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EXPERIMENTAL STUDIES OF RADIATIVE HEAT TRANSFER
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Radiative heat transfer between bodies can be significantly enhanced beyond Planck’s law
in the near field due to photon tunneling. Extensive theoretical work was reported to study
near-field radiation between bodies with different geometries and materials. Although experi-
mentally measuring heat transfer at small gaps is very difficult, many advanced experimental
techniques have been developed to measure near-field radiative heat transfer over the past
decades. The aim of this chapter is to give an in-depth review about those experimental tech-
niques, measured results, and their comparison with theoretical predictions. The previous ex-
perimental studies are categorized in terms of three configurations: parallel-plate, tip-plate,
and sphere-plate. Future directions of measuring near-field radiation are also discussed.

1. INTRODUCTION

Any object with a temperature of >0 Kevin emits thermal radiation. For instance, the
thermal emission from a human body is mainly in the infrared range of light and can be
detected by an infrared camera. Solar light is the thermal radiation emitted by the Sun at
∼6000 K. Thermal radiation emitted from an object physically originates from the ther-
mal oscillations of charges inside the object, such as electrons in metals or ions in di-
electrics. The random thermal oscillations of charges generate fluctuating currents that are
the sources of emitted electromagnetic waves. A body at the temperature T can thus be
regarded as a medium with random currents that radiate electromagnetic fields.1−3 Ther-
mal radiation is essentially a broad spectrum of electromagnetic waves that are generally
governed by Maxwell’s equations.

The exchange of thermal radiation between bodies at different temperatures is one of
the fundamental modes of heat transfer, particularly, for high temperatures and in vacuum.
When the characteristic length scales of objects are larger than the dominant wavelength
of thermal radiation given by Wien’s displacement law,4 the radiative heat transfer can
be calculated by the theory based on Planck’s blackbody radiation law.5 In Fig. 1(a), two
semi-infinite bodies with different temperatures are placed in vacuum and separated by a
gap of length d. In the “far-field” radiation regime in which the gap distance is much larger
than the wavelength of thermal radiation, when the incident angle of the electromagnetic
waves originated within one body is smaller than the critical angle, the wave is reflected
at the interface and transmitted out into vacuum. The transmitted wave can propagate and
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FIG. 1: Thermal radiation between two bodies at different gaps: (a) far-field radiation with
propagating waves; (b) near-field radiation with the contribution from evanescent waves.

reach the other body, thus transferring energy between them. In this case, blackbody ra-
diation gives the maximum of heat radiation between them. When the incident angle is
larger than the critical angle, the phenomenon of total internal reflection occurs, where the
transmitted wave becomes evanescent. The electromagnetic field of the transmitted wave
decays exponentially across the vacuum gap. Because the gap distance is much larger than
the wavelength, the evanescent wave totally attenuates across the gap and has no contri-
bution to the heat transfer. In the “near-field” radiation regime in which the gap is much
smaller than the thermal wavelength [Fig. 1 (b)], the evanescent wave can reach the sec-
ond body before the total attenuation, thereby some photons can tunnel through the gap
and enhance the radiative heat transfer between the two bodies.6,7 Because of the nature
of exponential decay, the heat radiation enhancement in the near-field strongly depends on
the gap distance. Apparently, Planck’s law5 only deals with propagating waves, and fails
to predict the contribution from evanescent waves.

Cravohlo et al.8 first theoretically investigated the enhancement of thermal radiation
between two closely spaced bodies by including the contribution of evanescent waves.
Polder and Van Hove9 developed the theoretical framework to calculate the near-field radi-
ation based on fluctuation electrodynamics by Rytov,1 and studied the near-field radiation
between two metallic surfaces. This theoretical framework was subsequently employed by
other authors to calculate the near-field radiation with a variety of materials and geometries.
Parallel-plate is the simplest geometry for calculation. Based on this configuration, people
have calculated the near-field radiation between surfaces with metals,9,10 dielectrics,11
and doped semiconductors.12 In particular, for the polar dielectrics that can support reso-
nant surface phonon polaritons, the near-field radiation is dominated by the contribution of
the surface waves.11 Other simple geometries considered include multilayers such as thin
coatings13−16 and two spheres.17 For a nanosphere and a plate, the near-field radiation be-
tween them was calculated by approximating the nanosphere as a pointlike dipole.18 These
previous theoretical studies including the underlying physical principles of near-field ra-
diation have been extensively discussed and reviewed by Joulain et al.,2 Narayanaswamy
and Chen,19 Volokitin and Persson,3 and Basu et al.7
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2. RECENT THEORETICAL ADVANCES

Here, we will review recent theoretical advances including the mesoscopic description of
near-field radiation, thermal rectification through a vacuum gap, and the near-field radiative
heat transfer between nanophotonic structures such as metamaterials and photonic crystals.
Numerous intriguing phenomena were theoretically demonstrated for those new materials
and structures.

Biehs et al.20 reformulated the general form of near-field radiation derived by Polder
and Van Hove9 into a Landauer-like form in mesoscopic physics. A mean transmission
factor was introduced in the new formulism to clearly understand radiative heat flux in the
near field in terms of the photon density of states (DOS) or the number of modes (NOM).
An experiment was proposed to measure the quantized radiative conductance between two
wires with a finite transverse cross section L2. Here, L is on the order of the dominant
wavelength of thermal radiation, and thus the electromagnetic modes are quantized.

A thermal rectifier is a two-terminal device that allows heat to flow in one direction,
but block heat flow in the opposite direction. Different from the solid state thermal recti-
fiers previously demonstrated, Otey et al.21 proposed a photon-mediated thermal rectifica-
tion scheme that relies on the temperature dependence of dielectric functions of materials.
The thermal rectification system considered consists of one half-space isotropic 3C poly-
type silicon carbide (SiC-3C) and one half-space of uniaxial 6H polytype silicon carbide
(SiC-6H) separated by a vacuum gap. Theory has predicted that narrowband resonant sur-
face phonon plolaritons dominate the near-field radiation between polar dielectrics such as
SiC and SiO2.22 Both SiC-3C and SiC-6H can support surface phonon polaritons, but the
temperature dependence of phonon polariton resonances localized in the two types of SiC
is quite different. In the forward temperature bias, the resonances in SiC-3C and SiC-6H
are spectrally aligned, so that strong electromagnetic coupling between the resonances in
the near field leads to enhanced heat transfer. In contrast, in the reverse biased case, the
resonances are spectrally separated, thus the resonances are weakly coupled. A rectifica-
tion factor, R = (Gforward − Greverse)/Greverse, where G is the thermal conductance, is
usually used to evaluate the performance of a thermal rectifier. For this system of SiC-3C
and SiC-6H, Otey et al.21 predicted that for a 100 nm gap, R can be as large as 0.41 when
the hot and cold sides are kept at 600 and 300 K, respectively. Based on the temperature
dependence of the dielectric function of doped silicon, Basu and Francoeur23 designed a
near-field thermal rectifier using a film and a bulk of doped silicon separated by a vacuum
gap. For a 10 nm–thick film, R > 0.5 was predicted for vacuum gaps varying from 1 to
50 nm with the hot and cold temperatures being 400 and 300 K, respectively.

Electromagnetic metamaterials, in which the structure features are much smaller than
the working wavelength of photons, offer an entirely new route for designing fascinating
physical properties and manipulating the interactions between light and materials. Joulain
et al.24 theoretically investigated the near-field radiation between two isotropic metama-
terials by means of the theoretical framework developed by Polder and Van Hove.9 The
effective permittivity and permeability of metamaterials were described by the previously
developed models for an artificial array of wires and split rings.25,26 Similar with the case
for polar dielectrics, the near-field radiative heat transfer can be enhanced when resonant
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surface waves exist on the surface of metamaterials. It was shown that surface polariton
resonances occur when the relative permittivity εr is equal to –1 for p-polarized waves,
or when the relative permeability µr is equal to –1 for s-polarized waves or when µr

becomes very large. Francoeur et al.27 studied the near-field radiation between isotropic
metamaterials made of SiC particles. The effective εr and µr were expressed using the
Clausius-Mossotti model. The presence of electric and magnetic surface polaritons gave
rise to the enhanced near-field radiative heat transfer between two dielectric-based meta-
materials. Basu and Francoeur28 investigated the penetration depth in the near-field ra-
diative heat transfer between metamaterials when surface polaritons were excited at both
electrical and magnetic resonances. The penetration depth of near-field thermal radiation
at electric and magnetic resonances was shown to be increased or reduced, depending on
the scattering rate of the metamaterial.

Biehs et al.29 employed the classical stochastic electrodynamic theory to study the
near-field radiation between nanoporous materials, for example, SiC plates, with cylindri-
cal air inclusions. The anisotropic permittivity was described by the classical Maxwell-
Garnett theory. In the near-field region, the contributing modes at a gap distance d above
the nanoporous material have a lateral wavelength dependent on d. Thus, for a given lat-
tice constant a of the inclusions, the validity of Maxwell-Garnett theory was found to be
restricted to d À a/π. For small filling factors, the near-field enhancement on radiative
heat transfer is due to surface waves on the interface of the uniaxial material and vacuum,
which is intrinsically connected to anisotropy. In contrast, for larger filling factors, the
enhancement mainly arises from the increased number of modes contributing to the heat
flux.

Effective medium rationales, which are applicable for describing the dielectric func-
tions of metamaterials, break down for photonic crystals because the structure size in pho-
tonic crystals is comparable with the working photon wavelength. Hence, rather than using
effective medium theories, Rodriguez et al.30 conducted a direct simulation to investigate
the near-field radiation between two photonic crystal slabs based on a previously developed
computational approach.31 The advantages of using photonic crystals were illustrated to be
at intermediate gaps in which near-field heat transfer can be enhanced at selective frequen-
cies. However, for even smaller gaps, the interaction between photonic crystals can be
described by a proximity approximation in which adjacent surfaces are treated as parallel
plates multiplied by a filling factor.

3. EXPERIMENTAL STUDIES

Compared with the extensive theoretical studies, the experimental work about measuring
thermal radiation between closely spaced bodies is quite limited due to the difficulties of
thermal measurements at small gaps. The aim of this section is to provide an in-depth re-
view about the experimental studies of near-field radiative heat transfer. Although a large
number of theoretical calculations are available for the near-field radiation between two
parallel plates, it is one of most difficult geometries for experiments because it is ex-
tremely hard to maintain good parallelism at nanoscale gaps. Almost all the quantitative
measurements about parallel-plate geometry ceased at microscale gaps. To overcome the
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experimental difficulties of parallel-plate, the previous authors also exploited tip-plate and
sphere-plate geometries in which a fine gap can be defined at the nanoscale. Nevertheless,
the near-field heat flux between a tip or sphere and a plate is much weaker compared to two
parallel plates because of smaller surface areas in the configuration of tip-plate or sphere-
plate involved in the near-field radiation. Thus, the tip-plate or sphere-plate experiments
usually require more sensitive thermal measurement techniques. The analytical solution
for the near-field radiative heat transfer between a tip and a plate can be found by approxi-
mating the small tip as a point dipole.18 For a microsphere and a plate, however, it is hard
to obtain the exact solution because of computational difficulties. The proximity force the-
orem, which approximates curved surfaces by differential flat areas and uses the known
solutions for two parallel plates, was adopted to estimate the near-field radiation between
a microsphere and a plate.32,33 Very recently, Otey and Fan34 developed an efficient com-
putational strategy to achieve the exact solution of the near-field radiation in sphere-plate
geometry. Kruger et al.35 also solved the radiative heat transfer between a sphere and a
plate, and demonstrated the validity of the proximity approximation at close separations
and arbitrary temperatures. Other geometries such as multilayers, photonic crystals, and
two spheres have not yet been realized for experiments. In this section, the previous exper-
imental studies are categorized by three different geometries: parallel-plate, tip-plate, and
sphere-plate.

3.1 Parallel-Plate Configuration

Hargreaves36 measured the radiative heat flux between two optically flat plates coated with
∼100 nm–thick chromium. The separation and parallelism of the two plates were adjusted
by piezoelectric ceramic pillars. The measurements were conducted at a vacuum level of
<10−3 Pa to eliminate any heat transfer through air. A guard enclosure surrounding the hot
plate was maintained at the same temperature with the hot plate to minimize the radiation
loss. During the experiment, the temperature of the cold plate was kept at 306 K, and the ra-
diative heat flux through the gap between the two plates was measured to be the power that
was supplied in order to hold the hot plate at 323 K. The heat losses via supports and wires
were estimated be ∼1% of the supplied power. The separation of the two plates was de-
termined by measuring the capacitance between the two plates. The chromium film on the
cold plate was divided into three segments. The parallelism was monitored by checking the
capacitances and interference colors between segments. The experiment of Hargreaves36
clearly demonstrated the near-field enhancement of radiative heat transfer at a gap size
smaller than 2 µm. But the presence of dust particles prevented him from achieving a sub-
micron separation because he used relatively large plates (∼5 cm2 in area). The capacitance
measurement for the gap size and the parallelism between the two plates in his experiment
was adopted and modified by other authors subsequently, and smaller surfaces were used
to reduce the adverse influence from dust particles.

Domoto et al.37 measured the radiative heat transfer between two identical copper par-
allel plates (85 mm in diameter) at liquid helium temperatures with the gap distance rang-
ing from hundreds of millimeters down to 10 µm. At the liquid helium temperatures, the
dominant thermal wavelength is ∼1 mm. The low-temperature experiments provide the
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advantage to observe near-field radiation at a much larger gap, compared to room tempera-
ture measurements. But the limitation is that the intensity of thermal radiation also becomes
smaller, which makes heat flux measurement difficult. Both the hot and the cold plates in
their experiment were connected to a base ring whose temperature was controlled to be a
constant value slightly above the liquid helium temperature. The temperatures of the two
plates and the base ring were measured by germanium and carbon thermometers mounted
on them. The measurement technique consisted of first calibrating the thermal resistance
of the thermal ink between the hot plate and the base ring. Then, a certain amount of en-
ergy was dissipated into the resistor mounted on the hot plate. The net heat flux between
the two plates was obtained by measuring the temperature difference across the thermal
ink. The experiments were conducted with the temperatures of the hot plate at approxi-
mately 15.1, 13.8, and 10.0 K, and the temperature of the cold plate at ∼4.5 K for all the
cases. Although the authors clearly observed the dependence of radiative heat flux on the
gap distances, their experimental results only qualitatively agreed with the contemporary
theoretical predictions due to the lack of accurate theoretical results. Meanwhile, since the
parallelism of the two plates was not monitored during the experiment, there existed a large
uncertainty on the gap distance measurements.

Xu et al.38 investigated the radiative heat transfer between two metallic surfaces based
on a scanning tunneling microscope (STM)-type experiment. Compared to the experiment
of Hargreaves,36 they used much smaller surfaces to overcome the problem caused by dust
particles. As shown in Fig. 2, one surface was made by deforming an indium needle whose
flat end had a diameter of∼100 µm, and the other surface was the upper surface of a planar
thermocouple (Ag90/Cu10-Cr) with a junction area of 160 × 160 µm2. The indium nee-
dle was heated to generate a temperature difference of ∼40 K between the needle and the
junction. The heat transfer between the two surfaces was measured by the thermocouple
junction from its temperature-dependent thermoelectric voltage. The gap between the two
surfaces was controlled by the piezotube of the STM head. The absolute gap size was de-
termined by the difference between the displacement of the needle and the mechanical con-
tact, which was checked using a capacitive detector. During the experiment, both DC and

FIG. 2: Experimental setup based on a STM head. The gap was formed by a squeezed
needle and a planar thermocouple. Reprinted with permission from Xu et al.38
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AC thermoelectric voltages were measured to evaluate the heat transfer through the gap.
In the DC measurements, the needle was modulated in its axial direction with a magnitude
of 0.3 nm. In the AC measurements, the modulation magnitude was 8.8 nm in order to in-
crease the sensitivity. The modulation frequencies of both DC and AC measurements were
<200 Hz. All the measurements in their experiment started from a 400 nm displacement
of the needle until the mechanical contact was made. They did not observe any obvious
heat transfer for larger gap distances (>80 nm) due to the low experimental sensitivities.
However, we know from theory that near-field radiative heat transfer increases dramati-
cally in this distance range (80–400 nm) when reducing the gap size. The heat transfer
was observed when the needle came to mechanical contact with the junction, and it in-
creased rapidly as the contact area increased. In terms of the measurement sensitivities and
the smallest mean gap distances due to the tilt angle (<0.15 deg) of the indium surface,
they estimated the upper limits of the heat flux in their experiment. From those limits, they
concluded that the theory of Polder and Van Hove9 overpredicted the heat transfer in the
distance range from 50 to 200 nm.

Hu et al.39 measured the near-field radiation between two optically flat glass plates at a
∼1 µm gap. The glass plates had a diameter of 12.7 mm and a thickness of 6.35 mm. The
1 µm gap was established by placing polystyrene microspheres with the nominal diameter
of 1 µm between the two plates. Polystyrene was chosen because it has a low thermal
conductivity. Small droplets of the microsphere suspension were dispensed over the cold
plate, and a total of about 80 particles were deposited between the two plates. The heat
conduction through the particles was ignored compared to the radiation heat flux. A heating
pad was attached to the hot plate. The temperature of the heating pad was monitored by a
platinum resistance temperature detector and controlled with temperature variation within
1 K [Fig. 3(a)]. A heat flux meter was positioned between the cold plate and the heat
sink. The experimental data agreed well with the theoretical prediction for a 1.6 µm gap
[Fig. 3(b)]. The larger gap than 1 µm in the experiment was attributed to the deviation
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FIG. 3: (a) Experimental setup with polystyrene beads used as spacers (scale bar: 1 µm
in the SEM image); (b)Temperature-dependent heat transfer coefficients. Reprinted with
permission from Hu et al.39
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in microsphere diameters, as shown in the scanning electron microscope (SEM) image of
polystyrene beads in Fig. 3(a). The authors also found that the measured radiative heat
transfer between two plate at a ∼1 µm gap exceeds blackbody radiation of >35%. The
low–thermal conductivity microspacers in the experiment of Hu et al.39 are quite useful
in practice to generate microscale gaps. But the drawback is that the gap distance is not
continuously changed during the experiment.

Ottens et al.40 measured the radiative heat transfer between two macroscopic planar
surfaces at room temperature with gap sizes down to a few microns. As seen in Fig. 4(a),
the two plates were made from sapphire and have a large surface area of 50 × 50 mm2.
Sapphire was used because it has a good thermal conductivity. The cold plate was attached
to the thermal bath of the vacuum chamber. The hot plate was thermally isolated from the
bath by a spacer, and a heater was mounted on the backside of the plate. Similar to the
experiment of Hargreaves,36 they measured the power required to maintain the tempera-
ture difference between the hot and cold plates. The power includes several parallel heat
pathways: heat conduction through the spacer and holders, radiative transfer from the hot
plate to the vacuum chamber, and near-field and far-field radiation between the two plates.
However, only the near-field radiation is changed with the gap distance, and thus it can be
observed. The temperatures of the two plates were measured by the Si-diode thermome-
ters attached to them. Both the plates had four corners coated with ∼200 nm–thick copper
films with areas of ∼1 mm2. Like the Hargreaves36 experiment, the capacitance between
the copper films on the two plates was measured to obtain the separation and monitor the
angular alignment of the plates. They measured the heat transfer coefficients of the near-
field radiation between two sapphire plates at different temperature differences. The gap
distance ranged from 2 to 100 µm. Their experimental data agreed well with theoretical
predictions, shown in Fig. 4(b). But the measured heat transfer coefficients were slightly
larger than the theoretical values at the same gap sizes. They attributed this deviation to the
imperfect flatness of the plates, which was confirmed by the subsequent curvature mea-
surements of the plates.

Kralik et al.41 designed a cryogenic apparatus for measuring radiative heat transfer be-
tween two concentric tungsten disks (35 mm in diameter and 2.5 mm in thickness) both
in the near-field and far-field regimes. Compared to the experiment done by Domoto et
al.,37 the experiment by Kralik et al.41 was more sophisticated and pushed to a smaller
gap, around 2 µm. The apparatus was put in a vacuum jacket 100 cm in length and 48 mm
in diameter. As seen in Fig. 5(a), the bottom part of the apparatus included a measurement
chamber and a guard chamber. The chambers were connected with the lid of the appa-
ratus by a holder tube. This assembly was screwed to the bottom of the vacuum jacket
to create a stable thermal contact to a liquid He bath. The guard chamber was to pro-
tect the measurement chamber against mechanical stress and heat flow coming from the
holder tube. The size of the gap between samples was adjusted by the differential screw
(100 µm/rev) mounted on a hot sample suspension. The hot sample assembly consisted
of a sample holder with a heater and a temperature sensor, a plane parallelism equalizer,
and the hot sample. The parallelism equalizer linked thermally and mechanically the heater
and the hot sample, and ensured the parallel position of the samples. The cold sample was
mounted to the heat flux meter, which consisted of a cold sample holder with a calibration
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(a)

(b)
FIG. 4: (a) Experimental setup with two macroscopic planar plates; (b) heat transfer coef-
ficients at different temperature differences. The curves are each offset vertically by 2 W/m
K from the one below. Reprinted with permission from Ottens et al.40

heater, a thermal resistor, stabilization heater, and two temperature sensors. The accuracy
of heat flux measurements was estimated to be 20 nW. During the experiment, the gap size
between samples and their parallelism were evaluated from the capacitance measurement.
The gap distance between samples and the temperature of the hot sample were varied in
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(a) (b)

FIG. 5: (a) Experimental apparatus for measuring near-field heat transfer at cryogenic tem-
peratures; (b) mutual emissivity of tungsten samples as a function of gap distances with
various temperatures of the hot sample. Reprinted with permission from Kralik et al.41

the range of 1–100 µm and 10–60 K, respectively. The temperature of the cold sample
was maintained at ∼5 K. In the near-field regime, the measured emissivity was inversely
proportional to the distance raised to the power n = 1.4–2.4, as shown in Fig. 5(b). Here,
the mutual emissivity ε of the hot sample at temperature Th and the cold sample at Tc is
defined as ε = Q/σA(T 4

h − T 4
c ), where Q is the measured heat power, σ is the Stefan-

Boltzman constant, and A is the area of the sample. For the 9 K hot sample and a 2 µm
gap, the emissivity was observed to be three orders of magnitude above its far-field value.

3.2 Tip-Plate Configuration

Kittel et al.42 measured the near-field radiative heat transfer between the tip of a STM
and the surface of gold or gallium nitride at gaps ranging from ∼100 nm to 1 nm. The
temperature difference between the hot tip and the liquid nitrogen–cooled samples was
estimated to be ∼200 K, and the resulting heat flux was measured by a thermocouple
integrated to the STM tip.42 The structure of the integrated thermocouple is shown in
Fig. 6(a). A thin platinum wire was melted into a glass micropipette. A sharp tip was
subsequently made by electrochemically etching the protrusion of the platinum wire from
the pipette. The pipette was then coated with a 25 nm-thick gold film. Thus, a thermocouple
was formed by the platinum tip and the coated gold film. Both the Seebeck coefficient
(Vth/∆T ) and the heat resistance (∆T /∆P ) of the thermocouple were calibrated in order
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(a) (b)
FIG. 6: (a) The thermocouple integrated to a STM tip; (b) measured heat current ∆P
between the STM tip and a gold layer. The deviation of experimental data from theory
occurred when the gap is below 10 nm. Reprinted with permission from Kittel et al.42

to convert the measured thermoelectric voltage Vth to the near-field heat flux ∆P . The
authors compared their experimental results to the theoretical predictions from fluctuation
electrodynamics by assuming that the sensor has an effective circular area with the radius
of 60 nm. This value was consistent with the SEM characterization of the tip. They found
that for gap distances of >10 nm, the experimental data agreed well with the theoretical
prediction by Mulet et al.18 However, their results differed distinctly from theory when
the gap distance is <10 nm. In Fig. 6(b), the increase of near-field heat flux levels off
at very small gaps. They attributed this observed saturation of near-field heat transfer to
the nonlocal effects of dielectric functions of materials at short distances. Chapuis et al.10
studied the near-field radiative heat transfer between two metallic semi-infinite plates and
analyzed the effects of nonlocal corrections using the Lindhard-Mermin and Boltzmann-
Mermin models. They found that local and nonlocal models yield the same results for gaps
of >2 nm. They also showed that the near-field radiative heat flux saturates at distances
smaller than the metal skin depth. The observed saturation of heat flux by Kittel et al.42
may thus be explained as a manifestation of the metal skin depth.

3.3 Sphere-Plate Configuration

Narayanaswamy et al.44 and Shen et al.33 measured the near-field radiative heat transfer
between a microsphere and a plate using a bimaterial atomic force microscope (AFM)
cantilever as a thermal sensor. In Fig. 7(a), a glass sphere 50 or 100 µm in diameter was at-
tached to the tip of the bimaterial (Si3N4/Au) AFM cantilever. The glass sphere was chosen
because glass can support resonant surface waves. A laser beam was focused on the tip of
the cantilever and reflected onto a position-sensitive detector (PSD) for measuring the de-
flection of the cantilever. A portion of the laser power was absorbed by the gold film on the
cantilever and thus generated a temperature rise on the sphere that can be further measured
by calibrating the thermal conductance of the cantilever.45 The substrate and the support
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(a) (b)
FIG. 7: (a) Experimental setup with a bimaterial AFM cantilever as a thermal sensor; (b)
equivalent sphere-plate near-field heat transfer coefficients normalized to the effective area.
The flat line is the limit predicted by Planck’s law. Reprinted with permission from Shen et
al.33

base of the cantilever were passively maintained at the ambient temperature. The substrate
was rigidly fixed to a piezoelectric moving stage that was able to reduce the gap between
the sphere and the substrate from 10 µm to ∼30 nm. The smallest gap size was limited
by the surface roughness of the sphere and the substrate. Different from the standard AFM
measurements, the cantilever with the microsphere in their experiments was oriented per-
pendicularly to the substrate to reduce the bending caused by the Casimir and electrostatic
forces during the experiment. Although the initial bending of the cantilever was determined
by the heat conduction along the cantilever and the far-field radiation between the heated
system and the surrounding, their experiment measured the difference of the subsequent
bending from the initial bending that is only caused by the near-field effect. They measured
the thermal conductance of near-field radiation between the glass sphere and the substrates
with different materials (glass, doped silicon, and gold). The experimental results were in
reasonable agreement with the theoretical predictions from the proximity force theorem.
The glass-glass case had the largest near-field signal because of the contribution from sur-
face waves. By normalizing the measured thermal conductance to the effective area derived
from the proximity approximation, they observed that the heat transfer coefficients of the
near-field radiation between two glass surfaces exceeds the blackbody radiation limit by
three orders of magnitude at a∼30 nm gap, as shown in Fig. 7(b). Gu et al.46 have recently
improved the optical lever technique33,43 to measure the near-field radiation between a
sphere and a plate, and position the sphere away from the edge of the substrate so that the
substrate can truly be modeled as an infinite plane.

Rousseau et al.47 measured the near-field radiation between a glass microsphere and
a glass substrate using a similar technique to that of Narayanaswamy et al.44 and Shen et
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al.,33 although subtle but important differences exist between the two groups. The experi-
ment of Shen et al.33 heated up the sphere and was sensitive to the near-field radiation only,
while Rousseau et al.’s experiment heated up the substrate and included far-field contribu-
tions. The differences of their experiment from those of Shen et al.33 are presented in more
detail below. In Fig. 8, they heated the plate to produce the temperature difference between
the sphere and the plate, typically on the order of 10–20 K. Hence, rather than measur-
ing the near-field radiation only, the experiment of Rousseau et al.47 included far-field

(a)

(b)
FIG. 8: (a) Experimental setup with a heated plate. A feedback loop keeps the cantilever–
optical fiber distance constant by applying a voltage to a piezoelectric actuator holding the
optical fiber; (b) measured thermal conductance as a function of gap sizes. The red line is
the theoretical model. The dashed blue line is the asymptotic contribution varying as 1/d.
Reprinted with permission from Rousseau et al.47
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contributions. The temperatures of the plate were measured with a K-type thermocouple.
The deflection of the cantilever was measured using a fiber interferometric technique rather
than a position-sensing detector. The drawback of using an optical readout was that part of
the optical beam is absorbed and introduces a spurious heat flux to the cantilever. To keep
the heat flux constant, the distance between the cantilever and the optical fiber was main-
tained as a constant by a feedback loop [Fig. 8(a)]. The cantilever response was calibrated
by using the same experimental setup but working at the far-field regime. They measured
the bending of the cantilever while increasing the temperature of the hot plate and keep-
ing the gap between the sphere and the plate at ∼50 µm. Two spheres with different sizes
(22 and 40 µm in diameter) were used in their measurements, and the measured thermal
conductance of near-field radiation agrees well with the theoretical prediction from the
proximity approximation [Fig. 8(b)].

4. SUMMARY AND OUTLOOK

Despite the difficulties of thermal measurements at small gaps, previous authors have
successfully developed various experimental techniques to demonstrate the radiative heat
transfer enhancement in the near field. Nevertheless, the experimental studies on near-
field radiation are still very limited. Most experiments focused on the relatively simple
geometries such as parallel-plate, tip-plate, and sphere-plate, and common materials such
as metals or dielectrics. With advances of microfabrication techniques and nanotechnolo-
gies, many ultrasensitive measurement tools were created to probe heat transfer at the
nanoscale.48,49 Meanwhile, near-field radiation shared the same physical origin (i.e., elec-
tromagnetic fluctuations) with the Casimir force. Numerous experimental techniques have
been developed to measure the Casimir force at small gaps.50−53 New experimental tech-
niques can be potentially developed to measure near-field radiation based on those previous
techniques for the Casimir force measurements. For instance, the experimental technique
of measuring near-field radiation for the sphere-plate configuration33,44 was inspired by
the one for the Casimir force measurement by Mohideen and Roy.51

On the basis of the proven experimental techniques for near-field thermal measure-
ments, the near-field radiation in other materials and geometries such as multilayers, two-
sphere, photonic crystals, and metamaterials can be measured and compared with the ex-
isting theoretical calculations. Particularly, the experimental techniques on sphere-plate or
tip-plate geometry can achieve measurements at very small gaps, but the surface roughness
of the sphere and the plate certainly becomes more important for accurately determining
gap sizes. Theory has predicted that at extremely small gaps, near-field radiation saturates
with a decrease of gap size due to the nonlocal effects of dielectric functions. Techni-
cally, atomically smooth surfaces with a surface roughness less than 1 nm are attainable.
Although the nonlocal theory is not well established, it is possible to use the present exper-
imental setup to demonstrate the nonlocal effects at an extremely small gap. The near-field
radiation at extremely small gaps gives rise to another interesting question about how non-
contact near-field radiation transits to heat conduction at contact. How to model and exper-
imentally demonstrate this transition from radiation to conduction is still an open question
and needs further research.
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