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Kittel et al., Phys. Rev. Lett. (2005)ficient of the scanner. Results of such measurements are
depicted in Fig. 2 for a sample consisting of a gold layer,
and in Fig. 3 for a sample of GaN. In both cases, the sensor
with Rth ! 54 K=mW has been employed. During these
measurements, we have carefully checked that the cross
talk between the tunnel current signal and the thermovolt-
age remains negligibly small. The absence of interference
is indicated by the fact that the tunnel current decreases
strongly in a range of distances where the observed ther-
movoltage stays almost constant.

A theoretical discussion of the heat transfer between an
idealized tip and a flat surface, which may serve as a
guideline for the analysis of our data, has been given by
Mulet et al. [12]. These authors have modeled the tip by a
small dielectric sphere of radius r and assumed the incident
electric field to be uniform inside the sphere, so that it acts
as a pointlike dipole. If the temperature of the sample is
significantly lower than that of the tip, as in our case, the
heat current flowing back from the sample to the tip can be

neglected. The total flux between the surface and the tip
then is determined entirely by the current directed from the
tip to the sample, according to
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where ""!# ! 2!"4%r3#&00tip=j&tip $ 2j2 describes the di-
electric properties of the sphere, and the temperature
entering #E is that of the tip. Taking this expression
at a representative frequency !0, one has !P %
""!0#&0hE2i=2, so that, within the scope of the model,
the heat flux registered by the tip should be proportional to
the electrical energy density of the flat sample, evaluated,
however, at the temperature of the tip.

For distances larger than about 10&8 m, our experimen-
tally observed heat transfer is, to good accuracy, propor-
tional to the total energy density as given by Eq. (2), not to
the electric field contribution alone. Since the constant of
proportionality, which carries the dimension of area times
velocity, may differ substantially from ""!0#, we focus on
the scaled energy density !Pth :! %a2chu"z#i, where c is
the velocity of light, and employ the effective sensor area
%a2 as a fitting parameter. Modeling the dielectric function
&"!# for Au by a Drude ansatz with parameters taken from
Ref. [19], and that for GaN by the ‘‘reststrahlen’’ formula
with parameters from Ref. [20], we obtain the dashed lines
in Figs. 2 and 3, setting a ! 60 nm. This value is in
accordance with scanning electron microscopy studies of
the tip and describes both experimental data sets for z *
10 nm, as it should. The latter fact also indicates that the
use of Eq. (2), i.e., the neglect of the field’s distortion by
the tip, is justified here.

In the case of GaN, the theoretical curve for !Pth
diverges as z&3 for sensor-sample distances below 10 nm.
In contrast, for Au this familiar behavior would become
apparent only at substantially smaller z [3]. However, the
experimental data clearly show a different trend, leveling
off to values which for the smallest accessible distances are
significantly lower than !Pth. We interpret this finding as
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FIG. 2. Measured heat current !P (in Watts) between the
microscope tip and a gold layer (circles) vs tip-sample distance
z. The dashed line, which coincides with the solid one for larger
z, corresponds to the prediction !Pth of standard fluctuating
electrodynamics, based on Eq. (2). The solid line is obtained
from Eq. (5) with the modified dielectric function (4), setting
L ! Ltip ! 1:2' 10&8 m.
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FIG. 3. As Fig. 2 for a sample of GaN, setting L ! 1:0'
10&10 m and Ltip ! 1:2' 10&8 m.
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FIG. 1 (color online). (a) Cross section of the micropipette
glued into a tip holder. The thermoelectric voltage Vth builds up
between the inner platinum wire and the outer gold film. The
tunnel potential is applied between the sample and the grounded
gold film. (b) Dependence of the thermovoltage on the absorbed
power !P of calibrating laser light for two different sensors.
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ficient of the scanner. Results of such measurements are
depicted in Fig. 2 for a sample consisting of a gold layer,
and in Fig. 3 for a sample of GaN. In both cases, the sensor
with Rth ! 54 K=mW has been employed. During these
measurements, we have carefully checked that the cross
talk between the tunnel current signal and the thermovolt-
age remains negligibly small. The absence of interference
is indicated by the fact that the tunnel current decreases
strongly in a range of distances where the observed ther-
movoltage stays almost constant.

A theoretical discussion of the heat transfer between an
idealized tip and a flat surface, which may serve as a
guideline for the analysis of our data, has been given by
Mulet et al. [12]. These authors have modeled the tip by a
small dielectric sphere of radius r and assumed the incident
electric field to be uniform inside the sphere, so that it acts
as a pointlike dipole. If the temperature of the sample is
significantly lower than that of the tip, as in our case, the
heat current flowing back from the sample to the tip can be

neglected. The total flux between the surface and the tip
then is determined entirely by the current directed from the
tip to the sample, according to
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where ""!# ! 2!"4%r3#&00tip=j&tip $ 2j2 describes the di-
electric properties of the sphere, and the temperature
entering #E is that of the tip. Taking this expression
at a representative frequency !0, one has !P %
""!0#&0hE2i=2, so that, within the scope of the model,
the heat flux registered by the tip should be proportional to
the electrical energy density of the flat sample, evaluated,
however, at the temperature of the tip.

For distances larger than about 10&8 m, our experimen-
tally observed heat transfer is, to good accuracy, propor-
tional to the total energy density as given by Eq. (2), not to
the electric field contribution alone. Since the constant of
proportionality, which carries the dimension of area times
velocity, may differ substantially from ""!0#, we focus on
the scaled energy density !Pth :! %a2chu"z#i, where c is
the velocity of light, and employ the effective sensor area
%a2 as a fitting parameter. Modeling the dielectric function
&"!# for Au by a Drude ansatz with parameters taken from
Ref. [19], and that for GaN by the ‘‘reststrahlen’’ formula
with parameters from Ref. [20], we obtain the dashed lines
in Figs. 2 and 3, setting a ! 60 nm. This value is in
accordance with scanning electron microscopy studies of
the tip and describes both experimental data sets for z *
10 nm, as it should. The latter fact also indicates that the
use of Eq. (2), i.e., the neglect of the field’s distortion by
the tip, is justified here.

In the case of GaN, the theoretical curve for !Pth
diverges as z&3 for sensor-sample distances below 10 nm.
In contrast, for Au this familiar behavior would become
apparent only at substantially smaller z [3]. However, the
experimental data clearly show a different trend, leveling
off to values which for the smallest accessible distances are
significantly lower than !Pth. We interpret this finding as
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FIG. 2. Measured heat current !P (in Watts) between the
microscope tip and a gold layer (circles) vs tip-sample distance
z. The dashed line, which coincides with the solid one for larger
z, corresponds to the prediction !Pth of standard fluctuating
electrodynamics, based on Eq. (2). The solid line is obtained
from Eq. (5) with the modified dielectric function (4), setting
L ! Ltip ! 1:2' 10&8 m.
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FIG. 3. As Fig. 2 for a sample of GaN, setting L ! 1:0'
10&10 m and Ltip ! 1:2' 10&8 m.
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FIG. 1 (color online). (a) Cross section of the micropipette
glued into a tip holder. The thermoelectric voltage Vth builds up
between the inner platinum wire and the outer gold film. The
tunnel potential is applied between the sample and the grounded
gold film. (b) Dependence of the thermovoltage on the absorbed
power !P of calibrating laser light for two different sensors.
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factor can be measured independently. We found H to be
2.30 nW nm21, with an accuracy of 2%. The conductance is the
sum of the far-field contribution Gff and the near-field contribution
Hd(d)/DT

GexpðdÞ ¼ Gff þ
H
DT

dðdÞ ð1Þ

The theoretical model of the near-field heat transfer is now dis-
cussed. The flux between the sphere and the plate is locally
described as a flux between two parallel plates separated by a dis-
tance d using the heat transfer coefficient h(d,T) derived numeri-
cally7,21. This is known as the Derjaguin approximation22

(Fig. 2a). We integrate over the whole area to obtain the theoretical
conductance:

Gtheoðd;TÞ ¼
ðR

0
h½~dðrÞ;T&2pr dr ð2Þ

where R is the radius of the sphere and ~dðrÞ ¼ d þ R'
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 ' r2
p

is
the local distance between the plane and the sphere surface (Fig. 2a).
For two infinite planes and for distances smaller than d¼ 500 nm,
the flux increases as 1/d2 in the short distance regime. If we retain
only this asymptotic near-field contribution and neglect the other
contributions to h(d,T), integration over the sphere surface yields a
1/d behaviour for the conductance. This approximation has been
used in refs 13 and 14. It is also the standard approach for computing
the Casimir force17–19,24 owing to its rapid decay (1/d4) with distance.
Here, we show that it is necessary to include all contributions when
dealing with radiative heat transfer. The theoretical conductance
versus the sphere–plate distance is displayed in Fig. 2b. It is clearly
seen that the conductance strongly deviates from the 1/d law for
distances larger than 10 nm. Finally, note that this approach does
not account for Mie resonances of the sphere. This is an excellent
approximation, because in the domain where heat transfer is large,
the medium is lossy, so coherence length28 along the surface and the
decay length in the medium are much smaller than the sphere
radius. For wavelengths corresponding to silica resonances27 (21 mm
and 9 mm), coherence and decay lengths are smaller than 1 mm.

The data can now be compared with the model. Although the
distance d is calibrated and the zero is given by the contact, we
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Figure 1 | Experimental setup. (Red lines are used for the optical part and black lines for the electrical part of the setup.) Reflection of the laser beam on the
cantilever produces an interference pattern. A feedback loop keeps the bimorph–optical fibre distance constant by applying a voltage to a piezoelectric
actuator holding the optical fibre. The feedback loop and the thermally stabilized laser maintain spurious heating from the laser constant, and ensure that flux
variations are only due to the conductance variations as the separation d is changed, with constant temperature difference DT between the sphere and the
plate. The plate is heated and mounted on a piezoelectric actuator. The measured signal is the voltage applied to the fibre-actuator supply.
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Figure 2 | The Derjaguin approximation. a, The flux between the sphere
and the plane is obtained by integrating the local contributions using the
heat transfer coefficient h(d,T) for two parallel planes. b, Theoretical thermal
conductance between a silica sphere with radius R¼ 20 mm and a silica
plane using the Derjaguin approximation. A 1/d regime, characteristic of the
near-field contribution, is observed for distances smaller than 10 nm. The
conductance tends to the far-field constant value for distances larger than
10mm. Although the sphere is made on sodalime glass and the plate on
borosilicate glass, we assume that optical properties for both materials are
close to the optical properties of amorphous silica. Both materials contain
more than 70% silica. Optical data for silica are taken from ref. 27.
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have found that the experimental data for different approach curves
are shifted. A microscope image of the sphere shows a characteristic
roughness of !40 nm, which is consistent with the shifts observed
between different curves. To account for this roughness, we intro-
duce a shift b when comparing the experimental data of each
approach curve with the theoretical conductance:

Gtheoðd þ b;TÞ ¼ Gff þHdðdÞ=DT ð3Þ

Figure 3 shows a comparison of the data with the model for a par-
ticular approach curve. Because the noise on the cantilever bending
measurements was below 0.1 nm, we prefer to consider H as a fitting
parameter so that the calculated curve shape and the one given by
experimental data can be best compared. The scaling factor found
following this method is H¼ 2.162+0.005 nW nm21. This value
is consistent with the calibration value H¼ 2.30 nW nm21 found
for another cantilever of the same batch but with different exact
dimensions. Indeed, the cantilever length dispersion is 10%, yielding
an H dispersion of 30%.

It is seen in Fig. 3 that the sphere–plane conductance increases
from 6 to 18 nW K21 in the range 30 nm to 2.5 mm. In this
range, the coefficient h(d,T) increases by a factor of 407 from 7.22
to 2,938 W m22 K21. We emphasize that the theory reproduces
correctly the non-trivial transition between the far- and near-field
regime in the range 30 nm to 2.5 mm. The agreement between the
theoretical conductance and the data shows that the Derjaguin
approximation is valid, in contrast with the conclusions of refs 13
and 14. As a further check of the theory, we made measurements
with a sphere of different radius. Figure 4 presents the data in log-
arithmic scales for two spheres of diameters 40 and 22 mm. It is
seen that the curves are different, indicating a non-trivial depen-
dence of the conductance on the sphere radius. The red line is the
result of the numerical integral using the Derjaguin approximation.
The dashed blue curve is the 1/d asymptotic dependence for the
sphere–plane geometry.

In summary, we have reported experimental measurements of
the radiative conductance in the near-field regime. We found that

the data agree with the theory in the range 2.5 mm to 30 nm. This
agreement with theory confirms that radiative heat transfer can be
significantly enhanced at distances in the nanometre regime. Our
results strongly support previous theoretical works and pave the
way to engineering radiative heat transfer in the mesoscopic
regime. Possible applications include nano-electro-mechanical
systems, heat-assisted magnetic recording29 or heat-assisted litho-
graphy. Further aspects of radiative heat transfer at the nanoscale
remain to be explored. For example, it has been predicted that the
flux can be quasi-monochromatic21,30 and strongly depends on
the matching between the optical properties of both materials.
The understanding of the role of non-local effects at distances
smaller than 10 nm is also a subject under examination in the
literature8,10,31, so further experiments are needed in this field.
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in the comparison is b¼ 31.8 nm and the cantilever response coefficient
used in the comparison is H¼ 2.162 nW nm21.
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SiO2-Si, and SiO2-Au). Resonant peaks similar to those
seen in Figure 1A appear for the case of SiO2-SiO2 (Figure
1B), and thus the radiative heat transfer (Figure 1C) can be
significantly enhanced at very small gaps. However, the
radiation enhancement in the cases of SiO2-Si and SiO2-Au
is much smaller because the mismatch of materials’ proper-
ties between SiO2 and Si or between SiO2 and Au offset the
resonance effects from a SiO2 surface and results in a smaller
enhancement (see Supporting Information).

In comparison with the extensive theoretical studies, only
a few experiments were reported to measure thermal radiation
between closely spaced bodies.13-16 Experimentally it is very
difficult to configure two parallel plates separated by nano-
scale gaps and hence the several orders of magnitude increase
by surface phonon polaritons in radiation exchange beyond
Planck’s blackbody radiation law as predicted in Figure 1
have not been demonstrated. We developed a sensitive
technique to measure near-field radiative heat transfer
between a microsphere and a substrate using a bimaterial

atomic force microscope (AFM) cantilever. A detailed
description of our experimental setup has been given in a
previous publication17 and only key points are summarized
here.

In Figure 2, a glass (silica) microsphere 50 or 100 µm in
diameter is attached to the tip of a bimaterial (Si3N4/Au)
AFM cantilever with UV adhesive. Silica spheres are chosen
because of their availability in a wide range of diameters
with good spherical shapes as well as their ability to support
surface phonon polaritons. The output of the position sensing
detector (PSD) is converted into an X or Y signal corre-
sponding to the deflection of the AFM cantilever and a sum
signal proportional to the incident laser power on it. A part
of the laser power is absorbed by the gold film on the
cantilever and thus creates a temperature rise on its tip and
the sphere. The substrate and the supporting base of the
cantilever are passively maintained at the ambient temper-
ature. On the basis of the beam theory and the thermal
analysis of a bimaterial AFM cantilever, we calibrate the
cantilever and determine its effective thermal conductance
between the laser spot and the base (7.91 µW·K-1) and tip
temperature (16.5 K higher than the ambient temperature at
the given laser power) by measuring the bending of the
cantilever in response to two different thermal inputs, power
absorbed at the tip and ambient temperature.18

The substrate in Figure 2 is rigidly fixed to a piezoelectric
motion controller that is able to reduce the gap between the
sphere and the substrate below ∼10 nm. The cantilever with
the microsphere is oriented perpendicularly to the substrate
to reduce the bending caused by Casimir and electrostatic
forces during the experiment. When the system is pumped
down to pressures less than 1 × 10-3 Pa, the heat conduction
across the air gap between the sphere and the substrate can
be neglected. Most of the laser power absorbed by the
cantilever tip is transferred along the cantilever to its

Figure 1. (A) Photon LDOS above an interface between vacuum
and different materials at 50 nm. (B) Spectral radiative heat transfer
coefficients for two parallel plates separated by a distance d ) 50
nm at T ) 300 K. (C) Radiative heat transfer coefficients versus
the distance between two parallel plates at an average temperature
T ) 300 K. The black solid line is the limit of thermal radiation
predicted by the blackbody radiation law, where the heat flux is
calculated from Stefan-Boltzmann law as σ(T1

4 - T2
4). The black

dashed line is the asymptotic relation at small gaps (B/d2).

Figure 2. Schematic diagram of experimental setup. The thermal
sensor is a silicon nitride AFM cantilever coated with a 70 nm
gold film. A laser beam (650 nm wavelength, 3 mW output power)
is focused on the tip of the cantilever and reflected onto a PSD.
Application of voltage to the piezoelectric translation stage results
in the movement of the substrate toward the sphere. In near-field,
surface phonon polaritons can tunnel through the gap and they thus
significantly contribute to the radiative heat transfer. The “cooling”
effect on the cantilever due to the enhanced near-field radiation
leads to the bending of the cantilever. Inset: A scanning electron
microscope image of a glass sphere mounted on an AFM cantilever.
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of surface phonon polaritons is clearly shown in Figure 3B,
where we see that near-field radiation is strongly enhanced
when the sphere and the substrate are both made of polar
dielectric materials. Compared to our previous publication
(ref 17), we used a piezosystem to precisely control the gap
with high resolution, which leads to much less scatter in the
experimental data. We also pushed the gap down to ∼30
nm and studied different materials (metal and semiconductor)
so that clear conclusion can be drawn on surface wave
contributions.

There is no rigorous theoretical calculation for the near-
field radiation between a microsphere and a plate because
of computational difficulties. A similar situation occurs in
the Casimir force measurement.20,21 So, for the sphere-plate
geometry, the near-field radiation is estimated by the so-
called proximity force theorem22 that approximates curved
surfaces by differential flat areas and using the known
solutions for near-field radiation between parallel surfaces
to obtain the sphere-plate near-field radiative conductance,

where G is the near-field conductance, h is the heat transfer
coefficient, and R is the radius of the sphere. We see from
Figure 1C that the heat transfer coefficient between two glass
surfaces follows an asymptotic relation given by h ≈ B/d2,
where B is constant and d is gap distance. At small gaps, eq
1 can be further simplified as Gnear-field

sphere-plate(d) = 2πRd(B/d2).
The above relation for near-field conductance between a
sphere and a flat surface can also be interpreted as the near-
field conductance between two flat surfaces of area 2πRd or
a disk of radius (2Rd)1/2. In Figure 3B, the calculated
conductance-distance (black curves) from eq 1 is compared
with our experimental data. In general, the proximity theory
gives a correct order of magnitude in the experimental range
and is in reasonable agreement with experimental results.
The discrepancies between experiment and proximity theory
in Figure 3B for SiO2-SiO2 shows that the proximity
approximation is not entirely valid for the near-field radiation
between a sphere and a plate because of significant math-
ematical simplifications, consistent with our previous theo-
retical studies.23 Because of the large ratio of relevant length
scales of the problem (nanometer size gap, tens of microme-
ters of sphere radius, and zero radius of curvature of the flat
plate), however, no exact numerical solution can be obtained
for the sphere-plate problem so far and detailed mechanisms
for the discrepancy between experiments and the proximity
theory calculation should be investigated in future studies.
The reason for the better agreement between experiment and
theory for Si and Au surfaces may be that the near-field
radiation for SiO2-Si or SiO2-Au increases less rapidly with
decreasing gap distances than for that between SiO2-SiO2

(Figure 1C). Hence, to some extent, the above issues
discussed for SiO2-SiO2 are mitigated for SiO2-Si and
SiO2-Au.

It is well known that nonresonant evanescent waves can
also contribute to near-field radiation for any material.6

However, for the near-field radiation between polar dielectric

materials, the contribution from resonant surface waves is
dominant and much larger than that from nonresonant
evanescent waves (see Supporting Information). In the
present sphere-plate experimental system, only a small
fraction of the sphere area contributes to the near-field
radiation transfer between the sphere and the plate. A direct
comparison of the conductance of the near-field radiation to
that of a blackbody, treating the whole sphere as a blackbody,
is hence not appropriate. It was mentioned earlier that the
near-field radiation between a sphere and a flat surface can
be interpreted as near-field radiation between two parallel
planar surfaces of area 2πRd. When normalized to this
equivalent area, the near-field radiative heat transfer coef-
ficient in SiO2-SiO2 is ∼ 2230 W·m-2·K-1 at a ∼30 nm
gap, compared to ∼ 3.8 W·m-2·K-1 for blackbody radiation
(Figure 4). This is the first time, to our knowledge, the near-
field radiation mediated by resonant surface phonon polari-
tons is observed to exceed the blackbody radiation limit by
3 orders of magnitude at nanoscale gaps. In the same figure,
we also plotted the near-field portion of the radiation heat
transfer coefficient between two parallel plates (dashed
curves) after subtracting the far field contribution. The
magnitude of the sphere-plate heat transfer coefficient
compares well with that between two parallel plates.
However, the discrepancies between the two are also clear
and consistent with our discussions earlier.

In summary, our experimental demonstration of the
extremely high radiative heat transfer between polar dielectric
surfaces at nanometer gaps, exceeding by 3 orders of
magnitude the predictions of Planck’s blackbody radiation
law, may bring new opportunities to fundamental and applied
research on radiative cooling and thermophotovoltaic tech-
nologies. Near-field radiation is also important for the thermal
management of magnetic heads in data storage, heat-assisted
data storage, and other microelectromechanical devices. The
experimental work presented here can also shed light on the
thermal contributions to the Casimir force.

Gnear-field
sphere-plate(d) = 2πR∫s)d

∞
hnear-field

plate-plate(s)ds (1)

Figure 4. Equivalent sphere-plate near-field heat transfer coef-
ficients normalized to the area 2πRd versus the gap distance for a
100 µm (blue circles) and a 50 µm (violet triangles) diameter sphere.
The flat line is the limit predicted by Planck’s blackbody radiation
law. The dashed line is the near-field heat transfer coefficients
obtained after subtracting the far-field part taken from Figure 1C.
Inset: the plot on a log-log scale.
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=24 °C!, respectively. As the gap decreases below 5 !m, the
heat transfer coefficient starts to exceed the blackbody limit.
As the gap shrinks even more, the coefficient continues to
grow, owing to enhanced tunneling of the surface waves.
Around 1 !m, the coefficient is more than 50% higher than
the blackbody limit, which is readily measurable without the
need to shrink the gap further. Figure 1"b! shows the wave-
length dependent radiative heat flux between the two sur-
faces, assuming the hot side and cold side temperatures to be
50 and 24 °C, respectively, and a gap of 1 !m. The figure
clearly reveals two dominant peaks at 8.7 and 20.2 !m,
which are the resonance wavelengths of surface phonon po-
laritons in glass,1 indicating the radiative heat transfer across
a 1 !m gap is primarily due to the contribution from the
surface phonon polaritons.

Figure 2"a! shows the schematic drawing of the experi-
mental setup. Two identical precision glass optical flats
"" /20 accuracy! are used as an emitter "hot side! and a re-
ceiver "cold side!. The diameter of the glass optical flats is
0.5 in. "1.27 cm! and the thickness is 0.25 in. "0.635 cm!.
The surface flatness of the optical flats is better than
0.05 !m. To maintain a gap between the emitter and the
receiver, polystyrene microspheres #Fig. 2"b!$ are placed be-
tween the two surfaces as spacers. We decide to set the gap
to be 1 !m and, thus, choose the nominal diameter of the
spheres to be d=1 !m. Polystyrene is selected because its
thermal conductivity is low, with a reported value at
0.18 W /mK.18 Assuming a cross-section area of #d2 /4 for
heat conduction and a radiative heat transfer coefficient of
5 W /m2 K, the heat conducted through a polystyrene sphere
is 1

4500 of the far-field radiative heat flux. Note that in a real
measurement situation, the heat conduction leakage is an
even smaller fraction of the radiative flux because a contact
area of #d2 /4 between the sphere and the glass surface is
overestimated. The spherical particles are diluted in de-
ionized water as liquid suspension. Small droplets of the liq-
uid suspension are dispensed with a pipette over the surface
of the cold side to obtain a uniform spatial distribution of the
particles. A total of about 80 particles are deposited between
the two optical flats, thus, limiting the conduction heat flux
to be less than 2% of the radiative heat flux. After the water
in the droplets evaporates, the emitter is placed on top of the
receiver with the particles serving as spacers to separate the
two objects. We carefully conduct all the operations in a
laminar flow workstation to eliminate dust particles in the
air.

As illustrated in Fig. 2"a!, a heating pad is attached on
the top surface of the emitter. The temperature of the heating
pad Th0 is monitored with a platinum resistance temperature
detector, which feeds the signal to a temperature controller.

With the feedback control, the temperature of the heating pad
can be set to a value with variations within 1 °C. The side
surfaces of the optical flats are wrapped with aluminum foil
to minimize radiative heat exchange with the environment. A
1$1 in.2 heat flux meter is positioned between the receiver
and the heat sink. A copper heat spreader "1$1 in.2! is sand-
wiched between the receiver and the heat flux meter to ho-
mogenize temperature over the surface. Thermal grease is
applied to the interfaces for good thermal contact. To ensure
that the heat flux meter measures only the radiative flux, the
entire setup is placed in a vacuum chamber pumped down to
8.5$10−3 Pa. The vacuum level limits heat conduction
through the rarefied air19 in the small gap to be less than
0.05% of the radiation flux.

To test the experimental system, we measured the far-
field radiation. The emitter was clamped to a sample holder
for the far-field measurement and the gap between the two
surfaces was set to be 2 mm. We then proceeded to the near-
field measurement using the particles as the spacers. The
temperature of the bottom surface of the receiver Tc0 was
recorded by a K-type thermocouple inserted in between the
copper spreader and the flux meter. For each measurement,
we made sure that the reading from the heat flux meter
stabilized before the data were taken. Note that even at the
steady state, the temperatures inside the optical flats is not
uniform due to a nonzero one-dimensional "1D! heat flux
along the cylinder axis direction of the optical flats. From the
temperature reading Th0 on the heating pad and the heat
flux data, we can derive the temperature Th on the lower
surface of the emitter by solving a 1D heat conduction prob-
lem. The lower surface temperature is given by Th=Th0
−qr!dglass /kglass, where qr! is the measured flux and dglass and
kglass are the thickness and thermal conductivity of the optical
flat, respectively. Similarly, the temperature Tc on the upper
surface of the receiver is given by Tc=T0+qr!dglass /kglass. The
temperatures Th and Tc are the effective temperatures for
thermal emission because the electromagnetic penetration
depth in glass is much less than 1 mm and thermal radiation
is essentially a surface phenomenon in the wavelengths of
interest.

The measured heat flux data are presented in Fig. 3,
which has been adjusted by taking into account a heat
spreading factor of 16 /# between the circular optical flat and
the square flux meter. The variation of the temperature Tc0 on
the bottom surface of the receiver is less than 0.5 °C during
the experiment and the average value is 23.7 °C. The far-
field upper limit of the radiative heat flux is given by qb!
=%"Th

4−Tc
4!, where % is the Stefan–Boltzmann constant. Note

FIG. 2. "Color online! "a! A schematic drawing of the experiment setup. "b!
A scanning electron microscope image of polystyrene particles.

FIG. 3. Measured radiative heat flux between the two optical flats.
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length dependent radiative heat flux between the two sur-
faces, assuming the hot side and cold side temperatures to be
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clearly reveals two dominant peaks at 8.7 and 20.2 !m,
which are the resonance wavelengths of surface phonon po-
laritons in glass,1 indicating the radiative heat transfer across
a 1 !m gap is primarily due to the contribution from the
surface phonon polaritons.

Figure 2"a! shows the schematic drawing of the experi-
mental setup. Two identical precision glass optical flats
"" /20 accuracy! are used as an emitter "hot side! and a re-
ceiver "cold side!. The diameter of the glass optical flats is
0.5 in. "1.27 cm! and the thickness is 0.25 in. "0.635 cm!.
The surface flatness of the optical flats is better than
0.05 !m. To maintain a gap between the emitter and the
receiver, polystyrene microspheres #Fig. 2"b!$ are placed be-
tween the two surfaces as spacers. We decide to set the gap
to be 1 !m and, thus, choose the nominal diameter of the
spheres to be d=1 !m. Polystyrene is selected because its
thermal conductivity is low, with a reported value at
0.18 W /mK.18 Assuming a cross-section area of #d2 /4 for
heat conduction and a radiative heat transfer coefficient of
5 W /m2 K, the heat conducted through a polystyrene sphere
is 1

4500 of the far-field radiative heat flux. Note that in a real
measurement situation, the heat conduction leakage is an
even smaller fraction of the radiative flux because a contact
area of #d2 /4 between the sphere and the glass surface is
overestimated. The spherical particles are diluted in de-
ionized water as liquid suspension. Small droplets of the liq-
uid suspension are dispensed with a pipette over the surface
of the cold side to obtain a uniform spatial distribution of the
particles. A total of about 80 particles are deposited between
the two optical flats, thus, limiting the conduction heat flux
to be less than 2% of the radiative heat flux. After the water
in the droplets evaporates, the emitter is placed on top of the
receiver with the particles serving as spacers to separate the
two objects. We carefully conduct all the operations in a
laminar flow workstation to eliminate dust particles in the
air.

As illustrated in Fig. 2"a!, a heating pad is attached on
the top surface of the emitter. The temperature of the heating
pad Th0 is monitored with a platinum resistance temperature
detector, which feeds the signal to a temperature controller.

With the feedback control, the temperature of the heating pad
can be set to a value with variations within 1 °C. The side
surfaces of the optical flats are wrapped with aluminum foil
to minimize radiative heat exchange with the environment. A
1$1 in.2 heat flux meter is positioned between the receiver
and the heat sink. A copper heat spreader "1$1 in.2! is sand-
wiched between the receiver and the heat flux meter to ho-
mogenize temperature over the surface. Thermal grease is
applied to the interfaces for good thermal contact. To ensure
that the heat flux meter measures only the radiative flux, the
entire setup is placed in a vacuum chamber pumped down to
8.5$10−3 Pa. The vacuum level limits heat conduction
through the rarefied air19 in the small gap to be less than
0.05% of the radiation flux.

To test the experimental system, we measured the far-
field radiation. The emitter was clamped to a sample holder
for the far-field measurement and the gap between the two
surfaces was set to be 2 mm. We then proceeded to the near-
field measurement using the particles as the spacers. The
temperature of the bottom surface of the receiver Tc0 was
recorded by a K-type thermocouple inserted in between the
copper spreader and the flux meter. For each measurement,
we made sure that the reading from the heat flux meter
stabilized before the data were taken. Note that even at the
steady state, the temperatures inside the optical flats is not
uniform due to a nonzero one-dimensional "1D! heat flux
along the cylinder axis direction of the optical flats. From the
temperature reading Th0 on the heating pad and the heat
flux data, we can derive the temperature Th on the lower
surface of the emitter by solving a 1D heat conduction prob-
lem. The lower surface temperature is given by Th=Th0
−qr!dglass /kglass, where qr! is the measured flux and dglass and
kglass are the thickness and thermal conductivity of the optical
flat, respectively. Similarly, the temperature Tc on the upper
surface of the receiver is given by Tc=T0+qr!dglass /kglass. The
temperatures Th and Tc are the effective temperatures for
thermal emission because the electromagnetic penetration
depth in glass is much less than 1 mm and thermal radiation
is essentially a surface phenomenon in the wavelengths of
interest.

The measured heat flux data are presented in Fig. 3,
which has been adjusted by taking into account a heat
spreading factor of 16 /# between the circular optical flat and
the square flux meter. The variation of the temperature Tc0 on
the bottom surface of the receiver is less than 0.5 °C during
the experiment and the average value is 23.7 °C. The far-
field upper limit of the radiative heat flux is given by qb!
=%"Th

4−Tc
4!, where % is the Stefan–Boltzmann constant. Note

FIG. 2. "Color online! "a! A schematic drawing of the experiment setup. "b!
A scanning electron microscope image of polystyrene particles.

FIG. 3. Measured radiative heat flux between the two optical flats.
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distance d. The computed heat-transfer coefficient W
comes from the temperature derivative of the z component
of the Poynting vector (Sz) from each medium, evaluated at
the surface of the other medium.

W ¼ lim
T1"T2!0

!!!!!!!!
Sz1 " Sz2
T1 " T2

!!!!!!!!¼ @SzðdÞ
@T

: (1)

It is convenient to break W into two components

W ¼ W pr þW ev: (2)

W pr is the part where the wave number kx of the field is in
the range 0< kx < !=c, where the field is propagating,
and which gives the ordinary (Stefan-Boltzmann) far-field
radiation. W ev is the component where the field is expo-
nentially decaying away from the surface; it is the larger
contributor to the near-field limit:

W ev ¼
Z 1

0
d!

Z 1

!=c
dkx

kx
4!2 ðT ev

k þT ev
? Þ

@½ @!
e@!=kT"1

'
@T

(3)

where the energy transmission coefficients are

T ev
P ¼ 1" cosð2"PÞ

cosh½2#ðd" $PÞ' " cosð2"PÞ
; (4)

with P ¼k or ? for the two polarizations and "k and "?
being the phase shifts on reflection

"k ¼ arg½ð"i#%þ kzÞð"i#%" kzÞ('; (5)

"? ¼ arg½ð"i#þ kzÞð"i#" kzÞ('; (6)

with % the dielectric function. $k and $? come from

e2#$k ¼
!!!!!!!!
i#%þ kz
i#%" kz

!!!!!!!!
2
; (7)

e2#$? ¼
!!!!!!!!
i#þ kz
i#" kz

!!!!!!!!
2
; (8)

and kz and # are the z component of k for the medium and
the vacuum, respectively

kz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð%" 1Þ!2=c2 " #2

q
; (9)

# ¼ ikzv ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2x "!2=c2

q
: (10)

Note that kx > !=c, so that kzv is imaginary above the
surface and the energy transmission coefficients T ev

k and

T ev
? are not derived from the energy reflection coefficients

Rk and R? [2]. We have used this theory to calculate the
heat-transfer coefficient between sapphire plates, using
Barker’s sapphire dielectric function [14].

Figure 1 shows the prediction of the model for z-cut
sapphire; the temperatures of the two media are Thot ¼
310 K and Tcold ¼ 300 K. The W pr term dominates at

large separation and is nearly constant with separation.
The W ev term dominates in the near-field regime, so
that the total heat transfer changes from being independent
of separation at large distances towards W ev / 1=d2 at
short distances. The turning point between W pr and W ev

occurs when the separation is approximately equal to the
peak wavelength of the blackbody curve of the hot half
space. Wien’s displacement law predicts that &max )
9 'm at T ¼ 310 K.
Figure 2 shows a sketch of our apparatus. It is designed

around two 50* 50* 5 mm3 sapphire plates. These have
a specified flatness of &=8@633 nm per inch on the largest
surfaces and are cut such that the c axis is perpendicular to

FIG. 1 (color online). Heat-transfer coefficient vs distance for
z-cut sapphire. The temperatures of the two media are Thot ¼
310 K and Tcold ¼ 300 K, respectively. The dash-dotted curve

shows W k
pr þW?

pr which dominate at far distances. The long-

dashed curve shows W k
ev. The short-dashed curve shows W?

ev.
The evanescent terms dominate at close distances. The solid
curve is the total heat-transfer coefficient W .

FIG. 2 (color online). Experimental apparatus. Stepper motors
allow adjustment of the spacing, tip, and tilt (read capacitively)
of two sapphire plates. The temperature of the hot plate is
controlled by a feedback circuit, and the power required to
maintain a temperature difference gives the heat transfer from
the hot plate to the cold plate and to the thermal bath.
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(5 mm by 5 mm) Sapphire plates

these surfaces (z cut). Sapphire was used because it has
good thermal conductivity. It is also a candidate for the test
masses of future gravitational-wave detectors.

One of the plates, henceforth called the cold plate, is
attached to the thermal bath that is the vacuum chamber.
The chamber pressure was in the 2–5! 10"7 Torr range.
The second plate, the hot plate, is thermally isolated from
the bath by a Macor spacer attached to the back side of the
hot plate. The hot plate also has a heater wound on a copper
ring which is itself attached to the back of the plate. The
heater current and voltage, after correcting for lead resis-
tance, give the power required to maintain a given temper-
ature difference between the hot and cold plates. Both
plates have a Si-diode thermometer fastened to their backs
to read the temperature (and for the hot plate to control it).
Both plates have all four corners coated with an approxi-
mately 200 nm thick layer of sputtered copper. These
coatings have areas about 1 mm2 and serve as capacitor
plates that are read by four 24-bit capacitance-to-digital
converter circuits [15] to measure the separation and
angular misalignments of the plates. The metal film is
wrapped around to the sides of the sapphire to allow
electrical contact to the electrodes.

The cold plate is glued to a copper disk, which in turn is
attached to the experimental structure. The Macor spacer
on the back of the hot plate is attached to a modified
kinematic mirror mount which allows for z-axis linear
movement and tip and tilt angular adjustment by turning
the three adjustment screws in the back. Three stepper
motors turn screws on the kinematic mount via gear reduc-
tion boxes; each motor step translates to a linear movement
of the hot plate by 35 nm. The components are held
together by an ‘‘L’’ shaped backbone (not shown) to give
rigidity. The assembly is located in a UHV chamber, with a
base pressure below 2! 10"7 Torr, making gas conduc-
tion negligible. Signals to the stepper motors, capacitance
readouts, temperature readouts, and current and voltages to
the heater are all controlled and/or read by a LABVIEW

computer program.
Each pair of capacitor plates is calibrated by taking

capacitance readings as the plates are driven together
one step of the stepper motors at a time. A fit is made to
C ¼ !0a=dþ Cstray where !0 is the dielectric constant of

the vacuum, a is the capacitor area, and Cstray is a parallel

contribution independent of separation. The data fit the
equation above very well, with R2 values greater than
0.999. The fitted value of a equals the metalized area
within our knowledge of this area: Cstray % 0:4 pF. The
average capacitance gives the distance while the individual
readings are used to correct the alignment by sending steps
to the motors controlling tip and tilt.

To obtain the heat-transfer coefficient we compute
W ¼ P=½AðThot " TcoldÞ), where P is the power dissipated
in the heater, A is the plate surface area, and Thot and
Tcold are the temperatures of the hot and cold plates,

respectively. The data are a sum of parallel heat pathways,
including thermal conduction through the Macor spacer
and the other parts of the hot-plate holder, radiation to the
thermal bath, and the contributions of the near- and far-
field radiation between the two plates. We can observe the
near-field effect because it is the only one of these that will
change with plate separation. The thermal conduction and
radiation-to-the-bath paths add a constant offset to the
radiative heat transfer that the model predicts.
Data for the heat-transfer coefficient versus distance,

collected for four temperature differences, are shown in
Fig. 3. Each shows the contribution of near-field heat
transfer. The data and model agree reasonably well. Each
run covers a separation range of about 2–100 "m. The
only freedom in the fit is an offset to the model. All our
measurements have an offset of 0:0435* 0:0004 W=K,
completely consistent with thermal conduction through
the Macor spacer and the rest of the support for the hot
plate in parallel with radiation from the rear surface of the
plate. The vacuum chamber is held at constant temperature
of 30:0 +C (303.2 K). The hot plate is brought close to the

FIG. 3 (color online). Heat-transfer coefficient vs distance.
The curves are each offset vertically by 2 W=m2 , K from the
one below; their zeros are indicated by the horizontal lines
extending from the left axis. The points are the data, with error
bars determined from the scatter in the heat-transfer measure-
ments and the uncertainty in the distance calibration. The solid
lines are the theoretical predictions for flat plates while the
dashed lines are the theoretical predictions for slightly curved
plates (see text). Each measured curve has a reproducible
addendum due to other heat leaks which are not included in the
model and which has been subtracted from the data. The
temperatures are (top to bottom; hot–cold): 327.0–308.0 K,
322.0–307.0 K, 317.0–305.8 K, and 312.0–305.2 K.
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The whole apparatus was immersed in liquid helium
which cools the measurement chamber below 5 K. Vacuum
was maintained by cryopumping at a pressure lower than
10!8 Pa, reducing thus the heat transfer by molecular flow
below measurable values.

After cooldown of the apparatus, the samples are set in
plane-parallel position with zero gap (Fig. 1). Once plane
parallelism was adjusted, the hot sample was moved up
into the starting position about 200 !m above the cold
sample. The zero gap was detected by disappearance of
the electric contact between samples. Preservation of the
plane-parallel position is ensured by two flexure mem-
branes, part of hot sample suspension, that bear the sample
holder in axial position [24].

The hot sample position was derived with a precision of
0:5 !m from the reading scale of the differential screw.
The device enables us to set plane parallelism and distance
between samples with an accuracy of "1 !m, which we
deduce from the scatter of measured capacitance and trans-
ferred heat obtained after many independent parallelism
adjustments following after breaking of parallelism during
reset of the plane-parallelism equalizer, Fig. 1, [24].

Heat flow over the vacuum gap is absorbed by the cold
sample and sinks into the liquid helium bath through a
calibrated thermal resistor, serving as a heat flow meter.
High temperature stability of the foot of the thermal resis-
tor together with a resolution of 50 !K of the temperature
measurement enabled us to measure heat flows from
20 nW to 1 mW.
Keeping the cold sample at # 5 K, experimental results

were obtained at varying distances d between surfaces at
constant temperature T2 of the hot sample (Fig. 2), and vice
versa, with varying T2 at constant d. All measured data are
collected in Fig. 2 where the heat flux normalized to the
blackbody emissive power, q=qBB, qBB ¼ "BðT4

2 ! T4
1Þ, is

plotted as a function of T2d. The inset of Fig. 2 shows
absolute values of measured heat fluxes obtained at
T2 ¼ 20 K.
The near-field values, theoretical and experimental,

follow approximately the same dependence (Fig. 2). We
can observe the onset of the near-field effect at T2d0 #
1000 K!m. Comparing it to the wavelength #m from
Wien’s displacement law, T#m # 3000 K!m, we get
d0 # #m=3 (d0 # 50 !m at T2 ¼ 20 K, for example).
Calculations of theoretical values were done for tung-

sten layers 150 nm thick characterized by permittivity
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FIG. 2 (color online). Experimental and theoretical data on
heat transfer over vacuum gap d # 1–300 !m between samples
with 150 nm thick tungsten layers on polished alumina substrate.
Main graph: measured heat flux at temperatures T1 # 5 K,
T2 ¼ 10–40 K, normalized to the heat flux qBB ¼ "BðT4

2 ! T4
1 Þ

transferred between black surfaces, is plotted as a function of the
gap width (d # 1–300 !m) and the temperature T2 product.
Theoretical values are calculated for T1 ¼ 5 K and T2 ¼ 20 K.
Open squares are far field data (d # 500 !m, T2 ¼ 15–160 K)
derived from heat transfer measured between one of the samples
and a black surface. Inset: Heat flux q measured at T2 ¼ 20 K
and T1 ¼ 5 K versus gap d. Effect of samples concavity is
shown by the lower curve at highest heat fluxes.

FIG. 1 (color online). Scheme of the central part of the mea-
surement chamber containing samples with the plane-parallelism
equalizer (PPE). Differential screw sets the positions of the static
part of the PPE which is attached to the sample holder at the
end of the sample suspension. The static and movable parts of
PPE are coupled via three friction locks realized by three pairs of
polished pins pressed against each other with a spring. When the
sample suspension is shifted downwards until the contact be-
tween samples is achieved, and shifted further, the friction locks
slip and plane parallelism between samples is set. Both parts of
the PPE are thermally interconnected by a soft copper braid.
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The whole apparatus was immersed in liquid helium
which cools the measurement chamber below 5 K. Vacuum
was maintained by cryopumping at a pressure lower than
10!8 Pa, reducing thus the heat transfer by molecular flow
below measurable values.

After cooldown of the apparatus, the samples are set in
plane-parallel position with zero gap (Fig. 1). Once plane
parallelism was adjusted, the hot sample was moved up
into the starting position about 200 !m above the cold
sample. The zero gap was detected by disappearance of
the electric contact between samples. Preservation of the
plane-parallel position is ensured by two flexure mem-
branes, part of hot sample suspension, that bear the sample
holder in axial position [24].

The hot sample position was derived with a precision of
0:5 !m from the reading scale of the differential screw.
The device enables us to set plane parallelism and distance
between samples with an accuracy of "1 !m, which we
deduce from the scatter of measured capacitance and trans-
ferred heat obtained after many independent parallelism
adjustments following after breaking of parallelism during
reset of the plane-parallelism equalizer, Fig. 1, [24].

Heat flow over the vacuum gap is absorbed by the cold
sample and sinks into the liquid helium bath through a
calibrated thermal resistor, serving as a heat flow meter.
High temperature stability of the foot of the thermal resis-
tor together with a resolution of 50 !K of the temperature
measurement enabled us to measure heat flows from
20 nW to 1 mW.
Keeping the cold sample at # 5 K, experimental results

were obtained at varying distances d between surfaces at
constant temperature T2 of the hot sample (Fig. 2), and vice
versa, with varying T2 at constant d. All measured data are
collected in Fig. 2 where the heat flux normalized to the
blackbody emissive power, q=qBB, qBB ¼ "BðT4

2 ! T4
1Þ, is

plotted as a function of T2d. The inset of Fig. 2 shows
absolute values of measured heat fluxes obtained at
T2 ¼ 20 K.
The near-field values, theoretical and experimental,

follow approximately the same dependence (Fig. 2). We
can observe the onset of the near-field effect at T2d0 #
1000 K!m. Comparing it to the wavelength #m from
Wien’s displacement law, T#m # 3000 K!m, we get
d0 # #m=3 (d0 # 50 !m at T2 ¼ 20 K, for example).
Calculations of theoretical values were done for tung-

sten layers 150 nm thick characterized by permittivity
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FIG. 2 (color online). Experimental and theoretical data on
heat transfer over vacuum gap d # 1–300 !m between samples
with 150 nm thick tungsten layers on polished alumina substrate.
Main graph: measured heat flux at temperatures T1 # 5 K,
T2 ¼ 10–40 K, normalized to the heat flux qBB ¼ "BðT4

2 ! T4
1 Þ

transferred between black surfaces, is plotted as a function of the
gap width (d # 1–300 !m) and the temperature T2 product.
Theoretical values are calculated for T1 ¼ 5 K and T2 ¼ 20 K.
Open squares are far field data (d # 500 !m, T2 ¼ 15–160 K)
derived from heat transfer measured between one of the samples
and a black surface. Inset: Heat flux q measured at T2 ¼ 20 K
and T1 ¼ 5 K versus gap d. Effect of samples concavity is
shown by the lower curve at highest heat fluxes.

FIG. 1 (color online). Scheme of the central part of the mea-
surement chamber containing samples with the plane-parallelism
equalizer (PPE). Differential screw sets the positions of the static
part of the PPE which is attached to the sample holder at the
end of the sample suspension. The static and movable parts of
PPE are coupled via three friction locks realized by three pairs of
polished pins pressed against each other with a spring. When the
sample suspension is shifted downwards until the contact be-
tween samples is achieved, and shifted further, the friction locks
slip and plane parallelism between samples is set. Both parts of
the PPE are thermally interconnected by a soft copper braid.
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29. To tune the gap continuously while avoiding electrostatic
pull-in effect, the gap between the electrodes of the actuation
capacitors (3 μm) is designed to be more than three times
larger than the maximum possible displacement (given by the
gap between the nanobeams, designed to be 700 nm). The
length of the fixed beam, the mobile sensing beam, and each of
the four MEMS suspension springs is 200 μm. Such large
dimensions are required to minimize the mechanical stiffness of
the suspension springs and hence to allow full range
displacement with an actuation voltage below 200 V. These
large dimensions are also beneficial to the thermal isolation of
the nanobeams (i.e., to the minimization of the background
thermal heat conduction between the nanobeams and the
substrate).
The simulated heat transfer power between the nanobeams

presents a drastic enhancement of heat transfer in the near-field
(see Figure 1b). The near-field simulation in Figure 1b is
performed using a Fourier modal method based on the
fluctuational electrodynamics formalism,30,31 considering beams
of 200 μm length and 500 nm × 1.1 μm cross section
(including a 100 nm thick SiO2 coating). The temperature
difference between the nanobeams is 130 K (as in our
experimental results), with the mobile sensing beam maintained
at room temperature. Repeating the near-field simulation while
replacing the Si3N4 core with SiO2 shows that the Si3N4 core
has a negligible effect on the heat transfer compared with a
beam that would be made entirely of SiO2. The insensitivity of
heat transfer to the core material results from the surface wave
nature of the SiO2 surface phonon-polariton that dominates
heat transfer at small gaps. In the gap range of Figure 1b, the
heat transfer power approximately scales as 1/gap1.68. At much
smaller distances (i.e., distances much smaller than the beam
dimensions), we expect the heat transfer to be proportional to
1/gap2, as for parallel plates.19 The far-field value in Figure 1b is
the total far-field emission, integrated over all directions and all
frequencies, for a nanobeam maintained at 130 K above room
temperature. This value is calculated by the Fourier modal
analysis method for a periodic array of nanobeams with a
periodicity much larger than the size of nanobeams, such that
they do not interact with each other.
The structure is fabricated using conventional nano-

fabrication processes, which consist of low pressure chemical
vapor deposition (LPCVD) of SiO2 and Si3N4, and electron-
beam evaporation of platinum resistors and aluminum electrical
contacts. The fabrication process begins with the successive
deposition of 100 nm of SiO2, 300 nm of Si3N4, and 100 nm of
SiO2 on a virgin silicon wafer. The MEMS and nanobeams are
then defined by deep ultraviolet lithography and etched in
CHF3 + O2 chemistry using an inductively coupled plasma
reactive ion etching (ICP-RIE) reactor. Following this etch
step, a third layer of SiO2 is deposited, again by LPCVD, in
order to conformally cover the sidewalls of the etched
structures. This layer is then anisotropically etched (using the
same ICP-RIE chemistry) to clear the bottom of the trenches
for subsequent isotropic release, while leaving some SiO2 on
the sidewalls of the nanobeams (see the final nanobeams cross
section in Figure 2d). Platinum and aluminum are then
successively deposited over the defined structure by electron
beam evaporation and lift-off. The aluminum layer is chosen to
be much thicker (250 nm) than the platinum layer (60 nm),
such that the resistance of the aluminum contacts is negligible
compared with the platinum resistors. The higher electrical
conductivity of aluminum, relative to platinum, also contributes

Figure 1. (a) Schematic representation of the experiment. At small
gap, evanescent surface polariton resonances at the SiO2 surfaces
couple to enable near-field radiative heat transfer between the
nanobeams. Si3N4 is used for mechanical purposes, while Pt is used
both as a resistive heater and a temperature sensor. (b) Theoretical
prediction of the heat transfer between two nanobeams of 200 μm
length and 500 nm × 1.1 μm cross-section. The SiO2 thickness in this
case is 100 nm.

Figure 2. (a) Schematic (not to scale) and electrical circuit of the two-
nanobeam system integrated with the MEMS actuator. (b) Schematic
(not to scale) of the MEMS displacement. (c) Scanning electron
micrographs (SEM) of the device. (d) False color SEM of the
nanobeam cross section prior to substrate removal.
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experiment (as is routinely done for on-chip thermal transport
experiments32).

= − +q
P XT

T T T XT( )( )
fix mob

fix mob fix mob (1)

In eq 1, q is the power transfer (in Watt/K) normalized by the
temperature difference between the beams, Tfix and Tmob are,
respectively, the temperature of the fixed heated beam and the
mobile sensing beam, and X = σmob/σfix is the ratio of the
background heat conductions of the nanobeams. For each
nanobeam, the background heat conduction between the beam
and the substrate (i.e., σmob and σfix) is determined by applying
a ramping electrical power to the beam while simultaneously
measuring its temperature (i.e., its electrical resistance). The
inverse of the slope of this temperature vs electrical power
measurement yields the background conduction, in units of
Watt/K. We obtain conduction values of σfix = 237 nW/K and
σmob = 107 nW/K for the fixed heated beam and the mobile
sensing beam, respectively. Using these values and the
temperature data of Figure 4, we obtain the heat transfer
power as a function of the nanobeam separation (see Figure 5).

In Figure 5, the horizontal error bars correspond to the error
on the measurement of the MEMS displacement (see Figure
3). Vertical error bars are not visible, as they are determined by
the very high resolution of the Agilent device parameter
analyzer. The theory curve is the same as in Figure 1, but is now
translated horizontally and vertically to best fit the experimental
data. The horizontal translation is included to account from our
uncertainty on the initial distance (d0) between the beams (see
discussion related to Figure 3 and the MEMS displacement
measurement), while the vertical translation accounts for
spurious conduction of heat through the substrate. The
translation that best fits the experimental data is +49 nm
horizontally and +1.49 nW/K vertically. After fitting, the theory
is found to correspond closely with the experimental data.
Slight discrepancies between theory and measurements most
likely arise from deviation of the beam cross-section from the
perfectly rectangular shape considered in the simulations (see
Figure 2d). The 1.49 nW/K susbtrate conduction obtained
from the fit is included in Figure 5, from which we note that
spurious substrate conduction account for less than 12% of the
total heat transfer at the smallest gap. The far-field radiation
limit (1.7 nW/K) is also included in Figure 5 in order to

illustrate the strong enhancement of heat transfer in the near-
field compared to the far-field value. The far-field emission is
obtained by the same Fourier modal method used in Figure 1.
We have presented the first demonstration of near-field

radiative heat transfer between two integrated nanostructures
and shown that near-field radiation can be the dominant heat
transport channel between these structures, even on a fully
integrated platform. The approach, based on nanobeam
integration with MEMS actuation, could enable the develop-
ment of new near-field thermal control devices, such as thermal
rectifiers and thermal transistors.
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29. To tune the gap continuously while avoiding electrostatic
pull-in effect, the gap between the electrodes of the actuation
capacitors (3 μm) is designed to be more than three times
larger than the maximum possible displacement (given by the
gap between the nanobeams, designed to be 700 nm). The
length of the fixed beam, the mobile sensing beam, and each of
the four MEMS suspension springs is 200 μm. Such large
dimensions are required to minimize the mechanical stiffness of
the suspension springs and hence to allow full range
displacement with an actuation voltage below 200 V. These
large dimensions are also beneficial to the thermal isolation of
the nanobeams (i.e., to the minimization of the background
thermal heat conduction between the nanobeams and the
substrate).
The simulated heat transfer power between the nanobeams

presents a drastic enhancement of heat transfer in the near-field
(see Figure 1b). The near-field simulation in Figure 1b is
performed using a Fourier modal method based on the
fluctuational electrodynamics formalism,30,31 considering beams
of 200 μm length and 500 nm × 1.1 μm cross section
(including a 100 nm thick SiO2 coating). The temperature
difference between the nanobeams is 130 K (as in our
experimental results), with the mobile sensing beam maintained
at room temperature. Repeating the near-field simulation while
replacing the Si3N4 core with SiO2 shows that the Si3N4 core
has a negligible effect on the heat transfer compared with a
beam that would be made entirely of SiO2. The insensitivity of
heat transfer to the core material results from the surface wave
nature of the SiO2 surface phonon-polariton that dominates
heat transfer at small gaps. In the gap range of Figure 1b, the
heat transfer power approximately scales as 1/gap1.68. At much
smaller distances (i.e., distances much smaller than the beam
dimensions), we expect the heat transfer to be proportional to
1/gap2, as for parallel plates.19 The far-field value in Figure 1b is
the total far-field emission, integrated over all directions and all
frequencies, for a nanobeam maintained at 130 K above room
temperature. This value is calculated by the Fourier modal
analysis method for a periodic array of nanobeams with a
periodicity much larger than the size of nanobeams, such that
they do not interact with each other.
The structure is fabricated using conventional nano-

fabrication processes, which consist of low pressure chemical
vapor deposition (LPCVD) of SiO2 and Si3N4, and electron-
beam evaporation of platinum resistors and aluminum electrical
contacts. The fabrication process begins with the successive
deposition of 100 nm of SiO2, 300 nm of Si3N4, and 100 nm of
SiO2 on a virgin silicon wafer. The MEMS and nanobeams are
then defined by deep ultraviolet lithography and etched in
CHF3 + O2 chemistry using an inductively coupled plasma
reactive ion etching (ICP-RIE) reactor. Following this etch
step, a third layer of SiO2 is deposited, again by LPCVD, in
order to conformally cover the sidewalls of the etched
structures. This layer is then anisotropically etched (using the
same ICP-RIE chemistry) to clear the bottom of the trenches
for subsequent isotropic release, while leaving some SiO2 on
the sidewalls of the nanobeams (see the final nanobeams cross
section in Figure 2d). Platinum and aluminum are then
successively deposited over the defined structure by electron
beam evaporation and lift-off. The aluminum layer is chosen to
be much thicker (250 nm) than the platinum layer (60 nm),
such that the resistance of the aluminum contacts is negligible
compared with the platinum resistors. The higher electrical
conductivity of aluminum, relative to platinum, also contributes

Figure 1. (a) Schematic representation of the experiment. At small
gap, evanescent surface polariton resonances at the SiO2 surfaces
couple to enable near-field radiative heat transfer between the
nanobeams. Si3N4 is used for mechanical purposes, while Pt is used
both as a resistive heater and a temperature sensor. (b) Theoretical
prediction of the heat transfer between two nanobeams of 200 μm
length and 500 nm × 1.1 μm cross-section. The SiO2 thickness in this
case is 100 nm.

Figure 2. (a) Schematic (not to scale) and electrical circuit of the two-
nanobeam system integrated with the MEMS actuator. (b) Schematic
(not to scale) of the MEMS displacement. (c) Scanning electron
micrographs (SEM) of the device. (d) False color SEM of the
nanobeam cross section prior to substrate removal.
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whereωT = 789 cm−1 andωL = 956 cm−1 are respectively the transverse
and longitudinal optical phonon frequencies, ε∞ = 8 and Γ = 20 cm−1

(Supplementary Fig. 1, for characterization and extended discussion
see Supplementary Section 2). Such sharper resonance does not
necessarily result in a stronger enhancement (calculations25 show
that SiO2 and SiC yield similar enhancements), but could be beneficial
to heat flow control applications that rely on the quasi-monochromatic
nature of near-field heat transfer1.

We simulated the heat transfer between the nanobeams using a
Fourier modal method based on the fluctuational electrodynamics
formalism26,27 (see Methods) and we predicted that the deep sub-
wavelength regime occurs at distances <200 nm. The dimensions
and geometrical arrangement considered for these simulations are
presented in Supplementary Figs 2 to 4. For distances smaller than
200 nm (Fig. 1b) the simulated results follow the typical 1/dα law
that is characteristic of the deep subwavelength regime, with
α = 1.54. The simulations also show that heat transfer in the deep sub-
wavelength regime is quasi-monochromatic (Fig. 1c) and centred
around the ε(ω) = −1 surface phonon resonance frequency of SiC
(937 cm−1). The small secondary peaks at lower frequency in
Fig. 1c are caused by the finite dimensions of the beams and by the
presence of materials other than SiC (that is, Si3N4 and SiO2),
which are accounted for in the simulation (see Methods). Although
it would be very challenging to analytically simulate heat transfer
for such a complex geometry and compare our numerical

simulations, we note that the α = 1.54 geometry factor is consistent
with what can be calculated using the proximity approximation
between two cylinders (α = 1.5). The fact that α is slightly larger in
our numerical simulation might indicate that our geometry is inter-
mediate between a two-cylinder case (α = 1.5) and the two-dimensional
parallel-plane case (α = 2).

To achieve, experimentally, very small distances over large areas,
it is critical that the two surfaces are completely parallel. Therefore,
no buckling should occur under changes of temperature. We pre-
vented buckling by designing the beams such that they preserved
the high tensile stress of silicon nitride (∼900 MPa) after structural
release (Fig. 1a). This stress prevented the thermal bimorph effect
from causing the buckling that would catastrophically impact the
minimum achievable distance in our system at high temperatures
(Fig. 2). Our design also suppresses the stress-induced deformation
that prevented us from reaching the deep subwavelength regime
with our previous platform28.

To measure the heat transfer, the beams were brought together
by sweeping the voltage supplied to the MEMS actuator (VMEMS
in Fig. 1a) while the temperatures of the heated beam (Theat) and
the sensing beam (Tsens) were measured (see Methods). The result
of this scan is presented in Fig. 3b, where the inset shows the tran-
sition between near-field and contact regimes. The displacement of
the nanobeams as a function of the MEMS voltage was also
measured in a separate experiment (Supplementary Section 1)
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Figure 1 | Device overview and operating principle. MEMS with integrated electrical heaters/temperature sensors are used to bring together two parallel
nanobeams and reach the deep subwavelength heat transfer regime. a, Schematic of the MEMS geometry (not to scale) and operation principle. Applying a
voltage (VMEMS) on the interdigitated comb drive closes the gap between the nanobeams, from 1,500 nm initially (left) to sub-100 nm (right). A Vheat

voltage is applied to heat one of the beams, while the Vsens voltage on the other beam allows for temperature sensing. High tensile stress allows for
mechanical stability at high temperatures. b, Simulated radiative heat transfer between two nanobeams as a function of distance between them. The hot
beam is set at T= 10 K above room temperature (293 K). The deep subwavelength regime occurs for beam separation below 200 nm, where the heat
transfer begins to scale as 1/d1.54 (which appears linear on a logarithmic scale). c, Simulated heat transfer spectrum between the nanobeams at two different
separations. For d = 50 nm, the heat transfer is concentrated mainly around the SiC surface resonance (near ω = 937 cm−1). The secondary peaks at lower
frequencies are caused by the presence of Si3N4 and SiO2. d, False-colour scanning electron micrograph (SEM) of the device after structural release. e, SEM
false-colour cross-section view of the nanobeams before structural release.
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whereωT = 789 cm−1 andωL = 956 cm−1 are respectively the transverse
and longitudinal optical phonon frequencies, ε∞ = 8 and Γ = 20 cm−1

(Supplementary Fig. 1, for characterization and extended discussion
see Supplementary Section 2). Such sharper resonance does not
necessarily result in a stronger enhancement (calculations25 show
that SiO2 and SiC yield similar enhancements), but could be beneficial
to heat flow control applications that rely on the quasi-monochromatic
nature of near-field heat transfer1.

We simulated the heat transfer between the nanobeams using a
Fourier modal method based on the fluctuational electrodynamics
formalism26,27 (see Methods) and we predicted that the deep sub-
wavelength regime occurs at distances <200 nm. The dimensions
and geometrical arrangement considered for these simulations are
presented in Supplementary Figs 2 to 4. For distances smaller than
200 nm (Fig. 1b) the simulated results follow the typical 1/dα law
that is characteristic of the deep subwavelength regime, with
α = 1.54. The simulations also show that heat transfer in the deep sub-
wavelength regime is quasi-monochromatic (Fig. 1c) and centred
around the ε(ω) = −1 surface phonon resonance frequency of SiC
(937 cm−1). The small secondary peaks at lower frequency in
Fig. 1c are caused by the finite dimensions of the beams and by the
presence of materials other than SiC (that is, Si3N4 and SiO2),
which are accounted for in the simulation (see Methods). Although
it would be very challenging to analytically simulate heat transfer
for such a complex geometry and compare our numerical

simulations, we note that the α = 1.54 geometry factor is consistent
with what can be calculated using the proximity approximation
between two cylinders (α = 1.5). The fact that α is slightly larger in
our numerical simulation might indicate that our geometry is inter-
mediate between a two-cylinder case (α = 1.5) and the two-dimensional
parallel-plane case (α = 2).

To achieve, experimentally, very small distances over large areas,
it is critical that the two surfaces are completely parallel. Therefore,
no buckling should occur under changes of temperature. We pre-
vented buckling by designing the beams such that they preserved
the high tensile stress of silicon nitride (∼900 MPa) after structural
release (Fig. 1a). This stress prevented the thermal bimorph effect
from causing the buckling that would catastrophically impact the
minimum achievable distance in our system at high temperatures
(Fig. 2). Our design also suppresses the stress-induced deformation
that prevented us from reaching the deep subwavelength regime
with our previous platform28.

To measure the heat transfer, the beams were brought together
by sweeping the voltage supplied to the MEMS actuator (VMEMS
in Fig. 1a) while the temperatures of the heated beam (Theat) and
the sensing beam (Tsens) were measured (see Methods). The result
of this scan is presented in Fig. 3b, where the inset shows the tran-
sition between near-field and contact regimes. The displacement of
the nanobeams as a function of the MEMS voltage was also
measured in a separate experiment (Supplementary Section 1)
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Figure 1 | Device overview and operating principle. MEMS with integrated electrical heaters/temperature sensors are used to bring together two parallel
nanobeams and reach the deep subwavelength heat transfer regime. a, Schematic of the MEMS geometry (not to scale) and operation principle. Applying a
voltage (VMEMS) on the interdigitated comb drive closes the gap between the nanobeams, from 1,500 nm initially (left) to sub-100 nm (right). A Vheat

voltage is applied to heat one of the beams, while the Vsens voltage on the other beam allows for temperature sensing. High tensile stress allows for
mechanical stability at high temperatures. b, Simulated radiative heat transfer between two nanobeams as a function of distance between them. The hot
beam is set at T= 10 K above room temperature (293 K). The deep subwavelength regime occurs for beam separation below 200 nm, where the heat
transfer begins to scale as 1/d1.54 (which appears linear on a logarithmic scale). c, Simulated heat transfer spectrum between the nanobeams at two different
separations. For d = 50 nm, the heat transfer is concentrated mainly around the SiC surface resonance (near ω = 937 cm−1). The secondary peaks at lower
frequencies are caused by the presence of Si3N4 and SiO2. d, False-colour scanning electron micrograph (SEM) of the device after structural release. e, SEM
false-colour cross-section view of the nanobeams before structural release.
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nanoscale approach can be conducive to applications of near-
field heat transfer, especially in near-field thermophotovoltaic
energy conversion. Our approach produces a high net energy
flux between the beams (Fig. 4c), which, for energy conversion
applications, is often more crucial than relative enhancement
over far-field radiation. We also note that our approach could
be scaled up to a larger effective area by simply arraying several
nanobeams (on top of a photovoltaic cell, for example) and by
individually controlling their out-of-plane displacement using
MEMS actuators. Our work shows that the power consumption
of such actuators (<200 pW in the present case) can be orders
of magnitude lower than the radiated power (up to 6.6 µW, at

Theated beam – Troom = 425 K, Fig. 4c) and could hence be negli-
gible compared to the generated electrical power.

Methods
Methods and any associated references are available in the online
version of the paper.
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Figure 4 | Heat transfer in the deep subwavelength regime over a wide
range of temperatures. Heat transfer measurements are compared with
Fourier modal method simulations, showing that we reach the deep
subwavelength regime for a wide range of heated beam temperatures.
a, Measurement and simulation (fitted, see Methods) of heat transfer
between the nanobeams as a function of separation. Inset: the same data,
on a logarithmic scale. The measured heat transfer at the smallest gap is
82 times higher than the far-field limit, which corresponds to a 42 nm gap
between the beams. In this case, the heated beam temperature (relative to
Troom = 293 K) is 13 K (Fig. 3b). b, Minimum gap (that is, before the beams
make contact) and maximum enhancement (relative to the far-field limit)
achieved for various heated beam temperatures. Heat transfer remains in
the deep subwavelength regime (gap < 150 nm) for heated beam
temperatures as high as 720 K. In this case, the sensing beam temperature is
460 K, such that the net temperature gradient is 260 K. c, Near-field heat
transfer intensity (power per unit area) as a function of the temperature of
the heated beam (the area is taken as the inner SiC surface of the
nanobeams). Errors bars in b and c are calculated from uncertainty regarding
the thermal coefficient of resistance and the effective beam interaction
length (Supplementary Fig. 3).
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MEMS-based Measurements (2)

6

towards the receiver with a piezoelectric actuator. Nanometre-
precise displacements were achieved by monitoring the movement
of the actuator with integrated strain gauge sensors under closed-
loop feedback control (Supplementary Fig. 6). The top panel of
Fig. 2a shows the displacement, Δz , of the emitter towards the recei-
ver, which begins with coarse steps (∼5 nm) and continues in finer
steps (∼2.5 nm) close to contact. Throughout the approach the
optical signal (middle panel) does not change until contact is estab-
lished. Finally, the bottom panel presents ΔTrec , which increases
monotonically until contact is made. Contact is heralded by a
sudden change in the optical deflection signal, which occurs con-
currently (that is, within the same 2.5 nm displacement step) with
a large jump in ΔTrec due to conduction of heat from the silica
sphere to the receiver.

These experimental data allowed us to determine the gap-
dependent, radiative thermal conductance as Ggap =Gbeams ×
ΔTrec/(ΔTemit–ΔTrec). We obtained the near-field thermal conduc-
tance (GNF) at each gap by subtracting the gap-dependent far-field
contribution, which was estimated from the thermal conductance
at the largest measured gap sizes (∼10 µm) and the calculated
gap-dependent view factor (Fig. 2b and Supplementary Fig. 7).
The estimated GNF for the 3-µm-thick layer of SiO2 as a function
of gap size is shown in Fig. 2c (green open circles). Clearly,

GNF increases rapidly from ∼0 to 12 nW K−1 as the gap size is
reduced to ∼20 nm.

To investigate the effect of film thickness on NFRHT we used
receivers coated with a 100-nm-thick SiO2 layer and measured
GNF (Fig. 2c, green solid circles). Intriguingly, the near-field
thermal conductance for these devices remains largely unchanged
when the gap is reduced to well below 1 µm, and only begins to
increase noticeably with gaps below 300 nm. When the gap size
approaches the film thickness, GNF increases rapidly and becomes
comparable to that obtained for 3-μm-thick SiO2 films at gaps
less than 100 nm. To better understand the dependence of GNF on
SiO2 thickness, we performed additional experiments for layer
thicknesses of 50 nm, 1 µm and 2 µm (Fig. 2c, all data points re-
present an average of ∼10 independent measurements). It is clear
from these experiments that GNF for each device depends on the
thickness of the coating and begins to increase rapidly only when
the gap size becomes comparable to the film thickness. We also
performed a control experiment where the receiver had only a
100-nm-thick Au film and no SiO2 coating. The results of this exper-
iment (solid olive squares in Fig. 2c) show that there is no measurable
increase in GNF as the gap size decreases. Taken together, our obser-
vations suggest that surface phonon polaritons on the SiO2 surfaces
are responsible for the observed, gap-dependent GNF behaviour.

200 µm

Rib

SiO2  film

Laser
200 µm

c

If,in

V+

V−
If,out

Piezoelectric
actuation

Stiff 
Si beam

V3f

If,in

Idc,out

Pt heater

PSD

Laser

Stiff ribbed
SiNx beam

+
−

V2f

a

I dc,in

I f,out

Qjoule,2f

Qrad,2f

Qcon,2f

Ta

Ta

+
−

b

tSiO2 film receiver
Au

SiNx

Rib

Qrad,2f

Piezoelectric
actuation

d e

50 µm

100 µm

Gap

Figure 1 | Experimental set-up and devices. a, Schematic of the experimental set-up. The emitter consists of a suspended silicon platform, with an attached
silica sphere and an integrated electrical heater–thermometer. The receiver is a stiff silicon nitride platform coated with gold and a silica film of suitably
chosen thickness. A laser (reflected off the receiver, see also e) and a position-sensitive detector (PSD) enable optical detection of emitter–receiver contact
formation with nanometre resolution. A sinusoidal electrical current (If,in = If,out), at f = 1 Hz, is supplied to the emitter’s resistor, resulting in Joule heating
with amplitude Qjoule,2f and frequency 2 Hz. This is partly conducted through the beams (Qcon,2f) and partly radiated to the emitter (Qrad,2f). The emitter’s
temperature oscillations are quantified by measuring the third harmonic of the voltage (V3f) across the resistor. The receiver’s temperature oscillations are
measured by supplying a dc current (Idc,in = Idc,out) through the receiver’s resistor and by monitoring the voltage output at 2f (V2f) across it. Ta is the ambient
temperature. b, Schematic cross-section of the planar receiver region and the spherical silica emitter. The gold layer is ∼100 nm thick, and the thickness t of
the SiO2 film varies from 50 nm to 3 µm for different receiver devices. c, Scanning electron microscope (SEM) image of the suspended platform and optical
image (inset) of the spherical emitter. d, SEM images of the receiver show ribbed beams and suspended regions. e, Optical image of the emitter and receiver
during alignment. In this image the devices were laterally displaced to enable simultaneous visualization.

LETTERS NATURE NANOTECHNOLOGY DOI: 10.1038/NNANO.2015.6

NATURE NANOTECHNOLOGY | VOL 10 | MARCH 2015 | www.nature.com/naturenanotechnology254

We next evaluated whether our experimental findings of NFRHT
in thin films are in (quantitative) agreement with theoretical predic-
tions. Towards this end we combined the formalism of fluctuational
electrodynamics24 with a scattering matrix approach25 (see Methods
and Supplementary Section IIIA) and calculated the heat transfer
coefficient (thermal conductance per unit area, h) between a

semi-infinite SiO2 surface and SiO2 thin films coated on a
semi-infinite Au surface (Fig. 3a, inset). The computed h values
for multilayer structures with different coating thicknesses
(50 nm–3 µm, bulk) show that heat transfer is indeed enhanced
when the gap size is reduced and converges to that between bulk
SiO2 surfaces for small (<100 nm) gap sizes (Fig. 3a). To establish
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and long beams, which was characterized to be 94.6 µW K–1

(Supplementary Fig. 2).
We first probed the radiative heat transfer between emitter and

receiver devices coated with a 2-μm-thick layer of SiO2, which at
nanoscale gaps provides an excellent approximation to bulk SiO2
as the film thickness is much larger than the gap size3

(Supplementary Fig. 6). The top panel of Fig. 2d shows the displace-
ment of the emitter towards the receiver, which starts with
coarser steps (10 nm) and continues in finer steps (2 nm) close to
contact. The second panel depicts ΔTRec, which steadily increases
before contact is made. Throughout the approach, the optical
signals (Fig. 2b–d) that track the mechanical contact between
the emitter and receiver (see Methods) do not change until
contact is established (bottom two panels in Fig. 2d). Contact is
indicated by a simultaneous jump in both the optical signals
and the temperature signal, the latter arising due to an increase
in thermal conductance associated with heat conduction
upon contact.

The gap-dependent radiative conductance for SiO2–SiO2 sur-
faces (Fig. 3a, green squares) increases dramatically before contact
is established. We found that the maximum measured near-field
conductance could be enhanced systematically by tipping and
tilting the receiver with respect to the emitter to further improve
parallelism. Figure 3a shows the improvement that is achieved
with such systematic optimization. It is also apparent that the con-
ductance exceeds the blackbody limit, reaching a value of 1 µW K–1

just before contact. We estimate from the known angular resolution

of our nanopositioner15 that this optimization approach reduces any
deviations from parallelism to be a few nanometres across the
48 µm × 48 µm regions over which the emitter and receiver
devices have near-field interactions (see Methods).

To compare the experimental results with theory we first com-
puted the thermal conductance per unit area hRad(d) for the SiO2
thin-film coated plates using the expression26,27

hRad(d)=
!∞

0

dω
4π2

∂[h− ω/(eh−ω/kBT−1)]
∂T

!∞

0

dkk[τs(ω,k,d)+τp(ω,k,d)] (2)

where T is the temperature, ω is the radiation frequency, k is the
magnitude of the wavevector component parallel to the thin-film
layer, d is the gap size, and τs and τp are the transmission probabil-
ities for transverse electric (TE) and transverse magnetic (TM)
modes, respectively, which depend on the Fresnel coefficients of
the interfaces (see Methods). Next, we computed the radiative
thermal conductance from GRad(d ) = hRad × Adevice , where Adevice
is the area of the mesa (48 µm × 48 µm). The computed total
conductance for ideal, parallel SiO2 surfaces is shown as the
black line in Fig. 3b. To more accurately estimate the thermal
conductance in our devices, which feature small deviations
from planarity (∼30 nm over the 48 µm × 48 µm active device
region, Fig. 1), we employed the Derjaguin approximation1–3,12

(Supplementary Section 8) and computed the near-field conduc-
tance between the planar emitter and the receiver. The computed
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Figure 1 | Microdevices for probing near-field radiation between parallel-planar surfaces. a, Scanning electron microscope (SEM) image of the receiver
device, which features a 80 µm × 80 µm region coated with a desired dielectric/metallic film (false-coloured in blue). b, SEM image of the emitter, which
features a 48 µm × 48 µm mesa-shaped region coated with SiO2 or Au (top of mesa false-coloured in red). Both emitter and receiver devices are suspended
by long and narrow Si beams to achieve excellent thermal isolation (Supplementary Sections 1 and 2). c, Schematic showing the orientation of the emitter
and receiver devices with respect to each other. The relative alignment of the emitter and receiver (inset) can be controlled using a custom-built
nanopositioner that enables lateral and angular control (θz) of the emitter as well as angular control (θx, θy) of the receiver about the x, y and z axes.
d, Optical images showing the emitter and receiver devices. e, Line profile of the active region of the emitter showing the negligible deviation from planarity
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block mounted on piezo-actuator system which was able to 
positioning x-y-z-T�micro-stages, while the emitter was 
mounted on double axes gonio-stage controlled by a computer. 
Using the gonio-stage, a parallel gap between these surfaces 
was made over the surface area of emitter. The minimum 
incremental motion of the piezo-actuator in the direction of the 
z-axis for controlling the gap was 40nm. 

In order to make the parallel gap between the both 
surfaces, a following procedure should be required using the 
gonio-stage and the piezo-actuator before the emitter was 
heated. In the first step, the emitter surface was rotated around 
the x-axis, which was fixed on its surface. Just when the 
surface contacted with the electrode, some electric current can 
be detected. The rotated angle was recorded. In the second step, 
the emitter surface was rotated in the opposite angle direction 
up to made on contact with the electrode again. Then, the half 
of the rotated angle in the second step becomes the first step 
parallel-gap condition in the x-axis. In the third step, for the y-
axis which was also fixed on the emitter surface, the same 
processes need to be performed as previously mentioned above 
in two steps. In the fourth step, the cell was moved toward the 
emitter slightly, for example, a 100nm from the previous 
position, using the piezo-actuator. This process was repeated 
several times. A height of finger-shaped electrodes was almost 
uniform within a 100nm discrepancy. As a result, a parallel gap 
between the emitter and the cell surfaces can be obtained with a 
100nm discrepancy. Similarly, the cell was positioned free from 
electric contact using x-, y-, z- and T micro-stages. After the cell 
was moved back to the position far from the emitter surface 
once, the emitter was heated by the CO2 laser. Then, the cell 
was moved toward the emitter and the I-V curve and the 
electric power were measured accordingly. 

 

RESULTS AND DISCUSSION 
Figure 5 shows I-V diagrams obtained through experiment 

using the GaSb-TPV cell under the condition of the tungsten- 
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emitter temperature of 960K. Those are for gaps of 15Pm, 
20Pm, 60Pm, 100Pm and 1050Pm which were measured by a 
simple micro-scope with a low resolution. Since the gap is the 
order of microns, the electric power was obtained through the 
conventional propagating radiation. The open-circuit-voltage 
(OCV) is about 0.27~0.28V under the condition of any gap. On 
the other hand, the electric current density increases with 
decreasing gap from 1050Pm through 60Pm to 15Pm since the 
view factor between the emitter surface area (2mm x 8mm) and 
the cell area (8mm x 20mm) becomes closer to unity. Due to 
the size configuration of the GaSb-TPV cell, it was not possible 
to keep the view factor into unity in its vertical direction. In the 
case of gap less than 20Pm, the current density does not change 
in the propagating radiation regime. The maximum power was 
obtained by 0.17V and 0.093A/cm2, resulting in 0.0158W/cm2. 
On the other hand, the radiation energy emitted from the 
tungsten-emitter in the range of wavelength less than 1.8Pm 
becomes about 0.094W/cm2 from the temperature of 960K, the 
blackbody fraction of 3.0% and the effective emittance of 0.66; 
which is assumed to be an arithmetic average of those of the 
flat tungsten surface (emittance of 0.3, 50% area) and the 
groove (emittance of unity, 50% area). As a result, the 
conversion efficiency was about 17%, if the incident radiation 
is limited in the range of wavelength less than 1.8Pm. The 
spectral control of emission of radiation is now conducting 
using micro-cavities [8], a thin oxide film produced on metal 
surfaces [9] and a rare-earth oxide film coated on a ceramic 
plate [10]. 

Figure 6 shows I-V diagrams obtained through experiment 
using the commercial Si-PV cell under the condition of the 
tungsten-emitter temperature of 1153K. The dark I-V diagram 
is also shown in this case to evaluate the diode characteristics; 
which are not sophisticated because the electric current could 
be detected even when some negative voltage was supplied 
under no incidence of radiation. In the case of lighting, there 

FIGURE 5.  I-V CURVES FOR GaSb-TPV CELL IN 
PROPAGATING WAVE REGIME 

FIGURE 4.  SCEMATIC DIAGRAM OF EACH STAGE SETUP 
FOR NANO-SCALE PARALLEL GAP POSITION 
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was only a small increase in the current density with decreasing 
gap from 2000Pm through 500Pm to 36Pm since the view 
factor between the emitter surface area (5mm x 6mm) and the 
cell area (15mm x 18mm) is close to unity. Those results were 
also obtained in the regime of the conventional propagating 
radiation. Similar to the case of GaSb-TPV cell, the conversion 
efficiency of the commercial Si-PV was obtained as about 8.1% 
from the maximum power of about 0.0012W/cm2 (0.012A/cm2 
and 0.1V) and the incident energy of 0.0148W/cm2, if the 
wavelength is limited to be less than 1.1Pm. 

On the other hand, although the view factors for both gaps 
of 36Pm and 10Pm were much the same as 0.98 and 0.99, a 
remarkable shift of I-V curve could be observed in Fig.6. The 
short-circuit current density and the open-circuit voltage 
increases by a factors of 1.25 and 1.1, respectively. Since it is 
difficult to understand the incremental only from the concept of 
conventional propagating radiation phenomena, it might be 
recognized that the evanescent wave effect, i.e., near-field 
radiation effect contributes to the energy transfer.  

Figure 7 shows the emitter temperature and the short-
circuit current density obtained through experiment using the 
GaSb-TPV cell. It reveals that the gap decreases from 10Pm up 
to the zero, i.e., up to the physical contact, at which the output 
power suddenly goes down. The origin at the right end of 
horizontal axis was determined as the contact position; then, 
the distance was measured reversely from it. The short circuit 
current density increases drastically at the distance from 1.5Pm 
to zero. The maximum current density reaches 3.0 times higher 
than that obtained in the conventional propagating radiation 
regime, in which the current density is kept at constant in the 
distance from 10Pm to 1.5Pm. Although an I-V curve for the 
near-field radiation regime is not obtained, the output power 
should also be 3.0 times higher compared with that by the 
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conventional propagating radiation if the fill factor is kept at 
constant. However, the conversion efficiency does not change 
so much because only the incident radiation energy is enhanced 
by near-filed effect. As a result, the energy which is not 
converted into electricity went through the cell as a thermal 
energy, i.e., a heat loss to the backside of the cell. In addition, 
in a range of wavelength longer than 1.8Pm, the radiation 
transfer is also enhanced due to near-field effect [2-3]. As a 
result, much amount of energy emitted from the tungsten 
surface passes through the cell. In Fig.7, in order to keep the 
emitter temperature, the input energy of the CO2 laser was 
increased, depending on the decrease in distance. However, it 
was not easy to keep at constant in the vicinity of the emitter 
surface.  

Figure 8 shows the short-circuit current density and the 
output power obtained through experiment using the 
commercial Si-PV cell as the cell moves closer to the emitter 
surface. The current density is normalized by that obtained by 
the conventional propagating radiation transfer with the view 
factor of almost unity. Since much amount of energy is 
transferred and enhanced by near-field effect over any 
wavelength, the emitter temperature could not be kept at 
constant; that is, the CO2 laser power (50W maximum) was not 
enough, as the gap became smaller than 13Pm. As a result, the 
zero position could not be determined correctly. The distance of 
35Pm was measured by a simple micro-scope with a low 
resolution. Then, the cell was moved at a regular interval of 
100nm by the piezo-actuator. It is clearly seen that the short 
circuit current density and the output power become 1.3 times 
and 1.45 times higher than those obtained by the conventional 
propagating radiation, respectively, with decreasing gap from 
30Pm to 13Pm.  

FIGURE 7.  EMITTER TEMPERATURE AND SHORT 
CIRCUIT CURRENT DENSITY IN NEAR-
FIELD REGIME WHILE USING GaSb-TPV 

CELL 

FIGURE 6.  I-V CURVES FOR Si-PV CELL IN NEAR-FIELD 
AND PROPAGATING WAVE REGIMES 
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Schematics



Fabricated Device
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Measurement of Near-Field Thermal Radiation

10

(b)

(a)

M. Lim, S.S. Lee, and B.J. Lee, Physical Review B 91, 195136, 2015.



Advantage of the Proposed Device
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Measured capacitance is related to the separation distance

Cm = ✏
WL

dm

C =

Z
✏

dA

d(x)
=

Z L

0
✏

Wdx

d(x)
= ✏W

Z L

0

dx

d(x)
Alternatively,

dm = L

"Z L

0

dx

d(x)

#�1

= davgThus,

The average radiative heat transfer coefficient is nothing but the radiative heat 
transfer coefficient at the average gap distance.

hR,avg ⇥ (WL) =

Z

A
hR{d(x)}dA

According to Derjaguin approximation,

hR,avg =
a

L

Z L

0

dx

d(x)
+ b =

a

davg
+ b

Since       is predicted to be proportional to 1/d when the vacuum gap width varies from 200 nm to 1200 nm,hR



Remaining Challenges
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! Near-field enhancement of radiative heat transfer becomes significant 
when the vacuum gap distance between parallel plates is less than 
200 nm. But maintaining such a small gap distance between parallel 
plates (with wide surface area) is extremely challenging.  

! One of the most prominent applications of near-field radiation is a 
thermophotovoltaic (TPV) energy conversion, which requires planar 
geometry with wide surface area. 

! We may also need to seek alternatives. For instance, we can modify 
surface conditions using optical metamaterials including graphene in 
order to further enhance the near-field thermal radiation at achievable 
vacuum gap distance. 



Spectral Control of Near-Field Radiation
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Fig. 1. Schematic of the near-field thermal radiation between two doped Si plates with
graphene separated by vacuum gap d (a) in three-dimensional view and (b) in cylindrical
coordinate. A monolayer of graphene is modelled as surface conductivity σ .

to employ a monolayer of graphene with its chemical potential as a tuning parameter.
Graphene, a two-dimensional (2-D) lattice of carbon atoms with exceptionally high crys-

tal and electronic quality, draws enormous attention due to its broad potential applications in
electronic and photonic devices [14,15]. Because plasmon frequency of graphene can be tuned
to near-infrared spectral region by modifying electron density [16], several recent studies also
focus on the role of graphene on the near-field radiative heat transfer [17–20] and its applica-
tion on near-field thermophotovoltaic devices [21, 22]. Although previous studies have investi-
gated the effect of graphene on the near-field heat transfer, they mainly considered suspended
graphene [17,18,20,21] or graphene on glass [19] and InSb [22]. In the present study, however,
we consider a graphene-coated asymmetric doped Si plates of different optical constants (i.e.,
with different doping concentrations and temperatures) to investigate more general effects of
graphene on modifying the near-field thermal radiation.

2. Theoretical modeling

Let us consider two semi-infinite, p-type doped Si plates covered by a monolayer of graphene
and separated by a vacuum gap width d, as shown in Fig. 1. The doping concentration of
Si varies from 1017 to 1021 cm−3, and the resulting dielectric function ε is obtained from the
functional expressions in Basu et al. [13]. For simplicity, temperature of the source and receiver
is set to be 400 and 300 K, respectively.
Formulations of near-field thermal radiation start with two semi-infinite bulk media separated

by a vacuum gap d, without graphene layers. The induced electric field E(x,ω) at the point x
outside of the source (i.e., body 1) is given in terms of the Green’s dyadic function ¯̄G(x,x′,ω)
and the fluctuating current density j [2, 23]:

E(x,ω) = iωµ0
!

Vs
d3x′ ¯̄G(x,x′,ω) j(x′,ω) (1)

where ω is the angular frequency, µ0 is the magnetic permeability of vacuum, and Vs is volume
of the source. As shown in Fig. 1, cylindrical coordinate is used such that space variable x =
rr̂+ zẑ, where r̂ and ẑ are unit directional vectors. The dyadic Green’s function is given by [24]

¯̄G(x,x′,ω) =
i
4π

! ∞

0
βdβ 1

k1z
(ŝts12ŝ+ p̂2t

p
12p̂1)e

iβ r̂·(r−r′)ei{k2z(z−d)−k1zz
′} (2)

�����������������86' 5HFHLYHG����-XO�������UHYLVHG����$XJ�������DFFHSWHG���6HS�������SXEOLVKHG����6HS�����
(C) 2013 OSA 23 September 2013 | Vol. 21,  No. 19 | DOI:10.1364/OE.21.022173 | OPTICS EXPRESS  22175

M. Lim, S.S. Lee, and B.J. Lee, Optics Express 21, 22173–22185, 2013.

Fig. 6. Contribution of graphene to the net heat transfer.

Fig. 7. Net heat transfer between graphene-coated Si plates at 1017 cm−3 with respect to
the vacuum gap width.

curves. As a result, graphene can make the heat transfer between lightly doped Si plates (∼ 1017
cm−3) be comparable to the heat transfer between heavily doped Si plates (> 1019 cm−3).
Figure 6 shows the contribution of graphene to the near-field thermal radiation in B5, S1,

and R1. For a given configuration, the net heat flux between Si substrates only can be easily
calculated by using the multilayer formulation. Graphene’s contribution to the near-field ther-
mal radiation is estimated from the difference between the total net heat flux and the net heat

�����������������86' 5HFHLYHG����-XO�������UHYLVHG����$XJ�������DFFHSWHG���6HS�������SXEOLVKHG����6HS�����
(C) 2013 OSA 23 September 2013 | Vol. 21,  No. 19 | DOI:10.1364/OE.21.022173 | OPTICS EXPRESS  22184

Fig. 5. Contour plot of S(β ,ω) with respect to the parallel wavevector component β nor-
malized by plasma frequency (ωp = 2.90×1014 rad/s) of doped Si at 1019 cm−3 and 400
K. SPP dispersion curves are also overlaid. Source and receiver configurations for each
case are listed in Table 1.

�����������������86' 5HFHLYHG����-XO�������UHYLVHG����$XJ�������DFFHSWHG���6HS�������SXEOLVKHG����6HS�����
(C) 2013 OSA 23 September 2013 | Vol. 21,  No. 19 | DOI:10.1364/OE.21.022173 | OPTICS EXPRESS  22183



Graphene-Assisted NF-TPV System
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M. Lim, S.M. Jin, S.S. Lee, and B.J. Lee, Optics Express 23, A240-A253, 2015.

Graphene

d

z

r

Fig. 3. Contour of Sβ ,λ (β ,λ ) in logarithmic scale: (a)-(c) d = 10 nm and NSi = 1× 1020

cm−3; (d)-(f) d = 10 nm and NSi = 5× 1020 cm−3; and (g)-(i) d = 50 nm and NSi = 1×
1020 cm−3. For simplicity, the parallel wavevector component β is normalized by bandgap
wavelength (λg = 7.29 µm). Surface plasmon dispersion curves are also overlaid.

however, the heat transfer enhancement is not as significant as in Fig. 3(c).
The magnitude of spectral photocurrent density is plotted in Fig. 4 for selected NSi and d

values. The spectral photocurrent density exhibits similar wavelength-dependency with the net
spectral heat flux shown in Fig. 2. In addition, the graphene changes the spectral photocurrent
density according to its chemical potential, µ , in the similar manner as in the spectral heat
flux. The difference between the spectral photocurrent density and the spectral heat flux lies
at wavelengths longer or far shorter than λg. Because InSb cell cannot generate electron-hole
pairs by absorbing photons of λ > λg, there is no spectral photocurrent density for λ > λg. On
the other hand, in the short wavelength region, the excessive energy of photons cannot generate
extra electron-hole pairs and will eventually be dissipated as heat generation inside the TPV
cell. Therefore, the spectral photocurrent is relatively small when λ > λg or 2 < λ < 4 µm,
resulting in low conversion efficiency.
The power throughput of the graphene-assisted TPV system is plotted in Fig. 5(a) with re-

spect to the vacuum gap width when NSi = 1×1020 cm−3. Monolayer of graphene enhances the

#231606 - $15.00 USD Received 29 Dec 2014; revised 15 Feb 2015; accepted 16 Feb 2015; published 25 Feb 2015 
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Extending Graphene’s Effects to Longer Distances
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Fig. 7. Effect of the thickness of p-region on the TPV performance: (a) power throughput;
(b) conversion efficiency; and (c) photocurrent density.

we decrease the thickness of p-region, it certainly increases both the power throughput and the
conversion efficiency in 10< d < 40 nm. For 40< d < 100 nm, however, p-region with thick-

#231606 - $15.00 USD Received 29 Dec 2014; revised 15 Feb 2015; accepted 16 Feb 2015; published 25 Feb 2015 
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system. Please note that the experimental validations of near-field thermal radiation between parallel 
plates have been limited to 50 nm due to the presence of small particles (~30 to 40 nm in size) on the 
surfaces [23]. Thus, with the aid of multilayered graphene, we can be one step closer to the realization 
of near-field TPV system. However, still, at the vacuum gap around 200 nm, with the interfacial material 
of SiO2 with 10 nm thickness, it is hard to get enhancement in power output.  
 
When their thicknesses are changed, further enhancement can be expected by tuning the number of 
graphene layers as can be seen in Fig. 6. For 10 nm vacuum gap, the tendency is obvious; that is, the 
thinner the dielectric layer is, the higher enhancement occurs (refer to Fig. 6(a)). However, for the 
vacuum gap larger than 50 nm, clear relationship between the number of graphene layers and 
enhancement is not observed. It rather fluctuates but we can get large enhancement for the SiO2 with 
thickness of 5 nm. It should be noted that we can have almost 50% enhancement with 10 layers of 
graphene separated by SiO2 with thickness 5 nm even for vacuum gap of 200 nm. 
 

.  
 
Figure 4.  Spectral photocurrent density generated in the TPV cell when interfacial material is set to be 
SiO2 with thickness of 10 nm (i.e., td = 10 nm): (a) d = 10 nm (b) d = 50 nm (c) d = 100 nm, and (d) d = 

200 nm. 
 

 
 

Figure 5.  Power output with respect to the vacuum gap width depending on the numbers of graphene 
layers. 

M. Lim, S.S. Lee, and B.J. Lee, 8th International Symposium on Radiative Transfer, RAD-16, June 6-10, 2016 .
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rate of the radiative heat transfer enhancement is decreased. For instance, 30-period multilayer
emitter enhances only 1% over the case of 7-periods emitter. In this work, we choose 7-period
HMM emitter that enhances the net radiative heat flux by 3.9 times (q′′net = 9.3× 104 W/m2)
than that of the plain W. By employing multilayer Green’s function approach [5, 6], contribu-
tion of the W substrate underneath the HMM emitter can be estimated. It is found that for the
7-period HMM emitter, the W substrate contribute to only 2% of the radiative heat flux from
the source to the receiver, suggesting that 7 periods of W/SiO2 are sufficient to be considered
as opaque. Hereafter, discussion will be focused mainly on the 7-period HMM emitter.
Contribution of p- and s-polarization to the net spectral heat flux is investigated in Fig. 3(b).

From the effective medium behavior discussed in Fig. 2, it is expected that hyperbolic feature
of the emitter only appears for p-polarization; thus, the heat transfer enhancement would be
dominant for p-polarization. However, it turns out that contribution of s-polarization cannot be
neglected, as clearly seen in Fig. 3(b). This is because metal is involved to construct the HMM
emitter. For metals or heavily doped Si [35–37], contribution of s-polarization to the near-field
thermal radiation can be even higher than that of p-polarization due to magnetic s-polarized
waves, as discussed in [36].
In Fig. 4, we investigate the enhancement mechanism of the near-field radiative transfer when

HMM emitter is used from point of view of the effective medium theory. Figures 4(a) and 4(c)
show the contour of function S(β ,ω), defined in Eq. (1), for cases of the HMM emitter and pain
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Fig. 4. Contour plot of (a) S(β ,ω) and (b) p-polarization exchange function ξ p(β ,ω) with
the HMM emitter at d = 100 nm; (c) S(β ,ω) and (d) p-polarization exchange function
ξ p(β ,ω) for plain W emitter at the same vacuum gap.
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