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Despite its strong potentials in emerging energy applications, near-field thermal radiation between large
planar structures has not been fully explored in experiments. Particularly, it is extremely challenging to
control a subwavelength gap distance with good parallelism under large thermal gradients. This article
reports the precision measurement of near-field radiative energy transfer between two macroscale single-
crystalline quartz plates that support surface phonon polaritons. Our measurement scheme allows the
precise control of a gap distance down to 200 nm in a highly reproducible manner for a surface area of
5 x 5 mm?. We have measured near-field thermal radiation as a function of the gap distance for a broad
range of thermal gradients up to ~156 K, observing more than 40 times enhancement of thermal radiation
compared to the blackbody limit. By comparing with theoretical prediction based on fluctuational
electrodynamics, we demonstrate that such remarkable enhancement is owing to phonon-polaritonic

energy transfer across a nanoscale vacuum gap.
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When two objects are separated by a nanoscale vacuum
gap, thermal radiation can exceed the blackbody limit by
several orders of magnitude due to photon tunneling of
thermal evanescent electromagnetic (EM) waves, along
with other near-field effects such as interferences and
surface polaritons [1]. Such remarkable enhancement of
thermal radiation can be beneficially used in many energy
applications, including thermophotovoltaic [2-8] and
thermionic [9] solid-state heat engines, thermal extraction
[10], thermotronics [11-15], and dynamic thermal modu-
lation [16]. However, experimental demonstration of such
emerging energy applications has not been fully explored to
date due to technical difficulties in precisely measuring
near-field thermal radiation between large planar structures
under a substantial temperature difference. Although sev-
eral experimental investigations have been conducted in the
tip-plane [17-20] and sphere-plane [21-28] configurations,
they do not meet the large-area requirement for energy
applications.

The first attempts to measure near-field thermal radiation
between parallel plates date back to the late 1960s. Cravalho
et al. [29], Domoto et al. [30], and Hargreaves [31] were
among the first that observed a slight enhancement of
thermal radiation between two metallic plates. However,
their measurements were not convincing mainly due to the
lack of capability in achieving a subwavelength vacuum gap
separation. This technical difficulty has been addressed by
placing micro- or nanospacers between planar structures as a
practical and cost-effective way to achieve a subwavelength
gap spacing between large plates [2,16,32-37]. However,
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undesired heat conduction through spacer-plate contacts
prevents a direct measurement of near-field thermal radia-
tion, often necessitating tedious postprocessing to exclude
the heat conduction contribution from the measurement.
Another challenge of the micro- or nanospacer scheme is the
incapability of precision gap control between plates. Only a
limited degree of gap controllability has been demonstrated
by mechanically adjusting the gap spacing formed by
spacers [16,33-36] or repeating the measurement for differ-
ent spacer sizes [37]. Recently, St-Gelais et al. [38,39]
measured near-field thermal radiation for a broad range
of gap distances from 42 nm to 1.5 ym under thermal
gradients larger than 100 K using a microelectromechanical
actuator platform. However, their nanobeam configuration
(i.e., 400 nm x 155 ym) is not appropriate for energy
applications.

In this article, we report a direct and systematic meas-
urement of near-field thermal radiation between macroscale
planar structures for broad nanoscale gap distances and
large thermal gradients over 100 K. To this end, a versatile
near-field experimental setup has been developed based on
a nanopositioning platform. Micro- or nanopositioning
systems have been used to facilitate the active control of
nanoscale gap distances, as demonstrated in previous works
[40-43]. Figure 1(a) shows the experimental setup that has
a nanopositioner (Smarpod 110.45, SmarAct) as a thermal
receiver stage. The nanopositioner is composed of three
piezo-motors, providing six degrees of freedom with 1-nm
translational resolutions in x, y, and z directions and 1-urad
rotational resolutions in 6,, Gy, and 6, directions. The total
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FIG. 1. (a) Schematic illustration of the near-field experimental
setup, disassembled to clearly show components mounting on its
two stages. (b) Schematic of prealigned top and bottom samples
with contact sensors.

travel range in the z direction is about 10 mm, which allows
for safe sample mounting and prealignment procedures.
To prevent overheating of the piezo-motors during
experiments, a copper heat sink and a thermoelectric cooler
(TEC) (VT/HP127, TE-Tech) are mounted on the nano-
positioning stage. On the other hand, the thermal emitter
stage is equipped with a 20 x 20 mm’ ceramic heater
(HT24S, Thorlabs) that can increase its temperature up
to 673 K. Once samples are prepared as described in the
following paragraph, they are adhered to glass carriers
(with dimensions of 30 x 5 x 0.5 mm?) and mounted on
both stages. Since the experimental setup is housed in a
high-vacuum chamber, all components are assembled in a
vacuum compatible manner.

Preparing samples with clean surface conditions is the key
for the successful measurement of near-field thermal radi-
ation, particularly when the gap distance is below several
hundred nanometers [20]. At the same time, the sample
preparation procedure should be versatile enough to allow
experiments for various materials and nanostructures. In
order to meet these requirements, samples are prepared with
simple microfabrication processes. The schematics of sam-
ple design and initial alignment are illustrated in Fig. 1(b):
sample fabrication steps can be found in [44]. We selected
quartz as an illustrative material because of several advan-
tages, such as its transparency that facilitates the initial
alignment step, well-established microfabrication recipes,
and intrinsic flat surfaces of commercial quartz wafers.
Moreover, quartz supports surface phonon polaritons at
A=~ 8.5 ymand 1 = 20.3 um, which are predicted to greatly
enhance near-field thermal radiation [23,51]. We design
rectangular (5 x 15 mm?) quartz samples, where the four
corners are coated with silver (0.5 x 5.5 mm?). When two

samples are aligned perpendicular as shown in Fig. 1(b), the
overlapped quartz surface area is 5 x 5 mm? while the Ag
patterns cover 0.5 x 0.5 mm? on average at each corner (or
~1% of the total surface area). These overlapped Ag patterns
are used as contact sensors, which are discussed later. The
Ag layer thickness is 10.2 & 0.4 nm as measured with a
profilometer (Tencor, P-10) for different samples in one
batch: the Ag layer profiles of one illustrative sample are
shown in Fig. S7 [44]. After fabrication, we applied a
cleaning protocol to samples as described in [44] and sealed
them in a pretreated container, all conducted in a 100-class
cleanroom. In addition, all near-field experiments were
conducted in a 1000-class modular cleanroom to avoid
sample contamination during experiments.

The sample engagement procedure to ensure a parallel
gap spacing is depicted in Figs. 2(a)-2(d). Initially with no
power supplied to the heater and TEC, the bottom sample is
slightly tilted and moved up slowly (< 10 nm/s) to make
contact at one corner. The next step is to rotate the bottom
sample around either the x or y axis (i.e., 6, or 6,) until two
contacts in one direction are made. The same step is
repeated on the other axis to put all four corners in contact
[52]. Figure 2(e) shows a typical sensing sequence of the
four-corner contact sensors during the sample engagement
procedure, where each signal (distinguished by color)
indicates a contact made between two Ag pads at a specific
corner. Once the four corners are in contact, two plates are
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FIG. 2. [(a)-(d)] Sample engagement steps for parallel gap

spacing: (a) bottom sample is initially tilted and approaches to
make the first corner contact, (b) bottom sample rotates to make a
two-corner contact. [(c) and (d)] The same procedure is repeated
in the other direction until four corners can make contact.
(e) Real-time monitoring of four contact signals during the
sample engagement and retraction. Note that the slight inclination
of the lines is just due to a small sampling rate for plotting
interface, not the actual electrical response.
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expected to have a parallel gap spacing as confirmed by the
concurrent signal-off from all contact sensors during slow
retraction in Fig. 2(e). Once the bottom stage is retracted,
electric power is supplied to the ceramic heater and the
TEC to obtain set point temperatures. It should be noted
that the sample heating may cause nonuniform thermal
expansion of the sample assemblies, often necessitating
sample realignment to secure the four-corner contact. After
the realignment procedure is completed, the bottom stage
moves to a desired position while the sample temperatures
are feedback controlled. The vertical displacement of
the nanopositioner (AZ,) was calibrated with optical
interferometry, revealing that AZ, is in excellent match
with the interferometrically measured displacement (AZ;)
as AZ;/AZ, = 1.0014 £ 0.0009 [44].

As illustrated in Fig. 3(a), energy balance at the top
(thermal emitter) stage can be written as

PH(d) = QR(d) + Oposss (1)

where Py is electric power supplied to the heater, Oy, is the
radiative heat transfer rate from the top to the bottom
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FIG. 3. (a) Measurement principle of near-field thermal radi-
ation, where Qp is measured at different gap distances while
Theaer and Tppc are maintained at set points. (b) Near-field
contribution in thermal radiation (AQp) between quartz plates as
a function of gap distance when AT is 48 £2 K (i.e., Ty =
349+ 1 K and T¢ = 301 £ 1 K). The red-colored band is the
theoretical calculation obtained from fluctuational electrodynam-
ics. The inset clearly shows the 1/d> gap dependence of near-
field thermal radiation, which is a strong evidence of surface-
mode dominant energy transfer.

sample across the vacuum gap d, and Q. is heat loss
to the surrounding by thermal conduction to the top stage
and thermal radiation to the vacuum chamber. On the other
hand, the energy balance at the bottom (thermal receiver)
stage can be written as Qg = Qr(d) + Prgc, where Qo
is heat dissipation to the heat sink and Prpc is electric
power supplied to the TEC. In Eq. (1), only Oy is not a
function of the gap distance, suggesting that Qy ., should
be constant at different gap distances as far as the heater
maintains at the same temperature. Therefore, the near-field
contribution in thermal radiation can be determined by

AQg(d) = Py(d) = Py rr (2)

where Py pr (= Opr + QLoss) is the heater power in the
far-field regime for the same experimental condition, and
QOgr is far-field thermal radiation.

We measured the heater power (Py) at different gap
distances ranging from 200 to 1200 nm while maintaining
the heater temperature (7' geqer) and the TEC temperature
(Ttge) at set points. In addition, Py pp was measured at
d = 10 pum, which is longer than the thermal wavelengths
(i.e., Ay = hc/kgT) at heater temperatures under consid-
eration. It should be noted that the minimum gap distance
of 200 nm was rigorously determined by repeating near-
field experiments for different samples and thermal gra-
dients. We believe that the surface bow and uneven thermal
expansion of sample assemblies are the main limiting factor
of the achievable gap distance in the current experimental
setup [44]. In order to compare the measurements with
theoretical calculations, the exact surface temperatures (i.e.,
Ty and T) should be known. Since it is challenging
to directly measure Ty and T while the gap distance
maintains at nanoscales [35,36], we instead estimated the
possible ranges of Ty and T, (or AT =Ty —T¢) by
conducting the far-field calibration and near-field thermal
circuit analysis at d = 200 nm [44].

Figure 3(b) shows the measurement of near-field thermal
radiation between two quartz samples when 7y and T are
34941 and 301 £ 1 K, respectively (or AT = 48 +2 K),
under the vacuum condition of 8 x 10~7 Torr. The meas-
urement is in excellent agreement with the calculation of
near-field thermal radiation (colored band) based on the
fluctuational electrodynamics [53,54] within the measure-
ment uncertainty estimated from five measurement data
sets: the computational model is briefly described in [44].
The obtained result clearly demonstrates the significant
enhancement of thermal radiation across nanoscale gap
distances between quartz plates. This near-field enhance-
ment can be better represented by defining the enhance-
ment factor as 7, = (AQg + Ogg)/OQrp, Where Qgp is the
blackbody limit at the same sample temperatures, i.e.,
Opp = A,o(T} — T¢) with A, being the sample surface
area and o the Stefan-Boltzmann constant. If far-field
thermal radiation is estimated using Qr = eQgg/(2 — €),
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where € = 0.93 is the total emissivity of quartz [55], Qgr is
approximately 8.5 mW (or ~87% of the blackbody limit).
The maximum enhancement factor (1, ,.c) is then esti-
mated to be 45 + 3 at the gap distance of 200 nm, which is
much greater than the previously reported enhancement
factors between macroscale plates [33-37]. We believe that
such significant near-field enhancement in our study is
owing to the excitation of surface phonon polaritons on the
quartz surfaces. The inset of Fig. 3(b) manifests the 1/d?
gap dependence of the measured near-field thermal radi-
ation, which signifies the strong contribution of surface
modes (i.e., surface phonon polaritons for quartz) in near-
field energy transfer [51,56,57]. Previous studies have
revealed that the electromagnetic local density of states
in the vicinity of polar materials, such as SiO, and SiC,
exhibits a sharp peak at the excitation frequency of
surface phonon polaritons, leading to the resonant radiative
energy transport across the nanoscale vacuum gap
[15,43,51,58,59].

Encouraged by the successful measurement in Fig. 3(b),
we repeated the experiment to measure AQp for different
thermal gradients, i.e., AT=19+1K (T =319.5£0.5K
and T¢-=300.5£0.5K), AT = 87 £3 K (Ty = 388.5+
15K and T = 301.5+ 1.5 K), and AT = 156 +4 K
(Ty =471 +£2 K and T¢c = 315+2 K): see Fig. 4. In
this figure, each AQy, curve is slightly offset by 0.05 W for
better presentation of the results. Figure 4 clearly demon-
strates that the developed experimental platform can
reliably measure near-field thermal radiation for a broad
range of sample temperatures. However, there exists a
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FIG. 4. Gap dependence of near-field thermal radiation for
different thermal gradients. The symbols show the experimental
near-field thermal radiative power, where the colored bands are
fluctuational electrodynamics predictions. For better presentation
of the results, the obtained AQp curves are slightly offset by
0.05 W. The inset shows the maximum enhancement factor
(e.max) at the gap distance of 200 nm.

slight discrepancy between the measured AQp and the
calculation at AT = 156 £4 K, indicating a practical
challenge in the precision gap control at large temperature
gradients. Moreover, the cold side temperature is not easily
manageable at large thermal gradient conditions. The
TEC/heat sink assembly can maintain the thermal receiver
temperature close to room temperature at ~300 K while
increasing the thermal emitter temperature up to Ty =
388.5 £ 1.5 K (or AT = 87 £ 3 K). This experimental
constraint is of particular importance for a near-field
thermophotovoltaic (TPV) system where a TPV cell should
be maintained near room temperature for its reliable
performance [60]. However, at AT = 156 +£4 K the
TEC cannot maintain the thermal receiver at room temper-
ature due to its limited cooling capacity. Therefore, the
thermal emitter temperature is maintained at 471 =2 K
while the receiver sample is slightly heated to 315 =2 K.
This suggests that a better cooling scheme, either placing
multistack TECs on a bigger heat sink or implementing a
liquid cooling stage, should be implemented to measure
near-field thermal radiation for larger thermal gradients.
The inset of Fig. 4 shows that the maximum enhancement
factor at d = 200 nm, determined from the measurement
and the theory, decreases as the thermal gradient (AT)
increases. This decreasing trend is due to a smaller thermal
wavelength (i.e., A7 = hic/kgT) at higher thermal emitter
temperatures, resulting in less photon tunneling across the
same gap distance. From the definition of the enhancement
factor, the near-field thermal radiation conductance can be
expressed as Gng = 17,Ggp, Where Ggg is the blackbody
thermal conductance, suggesting that the near-field thermal
conductance should exhibit less AT dependence than the
blackbody conductance.

In addition to the gap distance and temperature gradient,
the degree of parallelism between two planes is another
critical factor in the accurate measurement of plane-plane
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FIG. 5. Effect of parallelism on near-field thermal radiation,
AQy, as a function of 6, when 6, = 0 deg. The thermal gradient
is set to AT =19£1K (e, Ty =3195+£05K and
T = 300.5 + 0.5 K) at the gap distance of 400 nm.
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near-field thermal radiation. In order to demonstrate the
significance of parallelism, we measured near-field thermal
radiation while tilting the nanopositioning stage from
the initially aligned parallel position. Figure 5 shows the
change of AQp as a function of 4, (i.e., the angle of the
bottom plate about the x axis) when 7y = 3195+ 05 K
and T = 300.5 £ 0.5 K at the gap distance of 400 nm.
The obtained results reveal that even a small deviation from
the parallel position can result in a noticeable decrease
of the radiative heat transfer rate: AQg changes by ~ + 5%
when the bottom stage is tilted by around 2 x 1073 deg.
The same trend can be observed when 6, is manipulated:
see Fig. SO [44]. This high sensitivity to the tilted angle can
be effectively used as an alternative parallelism control
scheme between large planar structures by conducting the
angular alignment to make the maximum near-field thermal
radiation.

In conclusion, the present work experimentally inves-
tigates a near-field enhancement of thermal radiation
between macroscale planar structures under large thermal
gradients. We have measured near-field radiative heat
transfer between 5 x 5 mm? quartz surfaces for a broad
range of temperature gradients from ~19 K up to ~156 K.
The observed 1/d”> gap dependence is in excellent agree-
ment with the fluctuational electrodynamics, demonstrating
the strong contribution of surface phonon polaritons to
near-field thermal radiation for quartz. We also have
measured the sensitivity of the parallelism to near-field
thermal radiation. The present work provides solid exper-
imental evidences of super-Planckian energy transfer
across a nanoscale vacuum gap, which can directly impact
emerging near-field energy applications. In addition, the
experimental scheme established in this work facilitates the
measurement of near-field thermal radiation for various
materials and structures with relative easiness in sample
preparation and alignment.
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