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Enhancement of near-field radiative heat transfer
using polar dielectric thin films
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Thermal radiative emission from a hot surface to a cold surface
plays an important role in many applications, including energy
conversion, thermal management, lithography, data storage
and thermal microscopy™2. Recent studies®-> on bulk materials
have confirmed long-standing theoretical predictions indicating
that when the gap between the surfaces is reduced to tens of
nanometres, well below the peak wavelength of the blackbody
emission spectrum, the radiative heat flux increases by
orders of magnitude. However, despite recent attempts®,
whether such enhancements can be obtained in nanoscale
dielectric films thinner than the penetration depth of thermal
radiation, as suggested by theory, remains experimentally
unknown. Here, using an experimental platform that comprises
a heat-flow calorimeter with a resolution of about 100 pW
(ref. 7), we experimentally demonstrate a dramatic increase
in near-field radiative heat transfer, comparable to that
obtained between bulk materials, even for very thin dielectric
films (50-100 nm) when the spatial separation between
the hot and cold surfaces is comparable to the film thickness.
We explain these results by analysing the spectral character-
istics and mode shapes of surface phonon polaritons, which
dominate near-field radiative heat transport in polar dielectric
thin films.

To experimentally study near-field radiative heat transfer
(NFRHT) for a broad range of film thicknesses we developed an
ultra-sensitive, micro-fabricated calorimetric platform that enables
quantitative studies of gap-size-dependent heat currents from a
spherical hot surface (the emitter) to a planar, colder surface (the
receiver) (Fig. 1). Understanding NFRHT is key to developing
novel technologies such as heat-assisted magnetic recording® and
lithography® as well as near-field-based thermal management!0-'4,
Despite long-standing theoretical predictions®>*!>~18, only recently
have measurements from bulk materials using either scanning
probes with integrated thermal sensors® or bimaterial cantilever-
based calorimeters®* provided experimental support of striking
enhancements in radiative heat transfer at the nanoscale. In spite
of this important progress, one of the most interesting theoretical
predictions, which suggests that NFRHT in nanoscale gaps is
dramatically enhanced by even nanometre-thick polar dielectric
films'®2!, has remained experimentally untested. In a recent
experimental report® NFRHT was studied between a Au tip and a
Au surface coated with a monolayer of NaCl, but the results were
inconclusive and seemed to defy theoretical interpretation, in part
because an accurate measurement of heat currents could not be
carried out.

The experimental platform used in this work to study the film
thickness dependence of NFRHT is shown in Fig. 1. We precisely
controlled the gap size between the spherical emitter and the
planar receiver to be as small as 20 nm to as large as 10 um using
a custom-built nanopositioning platform?’, while simultaneously
measuring heat currents between them to obtain the thermal con-
ductance as a function of gap size. Contact between the emitter
and the receiver was optically monitored (Fig. 1a). More specifically,
the emitter device (Fig. 1a) consisted of a suspended silicon region
onto which a 53-pm-diameter silica (SiO,) sphere was attached
(see Methods). The emitter also featured a platinum resistance
heater—thermometer through which a sinusoidal electric current
(f=1 Hz) was supplied to locally modulate the temperature of the
suspended region and the sphere at 2f (Supplementary Fig. 3).

The receiver (Fig. 1a,d) was made from silicon nitride (SiN,) and
was suspended via thin, long beams to achieve a thermal con-
ductance (Gpeams) of ~2 uW K'. The planar suspended region
was coated with SiO, layers of varying thickness (50 nm-3 pm),
deposited on a 100-nm-thick gold film (Fig. 1b,d). The receiver
also featured an integrated platinum resistance thermometer,
which could resolve small temperature changes (~50 uK, in a
5 mHz bandwidth, when modulated at 2 Hz), enabling the detection
of small heat currents of ~100 pW (2 uW K" x 50 uK).

Our experimental technique contributes several improvements
for NFRHT measurements over previously used bimaterial cantile-
ver-based approaches®?, where the deflection of the bimaterial can-
tilever is potentially affected by both temperature changes and forces
(such as electrostatic or Casimir), posing challenges to the interpret-
ation of experiments?. In contrast, in the present technique, mech-
anical motion (detected optically) does not affect temperature
measurements that are performed independently with a resistance
thermometer. Moreover, we are able to modulate the temperature
of the emitter and thus employ lock-in based techniques that
enhance’ the heat flow resolution to about 100 pW.

We began measurements with receivers coated with 3-um-thick
layers of SiO,, which we expected to behave in a manner similar to
bulk devices given their comparatively large thickness. After align-
ing a receiver and emitter with a gap size of ~10 pm in our nano-
positioning platform?? (Fig. le), we moved the nanopositioner
into a vacuum chamber (<107° torr, room temperature) and modu-
lated the emitter temperature (AT.y;) sinusoidally at 2 Hz with a
10 K amplitude. The resulting radiative heat currents were quanti-
fied by measuring the temperature oscillations of the receiver
(AT,.) using the integrated resistance thermometer. To measure
the gap dependence of the heat transfer we displaced the emitter

'Department of Mechanical Engineering, University of Michigan, Ann Arbor, Michigan 48109, USA. *Departamento de Fisica Tedrica de la Materia
Condensada and Condensed Matter Physics Center (IFIMAC), Universidad Auténoma de Madrid, Madrid 28049, Spain. *Donostia International
Physics Center (DIPC), Donostia/San Sebastian 20018, Spain. *Department of Materials Science and Engineering, University of Michigan, Ann Arbor,
Michigan 48109, USA. "These authors contributed equally to this paper. *e-mail: pramodr@umich.edu; meyhofer@umich.edu

NATURE NANOTECHNOLOGY | ADVANCE ONLINE PUBLICATION | www.nature.com/naturenanotechnology 1

© 2015 Macmillan Publishers Limited. All rights reserved


mailto:pramodr@umich.edu
mailto:meyhofer@umich.edu
http://www.nature.com/doifinder/10.1038/nnano.2015.6
http://www.nature.com/naturenanotechnology

LETTERS

NATURE NANOTECHNOLOGY Dbol: 10.1038/NNANO.2015.6

- Stiff ribbed
SiN, beam

t QJOU\(\Z}‘

/ Piezoelectric
\\95‘ actuation

— Rib

_I

t
Qrad,2f % Gap

Stiff
Si beam

Piezoelectric
actuation

200 um

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 (I = lsout), at f =1Hz, is supplied to the emitter’s resistor, resulting in Joule heating
with amplitude Qjouie s and frequency 2 Hz. This is partly conducted through the beams (Qcon2p) and partly radiated to the emitter (Q.q2p). The emitter's
temperature oscillations are quantified by measuring the third harmonic of the voltage (V5 across the resistor. The receiver's temperature oscillations are
measured by supplying a dc current (lycin = lacout) through the receiver's resistor and by monitoring the voltage output at 2f (V) across it. T, 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 SiO; film varies from 50 nm to 3 um for different receiver devices. ¢, 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.

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, A, of the emitter towards the recei-
ver, which begins with coarse steps (~5 nm) and continues in finer
steps (~2.5nm) close to contact. Throughout the approach the
optical signal (middle panel) does not change until contact is estab-
lished. Finally, the bottom panel presents AT,.., 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 AT, 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 Ggp = Gpeams X
ATreed (ATomi—ATree). We obtained the near-field thermal conduc-
tance (Gnp) 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 pm) and the calculated
gap-dependent view factor (Fig. 2b and Supplementary Fig. 7).
The estimated Gy for the 3-um-thick layer of SiO, as a function
of gap size is shown in Fig. 2c (green open circles). Clearly,

Gyr increases rapidly from ~0 to 12nW K" 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 SiO, layer and measured
Gnr (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 pm, and only begins to
increase noticeably with gaps below 300 nm. When the gap size
approaches the film thickness, Gy increases rapidly and becomes
comparable to that obtained for 3-pm-thick SiO, films at gaps
less than 100 nm. To better understand the dependence of Gyr on
SiO, thickness, we performed additional experiments for layer
thicknesses of 50 nm, 1 um and 2 pm (Fig. 2c, all data points re-
present an average of ~10 independent measurements). It is clear
from these experiments that Gy 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 SiO, coating. The results of this exper-
iment (solid olive squares in Fig. 2c) show that there is no measurable
increase in Gy as the gap size decreases. Taken together, our obser-
vations suggest that surface phonon polaritons on the SiO, surfaces
are responsible for the observed, gap-dependent Gy behaviour.
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Figure 2 | Gap-dependent near-field thermal conductance of thin films. a, Simultaneous recording of displacement, A,, of the emitter towards the receiver
(top), optical contact signal (middle) and temperature increase in the receiver (bottom). During the final approach, piezo displacement steps of ~2.5 nm
were used. b, Contribution of far-field radiation to the radiative thermal conductance across the gap for a representative film (100 nm). The solid red line
describes the predicted far-field radiation, which increases weakly (<1 nW K™") with decreasing gap size due to the associated change in view factor.

As expected, the measured data (multiple runs, green symbols) agree well with the far-field prediction for gaps from 1to 10 um. ¢, Near-field thermal
conductance as a function of film thicknesses. Data for each film thickness represent an average of ~10 different data sets. See Supplementary Fig. 7 for
information about the standard deviation of the data.

106 4

104 4

102 4

Total heat transfer
coefficient (W m=2K™1)
Near-field conductance (nW K1)

100 4

1072
1 10 100 1,000 10,000 20 100 1,000 10,000

Gap (nm) Gap (nm)

Figure 3 | Computed heat transfer coefficients. a, Computed total heat transfer coefficient as a function of gap size for the multilayer system shown in
the inset. This structure comprises a thick, semi-infinite silica surface separated by a vacuum gap of size d from a silica thin film coating on a semi-infinite
Au surface. Different curves correspond to different thicknesses of the silica coating. b, Calculated near-field conductance as a function of gap size for the
sphere and coated layer system shown in the inset. The sphere has a diameter of 53 um and the SiO,-Au structure is assumed to be infinite in the
transverse directions. Different curves correspond to different values of coating thickness. These results were obtained using the data in a, within the
Derjaguin approximation (see Methods and Supplementary Information) and by subtracting the far-field contribution to make a direct comparison with
the experiments. In all calculations the temperature was assumed to be 300 K.

We next evaluated whether our experimental findings of NFRHT  semi-infinite SiO, surface and SiO, thin films coated on a
in thin films are in (quantitative) agreement with theoretical predic- ~ semi-infinite Au surface (Fig. 3a, inset). The computed h values
tions. Towards this end we combined the formalism of fluctuational ~ for multilayer structures with different coating thicknesses
electrodynamics?* with a scattering matrix approach?® (see Methods (50 nm-3 um, bulk) show that heat transfer is indeed enhanced
and Supplementary Section IITA) and calculated the heat transfer =~ when the gap size is reduced and converges to that between bulk
coefficient (thermal conductance per unit area, h) between a  SiO, surfaces for small (<100 nm) gap sizes (Fig. 3a). To establish
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Figure 4 | Role of surface phonon polaritons in near-field radiative heat transfer. a, Spectral heat transfer coefficient for TE and TM modes as a function of
radiation energy for the multilayer system in Fig. 3a with coating thicknesses of t =100 nm (solid lines) and t =3 um (dashed lines) at a gap of 20 nm. The
heat transfer is dominated by TM modes and their contribution is almost identical for both thicknesses. Z represents the distance from the centre of the gap.
b, Corresponding transmission probability for TM modes, z,(w, k), as a function of radiation energy and magnitude of the parallel wavevector for t =100 nm
and d =20 nm. The white dashed line corresponds to the analytical dispersion relation of the cavity surface phonon polaritons, and the pink solid line next to
the y-axis represents the light line, that is, @ = kc. The maxima of the transmission appear largely to the right of the light line and therefore correspond to
evanescent waves. ¢, Normalized electric field intensity of a representative cavity surface phonon polariton (CSPhP) mode (hw = 61.2 meV) for a gap of

20 nm and thicknesses of t =3 pum (upper panel) and t =100 nm (lower panel), normalized to peak intensity. Grey regions correspond to SiO, and the

yellow region represents Au. d, As in ¢, but for a gap of 100 nm.

a direct comparison with our experimental results, we computed the
near-field conductance between a 53-um-diameter silica sphere and
thin film-coated surfaces (Fig. 3b) via the Derjaguin approxi-
mation?® (see Methods). The predicted conductances, as a function
of gap size and film thickness, are in good overall agreement with
our measurements (cf. Figs 2c and 3b), although the calculated con-
ductances consistently overestimate the measured thermal conduc-
tance (see Supplementary Fig. 12 for a direct comparison). As we
demonstrate in Supplementary Section IIIC and Supplementary
Fig. 13, these deviations are not due to the use of the Derjaguin
approximation, which provides accurate results for the NFRHT in
our systems in spite of the nanometre-scale roughness of the
films. Instead, we attribute this comparatively small discrepancy to
the inevitable uncertainties associated with the microstructure and
optical properties of the integrated thin films. Overall, the observed
agreement between measurements and theoretical predictions
suggests that fluctuational electrodynamics successfully captures
the key aspects of the gap-dependent NFRHT in these thin-film

structures and raises the key question: what is the origin of the
film thickness dependence of Gyg?

To elucidate the origin of the thickness dependence of the NFRHT
we compared (for two multilayer configurations with 100-nm- and
3-um-thick SiO, films and 20 nm gaps) the calculated spectral heat
transfer coefficients h(w) and h,(w) for the transverse electric (TE)
and transverse magnetic (TM) modes, respectively (Fig. 4a and
Supplementary Fig. 9). It can be seen that TM modes dominate
heat transfer at small gap sizes, with major contributions from two
narrow energy ranges centred around ~0.06 eV and ~0.14 eV. To
determine which modes dominate the heat flux we plot in Fig. 4b
the transmission probability (see Methods) for the TM modes,
which depends on both the frequency (w) and the magnitude (k)
of the parallel component of the wavevector. We also overlay the com-
puted dispersion relationship for cavity surface phonon polaritons
(CSPhPs, dashed line) and the light line (solid line) on this plot. It
can be seen that the transmission probability is largest in the afore-
mentioned energy ranges (Fig. 4b) and occurs for wavevectors that
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lie to the right of the light line, that is, for evanescent waves.
Furthermore, it can be seen that these wavevectors either overlap or
lie in close vicinity to the dashed line. This strong overlap between
the transmission peaks and the dashed dispersion line clearly
shows that enhancements of heat transfer are primarily due to
CSPhPs supported by the cavity between the SiO, layers.

Finally, to clarify the origin of the convergence of NFRHT for
thin and thick films at small gap sizes, we note that when the gap
size d is smaller than the film thickness, the dispersion of CSPhPs
(including the dispersions shown in Fig. 4b and Supplementary
Fig. 11) can be analytically approximated (Supplementary
Section IIIB) by k- =(1/d)In ((e(w) — 1)/(e(w) + 1)), where kc is
the complex amplitude of the parallel component of the wavevector
and &(w) is the dielectric function of SiO,. For the surface modes
that dominate the NFRHT, which are evanescent both in the
vacuum and inside the silica, the penetration depth I of CSPhPs
can be approximated by [2Re{kc(w)}]™*. Thus, we find that I=~d,
confirming that the penetration depth is independent of the film
thickness and decreases with decreasing gap size. This fact is illus-
trated in Fig. 4c, where we compare the normalized electric field
intensity of representative CSPhP modes, corresponding to an
energy of ~61.2 meV, for two coating thicknesses (100 nm and
3um) and a gap of 20 nm. Notice that the mode shapes are
almost identical due to the small penetration depths, showing that
NFRHT in small gaps occurs through identical modes for both
thin and thick films and is hence unaffected?” by film thickness or
the presence of a gold layer. In contrast, when the gap becomes com-
parable to or larger than the film thickness, the intensity of these
modes decays slowly in SiO,, but drops sharply at the SiO,-Au
interface (Fig. 4d, lower panel), reducing their ability to contribute
to heat transport and leading to a diminished transmission prob-
ability (Supplementary Fig. 10). Thus, NFRHT enhancement for
thin films at gaps larger than the film thickness is significantly
smaller than that of thicker films at the same gap size. Finally, we
observe that the large reduction in the NFRHT in the absence of
a dielectric coating is mainly due to the mismatch between the spec-
tral coefficients of SiO, and Au and is consistent with past work®.
The above analysis provides an intuitive picture that relates the
NFRHT properties of thin films, which were previously under-
stood!®228 via the penetration depth of radiation, to the shape of
the cavity modes. This shows that insights from plasmonics,
which enable intricate control of mode shapes, can be employed
to tune NFRHT in a variety of nanoscale systems.

The experimental results and analysis presented here show that
NFRHT can be dramatically affected by dielectric films if the gap
size is comparable to the film thickness. Our instrumentation
enables NFRHT measurements with ~100 pW resolution while pre-
cisely controlling the gap size between hot and cold surfaces with
nanometre resolution. We believe that these advances can enable
the study of a variety of other nanoscale radiative heat transport
phenomena that remain as yet experimentally unexplored'*%.
Insights from such studies are critical for optimizing thermal
management in future nanoscale devices and for realizing
near-field-based lithography and thermo-photovoltaics®1%%.

Methods

Device geometry of the emitter and receiver. The emitter and receiver devices were
fabricated using standard microfabrication processes (Supplementary Fig. 1). The
suspended regions of the emitter devices were connected to the surrounding
substrate via beams (Fig. 1c) with a relatively large cross-sectional area (10 pm X 10 um),
resulting in stiff devices (~500 N m™") with a thermal conductance of ~180 pW K.
The beams and suspended regions of all receivers included ribs (Fig. 1d), which also
led to stiff devices (~66 N m™'; see Supplementary Fig. 4 for details) with extremely
flat suspended regions. Given the excellent sensitivity of the receiver we were able to
resolve heat currents at emitter—receiver distances as large as 10 um.

Characterization of emitter and receiver. Care was taken to prevent particulate
contamination of the device surfaces during fabrication and preparation of the

devices for experiments (Supplementary Fig. 2). Commercial silica spheres
(Corpuscular Inc.) were integrated into the devices after cleaning them in deionized
water to remove particulate contamination. Subsequently, spheres were

manually attached to emitter devices using a micromanipulator and an adhesive
(Crystalbond 509) that provides excellent thermal contact. The topography of

the devices, the cleanliness of the surfaces and the planarity of the receiver device
were quantified using atomic force microscopy, dark-field optical microscopy

and confocal laser scanning imaging (Supplementary Fig. 5). The thermal
conductance and thermal time constant of the emitter and receiver devices

were characterized by experiments and/or finite-element modelling
(Supplementary Fig. 3). Supplementary Section IA presents details of the fabrication
and characterization of the devices.

Optical scheme for detection of contact between emitter and receiver. Accurate
detection of contact between the emitter and receiver is critical for both interpreting
our measurements of near-field thermal conductance as well as to precisely
determine the gap size between the top of the spherical emitter and the planar
surface of the receiver at intermediate steps before contact. We note that the emitter
was rigidly mounted on a piezoactuator for which the displacement was controlled
with ~2.5 nm resolution using strain-gauge sensors (SGSs) embedded into the
piezoactuator. See Supplementary Fig. 6 for a diagram illustrating the experimental
procedure and Fig. 2a for experimental data regarding step sizes.

To accurately detect contact between the emitter and receiver, the position of the
emitter was sinusoidally modulated for a short period (~5 s) after each step with an
amplitude of ~4 nm at a frequency of 4 kHz. Deflections of the optical beam
(at 4 kHz), reflected from the back of the receiver (Fig. 1a), were monitored using a
photosensitive detector and a lock-in amplifier (time constant 30 ms). As can be
seen from Fig. 2b, when contact is made the output of the lock-in amplifier suddenly
increases due to sinusoidal displacements of the receiver. Note that, as the emitter
approaches the receiver, there is a point where the emitter is close enough to the
receiver to cause ‘snap-in” due to residual electrostatic charges. In the present
experiments, such snap-in was reduced to very small values by the large stiffness of
the devices and due to the incorporation of a grounding loop and plane for the
emitter and receiver, respectively, and was experimentally quantified to be <5 nm
(Supplementary Section IC). In all our experiments a two-stage temperature
controller was used that minimized the temperature drift of the nanopositioner to
<10 mK over the period of the experiment.

Computational techniques. NFRHT was computed within the framework of
fluctuational electrodynamics®!. The electromagnetic properties of the different
materials were described via local frequency-dependent dielectric functions.

The dielectric functions of SiO, and Au were obtained from previous works

(refs 42 and 43 in the Supplementary Information). The dispersion relations of the
surface phonon polaritons and their electric field profiles were computed with a
scattering matrix formalism?®. The heat transfer coefficient h was computed from the
following expression'?:

) dikk[ty(w, k) + 7, (w, k)] (6]

0

- r dw A / (5" - 1)]J
~ ), 4w oT

where T is the temperature,  is the radiation frequency, k is the magnitude of the
wavevector component parallel to the layer planes, and 7, and 7, are the transmission
probabilities for TE and TM modes, respectively, which depend on the Fresnel
coefficients of the interfaces (Supplementary Section IIIA). The near-field
conductance between the silica sphere and the thin film-coated surface was
computed via the Derjaguin approximation® (inset of Fig. 3b and Supplementary
Fig. 8) in which the sphere was approximated by a series of annuli and the thermal
conductance between each annulus and the corresponding region of the thin film
was computed from the data in Fig. 3a and summed. Furthermore, the far-field
contribution was subtracted (Supplementary Section IIIA) to obtain the near-field
conductance shown in Fig. 3b. Finally, Supplementary Section IIIC provides a
demonstration that the Derjaguin approximation provides accurate results for
NFRHT in our system.
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