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Recent experiments, at room temperature, have shown that near-field radiative heat transfer (NFRHT)
via surface phonon polaritons (SPhPs) exceeds the blackbody limit by several orders of magnitude. Yet,
SPhP-mediated NFRHT at cryogenic temperatures remains experimentally unexplored. Here, we probe
thermal transport in nanoscale gaps between a silica sphere and a planar silica surface from 77-300 K.
These experiments reveal that cryogenic NFRHT has strong contributions from SPhPs and does not follow
the 73 temperature (T) dependence of far-field thermal radiation. Our modeling based on fluctuational
electrodynamics shows that the temperature dependence of NFRHT can be related to the confinement
of heat transfer to two narrow frequency ranges and is well accounted for by a simple analytical model.
These advances enable detailed NFRHT studies at cryogenic temperatures that are relevant to thermal

management and solid-state cooling applications.
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Near-field radiative heat transfer (NFRHT) arises between
a hot emitter (at temperature 7 + AT) and a cold receiver
(at temperature 7') when they are separated by gaps much
smaller than the Wien’s wavelength (4, where 4, T =
2890 pm K) and is of great current interest due to the novel
heat transfer phenomena that arise at the nanoscale [1-4].
NFRHT is also critical to thermophotovoltaics [5—-10],
photonic refrigeration [11,12], and thermal management
[13,14]. A key breakthrough in the field [15-19] has been
the demonstration that NFRHT rates at room temperature
(44 18 ~10 pm) exceed the blackbody limit by many orders
of magnitude due to strong contributions by surface phonon
polaritons (SPhPs) that are supported by dielectric materials
like silica (Si0,) [20].

Despite the strong potential of SPhPs for tuning
and controlling NFRHT, all SPhP-dominated NFRHT
studies, leveraging a variety of geometries [1,21,22]
(sphere-plane, tip-plane, and plane-plane), have been
limited to room and elevated temperatures due to exper-
imental challenges in performing NFRHT measurements
at nanoscale gaps and cryogenic temperatures. These
limitations have prevented exploration and control of
NFRHT via the use of superconductors [23-25], magnetic
fields [26,27], and topological materials [28,29] that
require measurements at cryogenic temperatures. Further,
knowledge of NFRHT at cryogenic temperatures is
essential to understand the limits to solid-state refriger-
ation [30] at low temperatures where parasitic heat
transfer due to NFRHT from thin films of silica can
become a limiting factor.
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While Wien’s wavelength increases with decreasing
temperature, suggesting that near-field phenomena become
experimentally readily accessible at cryogenic temperatures,
the near-field radiative heat flux decreases significantly,
making NFRHT measurements at low temperature challeng-
ing as higher calorimetric resolution is required. In fact,
past attempts [31-37] to study NFRHT phenomena at low
temperatures employed macroscopic (millimeter to centi-
meter scale) devices to achieve measurable heat fluxes.
However, this limited the minimum achievable gap sizes
to be ~1 pm, making it impossible to probe truly nanoscale
effects. Therefore, to date, systematic NFRHT experiments
at cryogenic temperatures (i.e., probing NFRHT with both
emitting and absorbing materials at cryogenic temperatures)
and nanoscale gaps have not been possible.

To overcome this challenge and systematically character-
ize the temperature dependence of NFRHT phenomena at
cryogenic temperatures, we implemented a novel exper-
imental platform. Our approach, shown schematically in
Fig. 1, employs an emitter device featuring a planar
surface and a spherical receiver. Briefly, the microfabri-
cated emitter device [Fig. 1(c), see Supplemental Material
[38] for details of fabrication], made from silicon (Si),
features a suspended region with an integrated mesa that is
coated with a 2 pm-thick silica (SiO,) layer. Further, the
emitter features an integrated platinum (Pt) serpentine line
that can be used to modulate the temperature of the emitter
via Joule heating. The microfabricated receiver device
[Fig. 1(b)], with T-shaped beams to reduce possible
deflections, is made of silicon nitride (SiN) and features

© 2023 American Physical Society
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FIG. 1. Schematic of the NFRHT measurement platform
integrated into a variable temperature scanning probe instrument
and scanning electron microscopy (SEM) images of the em-
ployed devices. (a) Emitter (bottom) and a receiver (with
integrated sphere, top). The silicon-based emitter has an inte-
grated Pt heater and a 15 pm-tall mesa that is coated with a 2 pm-
thick SiO, layer. The receiver consists of an integrated Pt
resistance sensor and a 70 pm-diameter silica sphere. The heat
current (Q,,giation) 1S Measured by modulating the emitter temper-
ature via an ac current ({yc peating) Supplied to the integrated Pt line
and measuring the resulting temperature oscillations of the
receiver by supplying a dc current (/g sensing) t0 its Pt thermom-
eter. The gap size between the emitter and the receiver is
controlled via a piezo actuator. (b) SEM image of the receiver
with integrated sphere. (c) SEM image of the emitter featuring a
Pt sensor (blue) and the SiO,-coated mesa (brown).

a Pt line that is used as a thermometer (see Supplemental
Material [38] for details of fabrication). Further, a smooth
70 pm-diameter SiO, sphere (roughness quantified in [38])
is integrated into the receiver via a custom process (see
Ref. [38]) developed by us. In order to measure the gap (d)
dependent NFRHT between the emitter and the receiver,
we place the spherical surface of the receiver in close
proximity to the surface of the temperature-controlled
emitter using a scanning probe instrument (Createc LT-
SPM). Next, we modulate the temperature of the emitter at
a suitably chosen frequency, while simultaneously meas-
uring modulations in the receiver temperature arising due
to the heat flux from the emitter to the receiver (the
temperature modulation causes negligible levels of deflec-
tions in the emitter, see Supplemental Material [38]). As
can be seen from the resistance network shown in Fig. 2(b),
knowledge of the amplitude of temperature oscillations of
the receiver and the emitter, along with the temperature-
dependent thermal resistances, enables us to quantify the
gap-dependent near-field thermal conductance at any given
temperature in the 77-300 K range.

In order to illustrate our approach, we present in Fig. 2 data
from representative experiments performed at 100 K. In these
experiments, the spherical surface of the receiver was placed
in close proximity (~80 nm) to the planar surface of the
emitter [see Fig. 1(a)] such that the bottom of the sphere is
directly above the center of the emitter. The emitter temper-
ature was then modulated by an amplitude of AT . iier = 3 K
ata frequency (2f = 2 Hz), by supplying an ac current with
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FIG. 2. Experimental approach for probing NFRHT at cryo-
genic temperatures. (a) Data obtained in a measurement per-
formed at 100 K. The top panel shows how the separation
between the receiver and the emitter is varied, via a piezoelectric
actuator, in steps of ~0.8 nm. The bottom panel depicts the
measured temperature rise of the receiver as a function of gap
size. Contact between the emitter and the receiver is signaled by a
jump in the temperature (marked red) of the receiver. (b) Thermal
resistance network of the radiative heat transfer between the
emitter and the receiver. (c) Measured thermal conductance with
error bars as a function of gap size. To increase the range, we
spliced two high resolution gap conductance records. The over-
lapping region of the conductances (see inset) enables us to
concatenate the data. (d) Schematic description of the process of
concatenation. The first approach contains information till con-
tact. The second approach starts by retracting the receiver by a
coarse positioner. Subsequently, the receiver device was dis-
placed towards the emitter until heat flux signal exceeded the
smallest signal measured in the first approach.

amplitude 2 mA and frequency f = 1 Hz Simultaneously,
the temperature change of the receiver (AT ceiver) Was
measured by supplying a dc current (/yc ensing) Of 10 pA
through the receiver’s Pt thermometer (see Supplemental
Material [38] for details).

The data in the top panel of Fig. 2(a) show how the
emitter-receiver gap size is systematically reduced in steps
of ~0.8 nm via a piezoelectric actuator, whereas the bottom
panel shows the measured amplitude of the temperature
oscillations of the receiver device (T oceiver) N @ bandwidth
of 16 mHz. The sudden jump [marked in red in Fig. 2(a)]
corresponds to the point at which the receiver and the
emitter make physical contact [3]. The minimum achiev-
able gap size before contact in these experiments is limited
by the surface roughness and stiffness of the emitter and the
receiver and was estimated to be ~20 nm in our experi-
ments (see Supplemental Material [38] for details).

In Fig. 2(c) we show in blue circles the measured near-
field thermal conductance (Gynpryr), Which is obtained
from the AT .civer data shown in Fig. 2(a) by using
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the expression GNFRHT(T) = Greceiver<T) X ATreceiver/
(AT epmitier — AT receiver)» Where T is the temperature at which
the measurements are made. The thermal conductance of the
receiver (Greceiver) 18 ~0.84 pW/K at 100 K for a frequency
of 2 Hz (see Supplemental Material [38] for details). It can be
seen that the data (blue circles) span a relatively small range
of gap sizes from 20-120 nm, because the range of motion
of the piezoelectric actuator is reduced to somewhat small
values at low temperatures (see Supplemental Material [38]
for determination of piezo constants at different temper-
atures). We increased the range of gap sizes to 180 nm by
adopting an approach to concatenate coarse stepping and
fine, continuous piezo motions [Fig. 2(c), see Ref. [38] for
details]. We did not further increase the range of our
measurements, as Gyrryt 1S less dependent on gap size
above ~180 nm. We note that the 2 pm-thick SiO, film
effectively acts like a semi-infinite SiO, layer as the gap sizes
in our experiments are much smaller than the film thickness,
hence there is no effect of the underlying Si substrate on our
measurement. The expectation that for small gap sizes a
2 pm-thick SiO, film behaves effectively like a bulk SiO,
substrate is also confirmed by detailed calculations shown in
the Supplemental Material [38].

Next, we investigated the temperature dependence of
NFRHT by performing similar measurements at four other
temperatures (77, 150, 220, and 300 K) using the same
emitter and receiver devices described above. To implement
these measurements, we first characterized the thermal
conductance and the frequency response of the receiver
and the emitter device at each temperature (see
Supplemental Material [38] for details of the thermal
characterization of the emitter and receiver based on the
3w method [39]). Subsequently, we performed measure-
ments of the gap-size-dependent NFRHT as described above
and used these data, along with the measured temperature-
dependent thermal conductance of the receiver, G eeiver(T),
to obtain the temperature-dependent near-field conductance,
Gnerur(T), as described above. The measured gap size-
dependent radiative thermal conductance at each temper-
ature is shown in Fig. 3(a). From these data it can be seen
that, at all temperatures, there is a significant increase (~3—4
fold) in the thermal conductance as the gap size is decreased
from ~120 to 20 nm. This highlights the fact that SPhPs
continue to play a major role in heat transfer at the nanoscale
even at cryogenic temperatures. The data in Fig. 3(a) also
show that, at any given gap size, NFRHT is higher for a
higher ambient temperature. To better understand the temper-
ature dependence of NFRHT, we plot in the inset of Fig. 3(a)
the near-field conductance as a function of temperature for
various gap sizes. As can be seen, the thermal conductance
drops rapidly as the temperature decreases and the observed
temperature dependence is different from the 7° dependence
expected for far-field thermal radiation.

In order to understand the observed NFRHT behavior,
we performed detailed calculations within the framework of
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FIG. 3. Gap size and temperature dependence of near-field
thermal conductance. (a) Measured near-field thermal conduct-
ance as a function of gap size at different temperatures for an
emitter device coated with a 2 pm-thick layer of SiO, and a
receiver device with a 70 pm-diameter SiO, sphere. The inset
depicts the temperature dependence of near-field thermal con-
ductance (normalized to the value at 300 K) at various gap sizes
using the data from panel (a). The two dashed lines represent the
expected conductance following 73 and T2 temperature depend-
ence. (b) The spectral heat flux for silica surfaces in the near-field
[geometry corresponds to that shown in the inset of (c) for a gap
size of 20 nm]. The spectral heat flux between two semi-infinite
blackbodies in the far-field of each other is shown in the inset.
(c) The computational results of the temperature-dependent
NFRHT in the plane-plane geometry using fluctuational electro-
dynamics (inset shows the geometry that is modeled). (d) Com-
putational results for the gap-dependent NFRHT, at various
temperatures, in the sphere-plane geometry using the Derjaguin
approximation (inset illustrates the Derjaguin approximation
method). The computed values were scaled as described in the
main text. Note that most of the error bars shown in panel (a) and
(d) are smaller than the symbols.

fluctuational electrodynamics [40] and the scattering matrix
[41] approach. Specifically, we computed (see Ref. [38] for
details of our model) the spectral conductance h(w, T, d)
between plane parallel surfaces of an emitter consisting of a
2 pm-thick SiO, film on a semi-infinite silicon substrate
and a semi-infinite SiO, receiver separated by a 20 nm gap
[see the geometry inset of Fig. 3(c)] using the following
expression [1,3,4,21]:

h(w, T,d) =

1 o hw
 4n?oT

_ o VT v k) kdk. (1
ehw/kET_1:|/O 7(w, k) (1)

where o is the angular frequency of the radiation, & is the
magnitude of the wave vector component parallel to the
planes, kg is the Boltzmann constant, # is the reduced
Planck’s constant, and z(w, k) is the transmission function
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[see Ref. [38] for details of how 7(w, k) is evaluated]. For
comparison, in the inset of Fig. 3(b) the spectral conductance
for two blackbodies in the far-field [hgz(w, T, d)] is also
shown at various temperatures. In strong contrast to black-
bodies in the far field, where the spectral conductance is
broadband, NFRHT for SiO, (gap size <100 nm) shown in
Fig. 3(b) is dominated by SPhPs at two narrow ranges of
frequencies centered around 0.06 and 0.14 eV. Moreover, it
can be seen that, as the temperature decreases, the contri-
bution from the higher energy SPhPs at 0.14 eV decreases
rapidly due to a steep decrease in the excitation of SPhPs,
which depends on the Bose-Einstein distribution.

By integrating the spectral conductance, the tempera-
ture and gap-dependent near-field conductance [A(T, d)]
between two parallel planes is obtained [Fig. 3(c)].
Subsequently, we employed the Derjaguin-approximation
[42] along with the data from Fig. 3(c) to compute the
gap-dependent thermal conductance for the sphere-plane
geometry employed in our experiments (specifically we
calculated the near-field contributions using the Derjaguin
approximation and far-field contributions by carefully
quantifying the view factor for this sphere-plane geometry,
see details in the Supplemental Material [38], which
includes Refs. [43-47]). The data obtained from these
calculations [scaled by a factor of (2.5)~'] are shown in
Fig. 3(d) (inset schematically describes the Derjaguin
approximation). We note that a similar scaling factor was
found to be necessary in past work at room temperature [3]
for achieving good agreement between theory and experi-
ment and was attributed to uncertainties in the micro-
structure (i.e., surface roughness and porosity) and
dielectric properties of the materials. As can be seen in
Fig. 3(d), the computational results agree well with exper-
imental data at room temperature, but show some deviation
at intermediate temperatures, especially at gap sizes smaller
than 30 nm, which we address below. Finally, we note that
these calculations also confirm that the radiative thermal
conductance is significantly reduced upon decreasing the
temperature, corresponding to an approximately 100-fold
reduction in the conductance at any given gap size when the
temperature is lowered from 300 to 77 K.

To understand the origin of the temperature-dependence
of NFRHT, we plot the experimental data at 20 nm gap size
(the smallest gap size used in our experiments) as well as
the computational data for the planar devices as a function
of temperature in Fig. 4(a) (all data normalized by the
corresponding conductance at 300 K). It can be seen that
the temperature-dependence is nearly identical in both
plane-plane and sphere-plane geometries, highlighting that
the temperature dependence observed in the experiments
can be examined by analyzing the temperature dependence
in the plane-plane geometry. These computational results
also agree well with our experimental data [see dashed-
dotted line in Fig. 4(a)] and deviate from the T° dependence
expected for far-field thermal radiation. The observed
deviation from both experiments and computations indicate

(3)1,2 T Analytical Approximation i i (b)o_ >

o

[ 4 Plane-Plane Full Computation

o Expat20nmGap
™

—d=20nm
d=50nm
0.20 ~——d=100nm -

°

o
®

2

I3
|

/

= —

o
o

°
=)

Two dominant SPhPs-

~

14
kS

———

S
Y

Normalized Conductance (a.u.)

o

50 100 250 300 : 1x107 2x107 3x107 4x107 5x107
v

150 200
Temperature (K) k(m?")

77KExp T00 K Exp
150KExp * 220K Exp
© 300KExp ---Eq.(3) &Eq. (533)

© % ¥ = ¥ = % %

L o o o
10 20 30 40 50 60 70 80 90 100
Gap Size (nm)

005 010 015 020 025
Energy (eV)

FIG. 4. Tllustration of the origin of the observed temperature
dependence. (a) Comparison of experimental data with various
computational and analytical models. Computational results for
the plane-plane structure show the same temperature dependence
as experimental data but deviate from a 73 dependence, which
holds for far-field radiative heat transfer. See details of the models
in [38]. (b) The dispersion relation at different gap sizes between
two SiO, planes. (c) The integrated transmission as a function of
energy. The two SPhP-resonant peaks are fitted by two Lor-
entzian functions shown by dashed lines. (d) Dashed lines represent
the fitted analytical model based on Eq. (3) and (S33), which
incorporate a temperature-dependent dielectric function. The
experimental data and model are in good agreement (most of
the error bars are smaller than the symbols). Additional details in
the Supplemental Material [38].

that the distinct temperature dependence of NFRHT pos-
sibly originates from the SPhPs. To confirm that SPhPs
are indeed the origin of the temperature dependence of
NFRHT, we first plot the dispersion relation for SPhPs
[Fig. 4(b), see Ref. [38] for details of how the dispersion
relation is obtained based on Ref. [48] ], which clearly shows
that SPhPs are supported over a narrow range of frequencies,
which also align well with the peaks in the integrated
transmission function 7(w) = (1/27) [§° ©(w, k) kdk shown
in Fig. 4(c). Because the dominant contribution to 7(w)
comes from the two SPhPs peaks, we describe 7(w) as a
linear combination of two Lorentzian functions:

7(w) = Z Al

) [(w — ;) + Fﬂ

(2)

where A;, @y ;, and I'; are the fitting parameters for each peak
of 7(w). The obtained fit is shown in Fig. 4(c) (fitting
parameters in [38]) and is found to closely approximate
the original 7(w). Using Egs. (1), (2) and A(T,d) =
fa’" h(w, T, d)dw, we recompute the near-field radiative heat
conductance and plot it in Fig. 4(a) (red open squares), which
isin good agreement with the full computations using Eq. (1).
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Next, we obtained the following approximate analytical
expression for i(T, d) (see Supplemental Material [38] for
details, which includes Refs. [49-51]):

2
da) kBekBT h”}) Airi
ABT 1)2 (CO—COOJ')Z‘FF%

h(T.,d) ~ Z

i=12 e

ha ;
A,»fzza)g.i e kBT

~, 2kBT2 (8%_1>2-

(3)

The above equation suggests that each Lorentzian
function in 7(w) makes a temperature-dependent contribu-
tion of the form (1/72)[(e0i/ksT)/(ehwoilksT —1)2],
which does not scale as T°. The temperature dependence
of near-field radiative heat conductance predicted by this
simpler analytical expression in Eq. (3) is then plotted in
Fig. 4(a) (solid line), which shows excellent agreement
with both experimental data and the results from full
computations given by Eq. (1), while clearly deviating
from the T° dependence expected for far-field thermal
radiation.

Finally, we note that in all the analysis presented above
we assumed that the dielectric function is independent of
temperature for the range of temperatures explored in this
work. This assumption can be relaxed following past work
[52,53], which suggests that the effect of temperature
can be captured by introducing a weakly temperature-
dependent damping in the dielectric function of SiO,
(discussed in detail in Supplemental Material [38],
Sec. 14, which also includes Ref. [54]). Upon accounting
for this temperature dependence (see [38] for details), the
obtained gap-dependent near-field thermal conductance
is presented in Fig. 4(d). As can be seen, assuming a
temperature-dependent dielectric function leads to some
additional improvement in the agreement between experi-
ment and theory, especially at gap sizes smaller than
30 nm. These results highlight that incorporating the
temperature dependence of dielectric functions is likely
necessary for improved qualitative and quantitative agree-
ment between experiments and theory.

To summarize, we performed first systematic measure-
ments of radiative heat transfer in nanoscale gaps between
polar dielectrics at cryogenic temperatures (77-300 K). We
show that the temperature dependence of NFRHT between
polar dielectrics is significantly different from far-field
RHT and attribute the differences to the narrow range of
frequencies over which heat is transported by SPhPs in
polar dielectrics. Our experimental results are found to be
in good agreement with detailed calculations based on
fluctuational electrodynamics. Further, we obtain a simple
analytical expression for the observed temperature depend-
ence. The experimental techniques established in this work
are also expected to enable future experimental exploration

of a number of currently untested theoretical and computa-
tional predictions, regarding NFRHT phenomena in super-
conductors, magnetic fields, and topological materials that
are expected to arise at cryogenic temperatures.
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