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ABSTRACT: We measure near-field radiative cooling of a
thermally isolated nanostructure up to a few degrees and show
that in principle this process can efficiently cool down localized
hotspots by tens of degrees at submicrometer gaps. This process of
cooling is achieved without any physical contact, in contrast to
heat transfer through conduction, thus enabling novel cooling
capabilities. We show that the measured trend of radiative cooling
agrees well theoretical predictions and is limited mainly by the
geometry of the probe used here as well as the minimum
separation that could be achieved in our setup. These results also pave the way for realizing other new effects based on resonant
heat transfer, like thermal rectification and negative thermal conductance.
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Heat transfer at a distance through radiation, as opposed to
through conduction, is usually thought of as a minuscule

effect. It was recently demonstrated that heat transfer through
radiation between two surfaces in the near-field regime (i.e., at
small enough length scales compared to the characteristic
wavelength of thermal radiation which is ∼10 μm at 300 K) can
be extremely effective and can exceed the traditional heat
transfer through radiation in the far-field regime (i.e., blackbody
radiation) by several orders of magnitude.1,3,4 This phenom-
enon can be used to cool hotspots in thermally isolated
nanostructures by coupling local thermal fields to evanescent
surface electromagnetic modes of a nearby surface, and rate of
cooling would increase dramatically as the separation between
the two surfaces reduces. We demonstrate radiative cooling of
up to a few degrees and show that in principle this process can
efficiently cool down localized hotspots by tens of degrees in
sub-100 nm gaps.
Radiative heat transfer between two adjacent surfaces can be

resonantly enhanced through the coupling of surface phonon
polariton (SPhP) modes,2,4,5 hybrid surface modes that
originate due to resonant coupling between the electromagnetic
field and the optical phonons of the material. Surface plasmons
in doped Si6,7 or photonic crystal slabs8 can lead to a similar
effect. Here we choose to work with two SiO2 surfaces since the
SiO2/air SPhP frequencies (3.5 × 1013 and 1.5 × 1013 Hz) are
close to the peak blackbody radiation frequency at room
temperature (3.1 × 1013 Hz). Figure 1a shows heat flux as a
function of gap between two such parallel SiO2 surfaces. From
Figure 1a, it can be seen that at gaps close to 10 nm, the
radiative heat flux is 4 orders of magnitude greater than
blackbody radiation. In fact for plates of 1 cm2 surface area
separated by a gap of 50 nm, the radiative thermal conductance

is the same as the solid-state conductance of 1 cm3 copper.
Enhanced radiative heat transfer at nanoscale gaps has been
measured recently in sphere−plane geometry by optical
readout of a bimaterial cantilever10−12 and also in plane−
plane geometry with gaps of up to a few micrometers.13 In
order to observe actual cooling due to near-field radiative heat
transfer, the nanostructures have to be sufficiently isolated from
its surrounding thermal bath such that the radiative channel
becomes the most significant thermalization pathway.
Here we show cooling through radiation of a thermally

isolated nanoscale structure by bringing it in proximity (but not
in contact) with a probe connected to a thermal bath (see
Figure 1b). The nanostructure, acting as the hot spot, is a
suspended SiO2 membrane. Thermal isolation is achieved by
connecting the membrane to the substrate using thin spokes,
resulting in low background conductance. The 100 × 50 μm
membrane is made of SiO2 that is 840 nm thick and is attached
to the silicon substrate using thin spokes that are 600 nm wide
and 30 μm long (Figure 2a). XeF2-based dry etch process was
used to release the membrane over a 200 μm trench. The
trench was deep enough to ensure that there is negligible
spurious coupling of surface electromagnetic modes to the
substrate. A 50 nm thick Ni resistor is integrated on top of the
membrane with connecting leads through two of the spokes. Al
wires connect the resistor to pads which are then wire bonded
to a package. A tungsten probe tip (30 μm diameter), coated
with 2 μm PECVD SiO2, is connected to a heat sink, and its
background conductance is much higher than that of the
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membrane. Figure 2a shows a top view SEM image of the
suspended membrane with the probe tip in the inset. All
experiments were performed under a vacuum of 10−5 Torr,
where thermal conduction through air is negligible.
Cooling was measured directly by integrating small resistive

thermometers in the hotspots. Resistive thermometry can be
extremely sensitive in detecting very small thermal fluxes,
especially when used in platforms which are thermally isolated
from the environment.14−16 Thermal isolation also increases
the near-field cooling sensitivity, so that radiative heat flux

dominates over any other background thermalization pathway.
Here Ni thermistors are used to heat the membrane relative to
the tungsten tip to an initial temperature T0 and then monitor
the change in temperature of the membrane by monitoring the
change in resistance. In order to relate resistance change to
temperature change, the temperature sensitivity of the Ni
resistor was calibrated beforehand by measuring the resistance
over a range of 200−350 K, shown in Figure 2b. The
temperature coefficient of resistance [α = (1/R0)(∂R/∂T)] was
measured to be 0.0058 K−1. Since the thermal resistance of the

Figure 1. Enhancement of radiative heat transfer in near-field. (a) Radiative heat flux between two SiO2 surfaces (inset) held at temperatures of 300
K (red surface) and 0 K (blue surface), respectively. (b) Schematic of the experiment where one out of several isolated hotspots is cooled by radiative
near-field coupling to a tip.

Figure 2. Device characteristics. (a) Top view SEM image of the suspended SiO2 membrane with integrated resistor and the probe close to it. Inset
shows zoom-in of the SiO2 coated probe tip. (b) Resistance of the Ni resistor over a wide temperature range. The temperature coefficient of
resistance was measured to be 0.0058 K−1. (c) Change in resistance measured across the Ni resistor and corresponding temperature increase as
power are dissipated in the resistor.
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suspended membrane is much lower than the spokes
connecting it to its surrounding, it can be assumed that the
temperature of the membrane is almost constant and follows
that of the resistor. Very small electrical power is needed to
heat up the membrane significantly because of its thermal
isolation. Both the resistance and temperature increase of the
resistor as a function of the applied DC power are shown in
Figure 2c. From the plot one can see that a total power of 30
μW heats the resistor up by 80 K, which corresponds to a
background conductance of 360 nW/K. As the probe is
brought in proximity to the membrane, the resistance of the
heater on the suspended membrane changes due to of the
addition of an extra thermalization pathway. The probe is
brought closer to the membrane in steps of 350 nm using
piezoactuators, and at each gap step the system was allowed to
thermally stabilize for 1 min, while the instantaneous power and
temperature were monitored. Contact of the probe tip to the
surface results in a giant change in resistance, which is used to
calibrate the probe membrane separation (see Supporting
Information, Figure 6).
We experimentally observe radiative cooling of up to 1.5 K

for a separation of 350 nm between the SiO2 surfaces. Radiative
cooling is defined as the decrease in temperature of the
membrane from its initial temperature due to radiative
coupling.

Δ = −T d T d T( ) ( ) 0 (1)

where κrad(d) is the near-field radiative thermal conductance, T0
is the membrane temperature when the probe is in the far-field,
and T(d) is the membrane temperature when the probe is at a
separation d. Radiative thermal conductance is defined as
κrad(d) = (Prad (d))/(T0 − rt), where Prad(d) is the near-field
radiative power transfer and rt is room temperature. The
measured temperature change of the membrane as a function of
probe-membrane separation is shown in Figure 3a. It can be
seen that when the probe is in the far-field region (d > 2 μm),
the temperature of the membrane is relatively insensitive to
small variations in the distance of the probe from the
membrane. As the probe is brought closer to the membrane,
the temperature drops due to the near-field coupling. From

Figure 3a it can be seen that when the membrane is heated to
an initial temperature of 416 K, the temperature drop due to
radiative cooling is around 0.8 K. Increasing the temperature
gradient leads to larger radiative heat transfer (eq 2), and when
the initial temperature is increased to 460 K (up to 160° above
room temperature), the radiative temperature drop increases to
1.5 K. The theoretically predicted trend of temperature
decrease is shown in solid lines. It agrees well with the
measured data, along with a constant offset. This offset is due to
uncertainty in gap measurement, which is explained below.
Following eq 1, cooling of the membrane due to radiative
coupling can be expressed as (see Supporting Information)
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where κbck is the background thermal conductance. Background
conductance here refers to all other channels (except near-field
radiation) through which the membrane can lose heat and
includes heat dissipation through the thin supporting spokes
and far-field radiation. δ is introduced as a fitting parameter
which gives an indication of the uncertainty in gap measure-
ment. κrad was modeled using a sphere−plane configuration,
assuming a 840 nm SiO2 slab and temperature difference used
in the experiment (simulation details in Supporting Informa-
tion). The resulting electromagnetic heat transfer was
calculated numerically using scattering matrix analysis.17 The
far-field component of radiation increases by ∼7% as gap is
reduced from 350 to 3500 nm. We have estimated this view
factor effect by calculating the absorption by the finite area of
the membrane of far-field emission from the sphere. Measured
data were fitted to the model using δ and κbck as fitting
parameters. Figure 3a inset shows the resulting fit, with δ = 160
nm and κbck = 340 nW/K. This value of background
conductance agrees well with the expected value of 360 nW/
K (see Figure 2c, slope of P vs ΔT). We estimate the gap
uncertainty to be relatively smallof the order of 160 nm
and it has several contributing factors, like roughness of the
probe tip and slight curvature of the release oxide membrane.
Note that the gap uncertainty δ, estimated to be 160 nm, is
much smaller than the range of gaps measured (0.3−3.5 μm).

Figure 3. Near-field cooling. (a) Temperature drop due to radiative heat transfer as the probe is brought closer to the membrane, for two different
initial membrane temperatures. Error bars represent the standard deviation of each measurement. Solid lines show theoretical prediction. Inset shows
fitting of the measured data with model, yielding a gap uncertainty of 160 nm. (b) Near-field power transfer between the membrane and probe as a
function of separation.
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From the measurements one can extract the contribution of
near-field radiative heat transfer (see eq 2). The increase in the
power transfer from the membrane to the probe tip as a
function of gap is shown in Figure 3b for various temperature
gradients. One can clearly see the signature of enhanced
radiative effect for distances below 3 μm.
The measured trend of degree of radiative cooling efficiency

agrees well with theoretical predictions and is limited mainly by
the geometry of the probe used here as well as the minimum
separation that could be achieved in our setup. Figure 4 shows
the theoretical temperature decrease of the SiO2 membrane due
to radiative cooling when another surface is brought closer;
assuming either a spherical probe with 30 μm tip diameter
(similar to the one used in our experiments)9 or another a
parallel SiO2 surface as a probe. The membrane dimension was
assumed to be 100 × 50 μm, same as the one used in our
experiments. The background conductance was assumed to be
350 nW/K, which is close to the measured background in our
structures. In the simulations the membrane was heated to an
initial temperature of 460 K, while the probe was at room
temperature. Our calculations are in good agreement with the
experimental data (see Figure 4 inset), and cooling by over 20°
should be achievable in the sub-50 nm regime using our
configuration. While the spherical probe can cool down the
membrane by up to 30 K at a gap of 10 nm (blue curve), our
calculations show that the near-field effect is even more
pronounced when the probe is planar (red curve) and can
reduce the temperature by over 100 K at sub-100 nm gaps.
In summary, we demonstrated efficient cooling using near-

field radiative heat transfer in a novel platform with temperature
sensors integrated directly in thermally isolated hotspots. We
measured a local temperature reduction of up to 1.5 K, limited
only by geometry and gap resolution, and showed theoretically
that it should be possible to achieve very strong cooling in the

near-field regime using a modified geometry. This method of
thermal management using a noncontact approach could
enable cooling when contact methods are not an option, such
as in the case of microelectromechanical devices and front-end
of microelectronics. This novel platform can also pave the way
toward exploring new aspects of radiative heat transfer, such as
the recently predicted thermal rectification18,19 and negative
thermal conductance.20
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