT in metals and polar dielectrics. The experiments provide direct

insights into the nature of NFRHT between metallic surfaces.
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FIG. 1. Experimental setup and devices. (a) Schematic representation of the experimental setup.
The bottom chip (made of doped Si coated with Pt, Au or SiO») is placed on a piezoelectric actuator
to control the gap size between the bottom chip and a microfabricated emitter coated with the
corresponding metal or dielectric. The emitter consists of a round, doped-Si mesa (15-pm-tall,
80 pm of diameter) protruding from the top chip, and a Pt serpentine used as a heater and
thermometer [see also (b)]. 6, and 6,, represent the tip and tilt angles of the emitter to achieve
parallelism with the bottom chip. (b) SEM image of a representative emitter device; the round
mesa and the nearby Pt serpentine can be seen. (¢) Dark-field image (taken with a 50X Zeiss
Epiplan objective) of the mesa surface coated with 100 nm of Pt. The image shows a faint particle
almost at the center of the active surface, which can be seen more clearly in the inset (more details
in [29]). (d) AFM image of the mesa surface. The faint particle seen in (c) can be see more clearly
and is circled (see profiles of particle in [29]).
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FIG. 2. Heat transfer analysis and measurements. (a) Schematic representation of the experimental
system. A heat flux Qg4 is established between the hot emitter and the receiver. Numbers 1-5
identify the five layers involved in the RHT analysis. (b) Thermal resistance network showing the
main heat transfer pathways. Q;,, is the heat dissipated in the integrated Pt heater, which heats the
emitter to an initial temperature AT;. above the room temperature Ty. Gy gqp 18 the thermal
conductance of the gap and G¢p, peam 1S the beam thermal conductance and Qpeqr, 1s the heat flow
through the beams. As the emitter approaches the receiver, @44, increases and the emitter
temperature is reduced by AT,. (c) Gap size between emitter and receiver as a function of time. (d)
Measured temperature change of the emitter (AT,) as a function of time. Contact of the emitter
with the receiver is signaled by a sudden drop in the emitter temperature, marked with a red dashed
line.
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FIG. 3. NFRHT between metallic and polar dielectric surfaces. (a) Gap-dependence of the total
heat transfer coefficient h measured for Pt (green dots) and SiO; surfaces (grey dots), compared
with the corresponding theoretical calculations (dark green and grey solid lines, respectively).
Experimental data displaced by 26-29 nm for Pt surfaces (from six different measurements) and
19 nm for SiO; surfaces (from two different measurements) to account for the smallest achievable
gap size. Dashed and dotted horizontal lines are the blackbody and grey-body (Pt) limits,
respectively, and correspond to the computed far-field value for surfaces with an area equal to that
of the mesa and a temperature difference of ~11.6 K. The blackbody limit was computed using a
view factor of unity and emissivity of 1, and for the grey-body we assumed an emissivity of 0.054
[41] for Pt. The 1/d? dependence (grey dotted line) for SiO- surfaces is also shown. (b) Total heat
transfer coefficient h as a function of gap size (black dashed line) for the multilayer system in Fig.
2(b) with a Pt coating thickness t = 100 nm. The different contributions from TE and TM modes
are also shown. Note that below 1 um gaps the major contribution is from evanescent TE modes.
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FIG. 4. The transmission probability for metals and polar dielectrics. (a), (b) Transmission
probability for evanescent TE (75) and TM modes (7,), respectively, as a function of frequency
(w) and magnitude of the parallel wavevector (k) for 100-nm-thick Pt surfaces and a gap size d =
30 nm. (¢), (d) Transmission probability for evanescent TE (75) and TM modes (7,), respectively,
as a function of w and k for 2-um-thick SiO» surfaces when d = 30 nm. White dashed lines in (¢)
and (d) correspond to the analytical dispersion relation of the cavity surface phonon polaritons
[5,6]. Notice that TE modes make the dominant contribution for Pt-coated devices, while TM
modes are clearly dominant for SiO2-coated devices.
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