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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 chal-
lenging 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 measure-
ment scheme allows the precise control of a gap distance down to 200 nm in a highly reproducible
manner for a surface area of 5×5 mm2. We have measured near-field thermal radiation as a func-
tion 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.

PACS numbers:

When two objects are separated by a nanoscale vac-
uum 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 inter-
ferences and surface polaritons [1]. Such remarkable
enhancement of thermal radiation can be beneficially
used in many energy applications, including thermopho-
tovoltaic [2–8] and thermionic [9] solid-state heat engines,
thermal extraction [10], thermotronics [11–15], and dy-
namic thermal modulation [16]. However, experimental
demonstration of such emerging energy applications has
not been fully explored to date due to technical diffi-
culties in precisely measuring near-field thermal radia-
tion between large planar structures under a substantial
temperature difference. Although several 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 radi-
ation 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 enhance-
ment 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/nano-spacers between
planar structures as a practical and cost-effective way
to achieve a subwavelength gap spacing between large
plates [2, 16, 32–37]. However, undesired heat conduction
through spacer-plate contacts prevents a direct measure-
ment of near-field thermal radiation, often necessitating
tedious post-processing to exclude the heat conduction
contribution from the measurement. Another challenge

of the micro/nano-spacer scheme is the incapability of
precision gap control between plates. Only limited de-
gree of gap controllability has been demonstrated by me-
chanically adjusting the gap spacing formed by spacers
[16, 33–36] or repeating the measurement for different
spacer sizes [37]. Recently, St-Gelais et al. [38, 39] mea-
sured near-field thermal radiation for a broad range of
gap distances from 42 nm to 1.5 µm under thermal gra-
dients larger than 100 K using a microelectromechanical
actuator platform. However, their nanobeam configura-
tion (i.e., 400 nm×155 µm) is not appropriate for energy
applications.

In this article, we report a direct and systematic
measurement of near-field thermal radiation between
macroscale planar structures for broad nanoscale gap dis-
tances and large thermal gradients over 100 K. To this
end, a versatile near-field experimental setup has been
developed based on a nanopositioning platform. Mi-
cro/nanopositioning systems have been used to facili-
tate the active control of nanoscale gap distances, as
demonstrated in previous works [40–43]. Figure 1a shows
the experimental setup that has a nanopositioner (Smar-
pod 110.45, SmarAct) as a thermal receiver stage. The
nanopositioner is composed of three piezo-motors, pro-
viding six degrees of freedom with 1-nm translational
resolutions in x-, y-, and z-directions and 1-µrad rota-
tional resolutions in θx, θy, and θz directions. The total
travel range in the z-direction is about 10 mm, which
allows for safe sample mounting and pre-alignment pro-
cedures. To prevent overheating of the piezo-motors dur-
ing experiments, a copper heat sink and a thermoelectric
cooler (TEC) (VT/HP127, TE-Tech) are mounted on the
nanopositioning stage. On the other hand, the thermal
emitter stage is equipped with a 20×20 mm2 ceramic
heater (HT24S, Thorlabs) that can increase its tempera-
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FIG. 1: (a) Schematic illustration of the near-field experimen-
tal setup, disassembled to clearly show components mounting
on its two stages. (b) Schematic of pre-aligned top and bot-
tom samples with contact sensors.

ture up to 673 K. Once samples are prepared as described
in the following paragraph, they are adhered to glass car-
riers (with dimensions of 30×5×0.5 mm3) 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
radiation, 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 nanos-
tructures. In order to meet these requirements, sam-
ples are prepared with simple microfabrication processes.
The schematics of sample design and initial alignment
are illustrated in Fig. 1b: sample fabrication steps can
be found in [44]. We selected quartz as an illustrative
material due to several advantages, such as its trans-
parency 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 λ ≈ 8.5 µm and
λ ≈ 20.3 µm, which are predicted to greatly enhance
near-field thermal radiation [23, 51]. We design rectan-
gular (5×15 mm2) quartz samples, where the four corners
are coated with silver (0.5×5.5 mm2). When two sam-
ples are aligned perpendicular as shown in Fig. 1b, the
overlapped quartz surface area is 5×5 mm2 while the Ag
patterns cover 0.5×0.5 mm2 on average at each corner
(or ∼1% of the total surface area). These overlapped Ag
patterns are used as contact sensors, which will be dis-
cussed later. The Ag layer thickness is 10.2 ± 0.4 nm as
measured with a profilometer (Tencor, P-10) for different

FIG. 2: (a)-(d) Sample engagement steps for parallel gap
spacing: (a) bottom sample initially tilted and approached
to make the first corner contact, (b) bottom sample rotates
to make a two-corner contact. (c)-(d) The same procedure is
repeated in the other direction until four corners can make
contact. (e) Real-time monitoring of four contact signals dur-
ing the sample engagement and retraction. Note that the
slight inclination of the lines is just due to the small sample
rate for plotting interface, not the actual electrical response.

samples in one batch: the Ag layer profiles of one illustra-
tive 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 pre-treated 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 exper-
iments.

The sample engagement procedure to ensure a parallel
gap spacing is depicted in Figs. 2a-d. Initially with no
power supplied to the heater and TEC, the bottom sam-
ple is slightly tilted and moved up slowly (<10 nm/s) to
make contact at one corner. Next step is to rotate the
bottom sample around either x- or y-axis (i.e., θx or θy)
until two contacts in one direction are made. The same
step is repeated on the other axis to make all four cor-
ners in contact [52]. Figure 2e shows a typical sensing
sequence of the four-corner contact sensors during the
sample engagement procedure, where each signal (dis-
tinguished by color) indicates a contact made between
two Ag pads at a specific corner. Once the four corners
are in contact, two plates are expected to have a paral-
lel gap spacing as confirmed by the concurrent signal-off
from all contact sensors during slow retraction in Fig. 2e.
Once the bottom stage is retracted, electric power is sup-
plied to the ceramic heater and the TEC to obtain set-
point temperatures. It should be noted that the sam-
ple heating may cause non-uniform thermal expansion of
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the sample assemblies, often necessitating sample realign-
ment to secure the four-corner contact. After the realign-
ment procedure is completed, the bottom stage moves to
a desired position while the samples temperatures are
feedback-controlled. The vertical displacement of the
nanopositioner (∆Zp) was calibrated with optical inter-
ferometry, revealing that ∆Zp is in excellent match with
the interferometrically measured displacement (∆Zi) as
∆Zi/∆Zp = 1.0014 ± 0.0009 [44].

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

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

where PH is electric power supplied to the heater, QR

is the radiative heat transfer rate from the top to the
bottom sample across the vacuum gap d, and QLoss

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
QOut = QR(d) + PTEC , where QOut is heat dissipation
to the heat sink and PTEC is electric power supplied to
the TEC. In eq 1, only QLoss is not a function of the gap
distance, suggesting that QLoss should be constant at dif-
ferent gap distances as far as the heater maintains at the
same temperature. Therefore, the near-field contribution
in thermal radiation can be determined by

∆QR(d) = PH(d) − PH,FF (2)

where PH,FF (= QFF +QLoss) is the heater power in the
far-field regime for the same experimental condition, and
QFF is far-field thermal radiation.

We measured the heater power (PH) at different gap
distances ranging from 200 nm to 1200 nm while main-
taining the heater temperature (THeater) and the TEC
temperature (TTEC) at setpoints. In addition, PH,FF was
measured at d = 10 µm, which is longer than the thermal
wavelengths (i.e., λT = ~c/kBT ) at heater temperatures
under consideration. It should be noted that the mini-
mum gap distance of 200 nm was rigorously determined
by repeating near-field experiments for different samples
and thermal gradients. 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., TH and TC) should be known.
Since it is challenging to directly measure TH and TC
while the gap distance maintains at nanoscales [35, 36],
we instead estimated the possible ranges of TH and TC
(or ∆T = TH − TC) by conducting the far-field calibra-
tion and near-field thermal circuit analysis at d = 200 nm
[44].

Figure 3b shows the measurement of near-field thermal
radiation between two quartz samples when TH and TC

FIG. 3: (a) Measurement principle of near-field thermal radi-
ation, where QR is measured at different gap distances while
THeater and TTEC are maintained at setpoints. (b) Near-
field contribution in thermal radiation (∆QR) between quartz
plates as a function of gap distance when ∆T is 48±2 K (i.e.,
TH = 349±1 K and TC = 301±1 K). The red-colored band is
the theoretical calculation obtained from fluctuational electro-
dynamics. The inset clearly shows the 1/d2 gap-dependence
of near-field thermal radiation, which is a strong evidence of
surface-mode dominant energy transfer.

are 349±1 K and 301±1 K, respectively, (or ∆T = 48±2
K) under the vacuum condition of 8 × 10−7 Torr. The
measurement is in excellent agreement with the calcula-
tion of near-field thermal radiation (colored band) based
on the fluctuational electrodynamics [53, 54] within the
measurement uncertainty estimated from five measure-
ment data sets: the computational model is briefly de-
scribed in [44]. The obtained result clearly demon-
strates the significant enhancement of thermal radiation
across nanoscale gap distances between quartz plates.
This near-field enhancement can be better represented
by defining the enhancement factor as ηe = (∆QR +
QFF )/QBB , where QBB is the blackbody limit at the
same sample temperatures, i.e., QBB = Asσ(T 4

H − T 4
C)

with As being the sample surface area and σ is the Stefan-
Boltzmann constant. If far-field thermal radiation is es-
timated using QFF = εQBB/(2 − ε), where ε = 0.93 is
the total emissivity of quartz [55], QFF is approximately
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8.5 mW (or ∼87% of the blackbody limit). The maxi-
mum enhancement factor (ηe,max) is then estimated to
be 45±3 at the gap distance of 200 nm, which is much
greater than the previously reported enhancement fac-
tors 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. 3b manifests the
1/d2 gap-dependence of the measured near-field thermal
radiation, which signifies the strong contribution of sur-
face modes (i.e., surface phonon polaritons for quartz)
in near-field energy transfer [51, 56, 57]. Previous stud-
ies have revealed that the electromagnetic local density of
states in the vicinity of polar materials, such as SiO2 and
SiC, exhibits a sharp peak at the excitation frequency of
surface phonon polaritons, leading to the resonant radia-
tive energy transport across the nanoscale vacuum gap
[15, 43, 51, 58, 59].

Encouraged by the successful measurement in Fig. 3b,
we repeated the experiment to measure ∆QR for different
thermal gradients, i.e., ∆T = 19±1 K (TH = 319.5±0.5 K
and TC = 300.5±0.5 K), ∆T = 87±3 K
(TH = 388.5±1.5 K and TC = 301.5±1.5 K) and
∆T = 156±4 K (TH = 471±2 K and TC = 315±2 K):
see Fig. 4. In this figure, each ∆QR curve is slightly offset
by 0.05 W for better presentation of the results. Figure 4
clearly demonstrates that the developed experimental
platform can reliably measure near-field thermal radia-
tion for a broad range of sample temperatures. However,
there exists a slight discrepancy between the measured
∆QR and the calculation at ∆T = 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 TH = 388.5±1.5 K (or
∆T = 87±3 K). This experimental constraint is of par-
ticular 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 ∆T = 156±4 K the TEC cannot maintain
the thermal receiver at room temperature 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 multi-stack
TECs on a bigger heat sink or 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 (∆T )
increases. This decreasing trend is due to a smaller ther-
mal wavelength (i.e., λT = ~c/kBT ) at higher thermal

FIG. 4: Gap-dependence of near-field thermal radiation for
different thermal gradients. The symbols show the experi-
mental near-field thermal radiative power, where the colored
bands are fluctuational electrodynamics predictions. For bet-
ter presentation of the results, the obtained ∆QR curves are
slightly offset by 0.05 W. The inset shows the Maximum en-
hancement factor (ηe,max) at the gap distance of 200 nm.

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 GNF = ηeGBB , where
GBB is the blackbody thermal conductance, suggesting
that the near-field thermal conductance should exhibit
less ∆T dependence than the blackbody conductance.

In addition to the gap distance and temperature gra-
dient, the degree of parallelism between two planes is
another critical factor in the accurate measurement of
plane-plane near-field thermal radiation. In order to
demonstrate the significance of parallelism, we measured
near-field thermal radiation while tilting the nanoposi-
tioning stage from the initially aligned parallel position.
Figure 5 shows the change of ∆QR as a function of θx
(i.e., the angle of the bottom plate about the x−axis)
when TH = 319.5 ± 0.5 K and TC = 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 noticeable decrease of the radiative heat trans-
fer rate: ∆QR changes by ∼±5% when the bottom stage
is tilted by around ±2 × 10−3 deg. The same trend can
be observed when θy is manipulated: see Fig. S9 [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 align-
ment to make the maximum near-field thermal radiation.
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FIG. 5: Effect of parallelism on near-field thermal radiation,
∆QR, as a function of θx when θy = 0 deg. The thermal
gradient is set to ∆T = 19±1 K (i.e., TH = 319.5±0.5 K and
TC = 300.5±0.5 K) at the gap distance of 400 nm.

In conclusion, the present work experimentally inves-
tigates a near-field enhancement of thermal radiation be-
tween macroscale planar structures under a large ther-
mal gradients. We have measured near-field radiative
heat transfer between 5×5 mm2 quartz surfaces for a
broad range of temperature gradients from ∼19 K up to
∼156 K. The observed 1/d2 gap dependence is in excel-
lent agreement 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 experimental evidences of super-Planckian energy
transfer across a nanoscale vacuum gap, which can di-
rectly impact emerging near-field energy applications.
In addition, the experimental scheme established in this
work will facilitate the measurement of near-field thermal
radiation for various materials and structures with the
relative easiness in sample preparation and alignment.
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Garćıa-Vidal, J. C. Cuevas, E. Meyhofer, and P. Reddy,
Nature Communications 8, 14479 (2017).

[21] A. Narayanaswamy, S. Shen, and G. Chen, Physical Re-
view B 78, 115303 (2008).

[22] E. Rousseau, A. Siria, G. Jourdan, S. Volz, F. Comin,
J. Chevrier, and J.-J. Greffet, Nature Photonics 3, 514
(2009).

[23] S. Shen, A. Narayanaswamy, and G. Chen, Nano Letters
9, 2909 (2009).

[24] S. Shen, A. Mavrokefalos, P. Sambegoro, and G. Chen,
Applied Physics Letters 100, 233114 (2012).

[25] B. Song, A. Fiorino, E. Meyhofer, and P. Reddy, AIP
Advances 5, 053503 (2015).

[26] P. J. van Zwol, L. Ranno, and J. Chevrier, Physical re-
view letters 108, 234301 (2012).

[27] P. J. van Zwol, S. Thiele, C. Berger, W. A. de Heer, and
J. Chevrier, Physical review letters 109, 264301 (2012).

[28] B. Song, Y. Ganjeh, S. Sadat, D. Thompson, A. Fiorino,
V. Fernández-Hurtado, J. Feist, F. J. Garcia-Vidal, J. C.
Cuevas, P. Reddy, et al., Nature Nanotechnology 10, 253
(2015).

[29] E. G. Cravalho, C. L. Tien, and R. Caren, Journal of
Heat Transfer 89, 351 (1967).

[30] G. Domoto, R. Boehm, and C. L. Tien, Journal of Heat
Transfer 92, 412 (1970).



6

[31] C. Hargreaves, Physics Letters A 30, 491 (1969).
[32] L. Hu, A. Narayanaswamy, X. Chen, and G. Chen, Ap-

plied Physics Letters 92, 133106 (2008).
[33] M. Lim, S. S. Lee, and B. J. Lee, Physical Review B 91,

195136 (2015).
[34] K. Ito, A. Miura, H. Iizuka, and H. Toshiyoshi, Applied

Physics Letters 106, 083504 (2015).
[35] M. P. Bernardi, D. Milovich, and M. Francoeur, Nature

Communications 7, 12900 (2016).
[36] J. I. Watjen, B. Zhao, and Z. M. Zhang, Applied Physics

Letters 109, 203112 (2016).
[37] S. Lang, G. Sharma, S. Molesky, P. Kränzien, T. Jalas,

Z. Jacob, A. Y. Petrov, and M. Eich, Scientific Reports
7, 13916 (2017).

[38] R. St-Gelais, B. Guha, L. Zhu, S. Fan, and M. Lipson,
Nano Letters 14, 6971 (2014).

[39] R. St-Gelais, L. Zhu, S. Fan, and M. Lipson, Nature Nan-
otechnology 11, 515 (2016).

[40] R. S. Ottens, V. Quetschke, S. Wise, A. A. Alemi,
R. Lundock, G. Mueller, D. H. Reitze, D. B. Tanner,
and B. F. Whiting, Physical Review Letters 107, 014301
(2011).

[41] T. Kralik, P. Hanzelka, V. Musilova, A. Srnka, and
M. Zobac, Review of Scientific Instruments 82, 055106
(2011).

[42] T. Kralik, P. Hanzelka, M. Zobac, V. Musilova, T. Fort,
and M. Horak, Physical Review Letters 109, 224302
(2012).

[43] B. Song, D. Thompson, A. Fiorino, Y. Ganjeh, P. Reddy,
and E. Meyhofer, Nature Nanotechnology 11, 509 (2016).

[44] See Supplemental Material at [URL will be inserted by
publisher] for discussions on determination of sample sur-
face temperatures, interferometric calibration of nanopo-
sitioner, sample fabrication and preparation, surface
characterization, fluctuational electrodynamics model,
effect of parallelism between two plates and effect of sam-
ple contact to heat transfer, which includes Refs.[45-50].

[45] M. Francoeur and M. P. Mengüç, Journal of Quantitative
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