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1.0 Summary and Importance of Main Achievements

In this final report we summarize the work done towards demonstration of rectification, various
milestones achieved during the process, and the current status of the work.

During the first part of this project we designed and demonstrated a platform for measurement of
near-field radiative heat transfer on-chip. A strong on-chip radiative heat transfer was shown
using a novel geometrical configuration of two parallel suspended nano-beams with silicon
nitride core. The distance between the two nano-beams was tuned electrostatically and the heat
transfer was measured using an integrated platinum resistor. We demonstrated 107 nW/K of
background heat conduction on the nano-beams, thermally isolated from environment with

<20 nm precision in position control. (Milestones achieved: 1.1, 1.2, .3, and 1.4)

Later, in the second part, we performed simulations and found that silicon carbide (SiC)
nano-beam could allow near-field rectification of heat transfer. We proposed to coast one of the
nano-beam in our design with thin layer of silicon oxide. A thin layer of silicon oxide would
induce frequency shift in the silicon carbide surface resonance and provide required asymmetry
for thermal rectification. We developed a process for plasma enhanced chemical vapor
deposition (PECVD) deposition of SiC and showed that high temperature annealed plasma
deposited microcrystalline SiC exhibits phonon resonance at that same frequency as expected for
single crystal silicon carbide. However, the plasma resonance of our microcrystalline SiC was
found to be three times more damped than its single crystal counterpart. Further, simulations
were performed to determine the influence of this damping on the rectification behavior.

In the third and fourth part of the project, we performed detailed simulations for heat rectification
between nano-beams made of microcrystalline SiC. We also presented an upgraded design of
our mechanical platform that is better suited for near-field rectification experiment. The initial
design had several limitations like mechanical asymmetries, material stress, lower operating
temperature, and broad surface plasmon polarition resonance due to silica coating on
nano-beams. These limitations had to be rectified in order to achieve <50 nm gap, avoid
performance confusion between thermal rectification and mechanical asymmetries, allow higher
temperature capabilities and eventually have efficient thermal rectification. The design, after
required rectification, is fabricated using our developed polycrystalline silicon carbide. The
fabrication processes are modified to reduce stress bending issues. With the new platform we
demonstrate near-field radiative heat transfer that is 82X stronger than the far field limit.
(Milestones achieved: II.1, I1.2, and I1.3)

In the last part of the project, measurements for thermal rectification are performed on the new
platform having silicon nitride nano-beams coated with thin layer of silicon carbide. Poor
rectification is observed and simulations using the experimentally obtained damping rate of
surface plasmon resonance for SiC confirm this inefficiency. The simulations show that the
rectification for silicon carbide nano-beams is just 7%. Afterwards, we have performed detailed
simulations to explore various material platforms and geometries to achieve proposed
rectifications efficiency. Simulations show promising results with alumina, silica, and platinum
coated silicon nitride nano-beams having 66-80% rectification. This proposed platform requires
minimal change in our fabrication procedure developed during the entire project. Alumina,
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silica, and platinum can be deposited on our already fabricated silicon nitride nano-beams coated
silicon carbide to perform this experiment. (Milestones achieved: III.1 and II1.2)

2
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2.0 Technical Details of Main Achievement

We show strong near-field radiative heat transfer in a novel on-chip geometrical configuration of
two parallel suspended nano-beams where the distance between the beams can be tuned
electrostatically. Our geometrical configuration is shown in Figure 1a while Figure 1c shows a
cross section scheme of a mobile and sensing beam. We use silicon dioxide (SiO,) for its surface
phonon polariton resonances, at 495 cm™ and 1160 cm™, known to allow near-field heat transfer.
Silicon nitride (Si3Ny) is used solely for mechanical purposes. We use platinum (Pt) resistors
both as resistive heaters and as thermometers to measure the amount of heat transfer.

The gap between the two nano-beams is tuned using a monolithically integrated micro-
electromechanical system (MEMS) actuator (see Figure 1a). Electrostatic actuation is chosen for
its negligible power consumption, and hence negligible parasitic heat generation. When an
actuation voltage is applied, the electric field across the two actuation capacitors induces an
attraction force that brings the suspended part of the actuator closer to the fixed heated beam (see
Figure 1b). When this occurs, the heat transfer between the nano-beams is expected to be
drastically enhanced as shown in Figure 1d.

Figure 1: Schematic and Theoretical Prediction
(a) Schematic (not to scale) and electrical circuit of the two nano-beams system integrated with
the MEMS actuator, (b) Schematic (not to scale) of the MEMS displacement, (c) Schematic
representation of heat transfer between two nano-beams — a fixed and a mobile one. At small
gap, evanescent surface polariton resonances at the SiO; surfaces couple to enable near-field
radiative heat transfer between the nano-beams. Si;N, is used for mechanical purposes, while Pt
is used both as a resistive heater and a temperature sensor, (d) Theoretical prediction of the heat
transfer between two nano-beams of 200 um length, and 500 nm x 1.1 um cross section. The
SiO?2 thickness in this case is 100 nm.

3
Approved for public release; distribution unlimited.



The structure is fabricated using conventional nanofabrication processes, which consist of low
pressure chemical vapor deposition (LPCVD) of SiO, and Si3N4, and electron-beam evaporation
of platinum resistors and aluminum electrical contacts. The aluminum layer is chosen to be
much thicker (250 nm) than the platinum layer (60 nm), such that the resistance of the aluminum
contracts is negligible compared with the platinum resistors. The scanning electron micrograph
(SEM) images of the device in top view (Figure 2a) and the cross section of the fabricated silicon
nitride nano-beams pre-release (Figure 2b) is shown.

Figure 2: (a) SEMs of the Device and (b) False Color SEM of the Nano-beams Cross
Section Prior to Substrate Removal

The fabricated MEMS platform is found to allow precise control of the nano-beam displacement
over 500 nm with £10 nm accuracy. Measurements of temperature changes as a function of
nano-beam separation clearly indicate that near-field heat transfer is the dominant thermal
transport mechanism between the nano-beams. In the heat transfer experiment, the gap between
the nano-beams is progressively reduced using the MEMS actuator, while a constant voltage of
Viix = 0.22 V is supplied to heat up the fixed (sensing) nano-beam.

The temperatures of both nano-beams calculated from variation of electrical resistance of
platinum resistors as a function of their separation distance is shown in Figure 3a. As the gap
decreases, the temperature of the fixed heated beam diminishes slightly as it loses heat to the
mobile beam. More importantly, the temperature of the mobile sensing beam increases by
almost a factor 5 (from Tpep = 3 K to Tiop = 14.7 K). Such increase is a clear indication that as
the gap decreases, near-field effects, rather than conduction through the substrate, dominate heat
transfer between the nano-beams. The near-field heat transfer power is extracted from our
temperature measurements and is found to be 8 times stronger than substrate conduction, and

7 times stronger than the far-field radiation limit. By solving the thermal circuit of the
experiment using the knowledge of background heat conduction of the fixed and mobile beams
along with the estimated temperature data from Figure 3a, heat transfer between nano-beams is
obtained (see Figure 3b). More details related to the experiment and measurement can be found
in our publication based on this work [1-2].
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Figure 3: (a) Measured Temperature and (b) Heat Transfer Power
(a) Measured temperature (relative to room temperature) of the fixed heated beam (Tj,) and the
mobile sensing beam (T,,5) as a function of their separation distance with constant heating
voltage supplied to the fixed beam and sensing current to the mobile beam. (b) Heat transfer
power between the nano-beams as a function of their separation distance. Substrate conduction
is found to account for less than 15% of the total heat transfer at the smallest gap.

In order to achieve efficient rectification, we need to have a material with narrower surface
plasmon resonance. Silicon carbide has been proposed in various theoretical work as a good
candidate for thermal rectification platform [3]. Simulations were carried out to understand if
silicon carbide nano-beams would allow radiative heat transfer rectification in near-field. For
achieving thermal rectification it was found that having silica layer on one of the nano-beam
would induce the frequency shift in silicon carbide resonance and ensure the required
asymmetry. Thermal rectification mechanism due to misaligned surface plasmon resonance is
illustrated schematically in Figure 4.
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Figure 4: Schematic Representation of the Operation Principle of a Thermal Rectifier
Based on misaligned surface waves between two silica coated silicon carbide nano-beams.
Different oxide coating thicknesses allow for the initial misalignment between the surface waves.

In order to be able to fabricate a structure with silicon carbide, we had to develop our expertise
for its deposition. We developed a process for PECVD of SiC from silane (SiH4) and methane
(CHy,4) gas precursors, followed by annealing at 1050 °C for 90 minutes. Systematic optimization
for refractive index of deposited films was carried out as a function of silane percentage in the
mixture. It is found that 4.5% silane in the mixture is the optimum point to achieve minimum
refractive index and a stoichiometric film. Away from the optimum point, the refractive index
increases for excess silicon and carbon. Refer to earlier quarterly report for more details.

We also measured the phonon resonance of our films by recording their infrared transmission
spectrum at 70 degree angle of incidence using a Fourier transform infrared spectrometer. As
shown in Figure 5a, our film exhibits the same main narrow phonon resonances bands than
reported in the literature for single crystal silicon carbide. The experimental peaks are however
about three times wider than the theoretical ones. This broadening is most likely a damping
effect caused by phonon scattering at the grain boundaries of the microcrystalline film. From
this measured phonon resonance, permittivity of our deposited films is extracted which is then
used to predict the surface thermal energy spectrum. We have found that surface energy density
our deposited SiC is five times narrower than that of silica which could be beneficial to near-
field thermal rectification (refer to Figure 5b).
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Figure 5: (a) Measurement of the Phonon Resonances of SiC and Comparison with Theory
and (b) Predicted Surface Energy Density of our Deposited SiC Film, Compared to that of
SiO;, which was the Material used in our Previous Platform

Simulation studies were undertaken to see thermal rectification between silicon carbide nano-
beams coated with silica and the effect of resonance damping as seen in measured plasmon
resonance. The simulations performed by Sanford, using full 3D finite element modelling show
that ideal silica thickness for rectification (at 100 nm separation) is 5 nm, for which we expect
20% rectification. The rectification is found to be linear with temperature, such that a higher
temperature bias would allow the targeted 40% rectification. It is observed in the simulations
that having silica films thinner than optimum thickness would lead to insufficient shift in surface
resonance while, thicker films would lead to attenuation of surface resonance of coated silicon
carbide beam. Either of which is detrimental for thermal rectification.

In order to perform the rectification experiment with silicon carbide nano-beams coated with thin
film of silica we had to improve our mechanical platform presented earlier in the quarterly
report. In the earlier described platform, the minimum gap achieved was 250 nm, while <100
nm of gap is required to achieve our milestone II.1. The platform also needs to be perfectly
symmetric in order to avoid any non-symmetrical effect that could lead to false rectification
signal. We also need to achieve temperature as high as 600 K to perform 40% rectification. This
is not possible with the current design of platinum resistors having aluminum contact pads that
limit higher than 400 K operating temperatures.

The new platform design now provides solution to all these issues. The platinum-resistors are
now made more resistive by improved geometry and five times wider contacts to reduce contract
resistance. The stress induced deformation (see Figure 8 in first quarterly report), is reduced by
having perfectly straight and parallel beams to balance material tensile stress which would
prevent deformation upon structural release. Also, the nano-beams are now exactly identical
with each having a MEMS actuator as opposed to our initial asymmetric design of having a fixed
and a mobile beam (see Figure 6). This would save us from measurement contamination due to
asymmetrical effects leading to false conclusions.
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Figure 6: Improved Mechanical Design for Near-field Rectification Measurement
The beams are now perfectly parallel to avoid contract points that prevented closing the gap
below 250 nm with the original platform (see Figure 8 in first quarterly report). The system is
also perfectly symmetric, in order to avoid spurious false rectification signals from asymmetries
in the system. Platinum is now the only metal used, such that we should achieve higher
temperature than with the previous platform (first quarterly report), which included aluminum.

We proceeded to the first fabrication attempt of the new structure design presented above in
Figure 6. At first, a thin film microcrystalline silicon carbide (130 nm) is deposited on a silicon
wafer with our developed process followed by annealing and then patterning in fluorine
chemistry. The platinum electrical circuitry is then made on top using chrome as adhesion layer.
Finally, a 5 nm thin silica layer is deposited on one of the nano-beams to enable rectification
capability.

Although we could successfully fabricate and release the structure (Figure 7a), we found that our
developed silicon carbide was not good enough for the intended mechanical use. Our silicon
carbide film thickness is limited to <150 nm due to inherent stress making thicker films prone to
cracking. At lesser thickness, the structure is not stiff enough and consequently suffers from
bending. This bending is believed to be caused by a strong stress gradient within the film. The

8
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bending causes an out-of-plane displacement of the comb drives teeth (see Figure 7b) which are
consequently not interdigitated anymore and unable to actuate the structure.

Figure 7: SEM Showing Detrimental Bending of the Device when Fabricated in 130 nm
Thick Silicon Carbide

To circumvent this problem, we further modified our design and fabrication process. We now
use a mechanical structure made of silicon nitride on which a silicon carbide coating is applied
(Figure 8). The fabricated structure shown in Figure 8 is 350 nm thick and roughly 20 times
stiffer than previous structure in silicon carbide. The stiffness of material scales up as
(thickness)’. Although our system now includes other materials, we expect the heat transfer to
be mediated mainly by silicon carbide which constitutes the inner part of the nano-beams.

Figure 8: SEM of the Fabricated Device Based on a Si3;Ns Mechanical Support
Coated with SiC
(Rather than SiC only in the previous quarterly report)

We find that the mechanical actuation mechanism functions well on this newer implementation
of the device, as opposed to the structure that suffered from stress bending in the previous
quarterly reports. We measure the MEMS displacement as a function of the voltage applied on
the MEMS actuator. This measurement is presented in Figure 9, where we see that the actuator
displacement is able to cover the full gap (1500 nm) between the two structures. The
displacement is measured by optical microscopy and by the image treatment algorithm explained
in first quarterly report.

9
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Figure 9: Measured MEMS Displacement as a Function of the Voltage on the MEMS
Actuators

We achieve 82X enhancement of heat transfer compared with the far-field limit (Figure 10a).
Moreover, we are able to maintain an enhancement greater than 20X for temperatures as high as
725 K (Figure 10b). These results meet milestone II.1 amply in term of enhancement. Moreover,
the very high temperature achieved will be fundamental to achieving milestone III.3 since, as
indicated in the third quarterly report, we expect to need a temperature greater than 600 K to
reach this milestone. The work towards these milestones is reported in our recent publication
[4-5].

Heat transfer experiments are performed at room temperature in a high vacuum (9 x 10 torr)
electrical probe stations. The MEMS voltage (Vmewms) is swept to bring the two nano-beams
together while constant heating (Vpeat) and sensing (Vsens) voltages are supplied to each of the
two nano-beams. The time interval between each MEMS voltage increment (50 ms) is several
times larger than the thermal response time of the system (7 ms), such that all measurements are
in steady state. Vsens1s kept much lower than Vrea, such that the power supplied to the sensing
beam is always at least 25 times lower than the power supplied to the heated beam (Preat). These
constant voltages are also used to measure the temperature of the two beams, through the
variation their electrical resistance (R) as AR/R = TCR x AT, where TCR = 0.00166 K" is the
measured temperature coefficient of resistance of platinum. The measured temperature data are
converted to normalized heat transfer power (q, in W/K) using:
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(1)

Where, X is the ratio of the background heat conduction (i.e. the heat conduction between the
beams and the environment) of the sensing and heated beams (X = Gsens/Gheat), and Pheat is the
supplied heating power. These results are presented in Figure 10a.

Figure 10: (a) Measurement of Near-field Heat Transfer as a Function of the Distance
Between the Nano-beams (the far-field limit is included in the inset (log scale)) and (b)
Minimum Achieved Gap (red) and Enhancement over Far-field (blue) as a Function of the
Heated Beam Temperature

Thermal rectification measurements were performed on these devices with silicon nitride

nano- beam coated with silicon carbide. There was no rectification seen with these devices. We
revisited the thermal rectification simulations this time using the experimentally measured
resonance damping of silicon carbide. We found that the surface resonance of our silicon
carbide was too damped to have any significant rectification. Grain boundaries seem affect
damping coefficient and it seen to be much lower for single crystal SiC (I' =4.76 — 8.5 cm™ as
mentioned in literature) while measured to be much higher for polycrystalline silicon carbide (I
=16.9 cm™ for our case). Figure 11 shows the rectification coefficient ((qrorward— Qreverse)/qreverse,
where q is heat transfer) as obtained using two different values for damping coefficient for the
structure shown in Figure 8 with nano-beams having temperature difference of 200 K and 300 K.
As it can be seen in the plot, for our silicon carbide film, having thickness < 100 nm shows a
rectification of just ~7%.
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Figure 11: Normalized Rectification as a Function of Film Thickness for Measured
Damping Coefficient of our Polycrystalline SiC (I' =9.5 cm™)
As a comparison, the plot with lower damping coefficient (I' = 9.5 cm™) is also plotted, to show
effect of reduced damping on rectification.

The design was revisited in the last part of the project to explore new materials that would fit our
requirement of having lower resonance damping, narrower surface resonance, temperature
dependent permittivity, better mechanical stability and offering higher operating temperatures.
Currently, the known materials that have quite large temperature dependence is SiC, however
our experimental data indicates that using polycrystalline SiC is not good for rectification due to
its higher resonance damping. Other materials include VO, which is incompatible with current
fabrication processes and metals which had not been explored until now and are known to show
temperature dependence [6]. Also to target a near field rectification which requires heat flow
larger than n? we need to use polar materials like SiO,, Si3Ny4, doped Si, Al,O; etc., some of
which have very little T-dependence (e.g. Si0;) and hence unsuitable for our application.

Simulations were done to compute heat transfer between SiC and metal which showed
considerable improvement in rectification. Some of the combinations that showed promising
numbers of thermal rectification coefficient with thin metal film are SiC-Au (1.15), SiC-Pd
(1.19), SiC-Ni (1.03), and SiC- Pt (0.92). However, it was found that part of heat transfer in
these systems was due to non-resonance part of SiC at wavelengths where it is weakly lossy.
This would require us to significantly modify our device dimensions to ensure total absorption of
waves and hence heat transfer. A better approach to use Pt and SiO; films where the magnitude
of heat transfer is seen to be about 2 times higher than SiC and Pt. Also, it is found that
magnitude of transfer power is higher for thinner metal films at resonance as compared to bulk
metal (see Figure 12).
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Figure 12: Heat Transfer between Thin Pt and SiO; as a Function of Pt Film Thickness for
Two Different Temperatures and Normalized by Black Body

We verified the performance between a thin film of another material (alumina) with similar
properties (as silica) and metal (Pt) which showed promising results. Finally, we have come up
with a design of emitter (nano-beam) that consists of heat transfer between thin film of
alumina/silica and Pt (2 nm). Figure 13a shows a typical layer stack for our current SiC coated
nano-beam after coating them with alumina, silica and platinum. In order to have minimum
changes in our current fabrication procedure we propose to coat one of our Si;N4 nano-beams
with alumina and silica while the other be coated with Pt thin film (2 nm). This current step is a
simple fix to already fabricated structures having SiC films, where we plan to deposit thin films
by placing the chip at an angle. Figure 13b is a representational image of our proposed angled
evaporation process. The normalized heat transfer plot (Figure 14a), heat transfer spectrum
(Figure 14b) and, rectification coefficient (Figure 14c¢) for the given layer stack are presented
below. Rectification coefficient is given as ((forward — Qreverse)/Jreverse, Where ( 1s heat transfer. We
have observed that alumina + silica coated nano-beam showed slightly better performance than
having just one of the two material. Enhancement over black body with thin platinum film (2
nm) is seen to be maximum (11.2 times), which is seen to reduce (5.8 times) for higher thickness
(10 nm).

(@) (b)

Figure 13: (a) Multilayer Stack of Materials on Two Nano-beam Surfaces for Efficient
Heat Transfer and (b) Angled Evaporation of Currently Fabricated Nano-beams to allow
the Required Multilayer Stack on the Inner Heat Exchanging Surfaces
The forward to return heat transfer contrast is 65.7 %.
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Figure 14: Heat Transfer Spectrum for the Structure Shown in Figure 12a
with 40nm Gap
(a) Normalized heat transfer spectrum for two different temperatures, (b) Comparison of heat
transfer with black body, and (c) Forward to return heat transfer ratio.
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3.0 Milestones Achieved During the Project

6 Months

L1 Design nano-membranes to exhibit thermal background conductance <200 nW/K
Done, we have achieved 107 nW/K experimentally

1.2 Fabricate nano-membranes

Done, see experimental results

L3 Demonstrate background heat conduction of suspended nano-membranes <200 nW/K
Done, we have achieved 107 nW/K experimentally

1.4 Demonstration of suspended nano-membranes thermally isolated from the environment
with <200 nW/K background conductance, and position controlled <20 nm precision

Done, we achieved 10.5 nm precision positioning experimentally (see discussion related to
Figure 5)

12 Months
II.1  Demonstration of near-field heat transfer 20 times stronger than the far-field limit
Done, 84X enhancement at low temperature and >20X for temperatures up to 725 K

1.2  Determine the expected rectification dependence with gap between Silicon Carbide
nano-beams

Done, gap below 100 nm is needed to achieve >40% rectification together with milestone II.1

II.3  Optimize the thickness of a thin SiO, coating one of the Silicon Carbide nano-beams to
maximize rectification

Done, 5 nm is the ideal thickness for 100 nm gap
18 Months

III.1  Determine the fundamental limits to radiative rectification of the current platform based
on the experimental results (Stanford)

Done, no rectification was seen with the current platform due to high damping of resonance from

SiC
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12 Design of a platform capable of surpassing these limits

Done, simulation with alumina, silica and platinum coated nano-beams show ~65% rectification.
The current design is slightly modified and we propose to coat one of the two nano-beam with
platinum while the other with alumina and silica.

III.3 Demonstration of thermal rectification >40% between the two nano-membranes
Not achieved but potential avenues identified. The current platform, with slight modifications in

the deposited layers on the nano-beam surface, is suitable to obtain required separation for near
field heat transfer and eventually thermal rectification of >40%.
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Abstract: We demonstrate near-field radiative heat transfer between nanostructures and
show that it dominates over other on-chip conduction channels. The measured heat
transfer behavior matches the predictions of boundary element method simulations for

parallel nanobeams.
OCIS codes: (240.5420) Polaritons; (290.6815) Thermal Emission; (350.4238) Nanophotonics and photonic crystals.

Recently, there has been a growing interest in controlling radiative heat flow in the near-field [1], for
applications in energy generation (e.g., thermophotovoltaics) and energy extraction (e.g., refrigeration
mechanisms). Near-field heat transfer occurs when objects supporting surface phonon-polaritons (e.g., SiO»,
SiC) or infrared plasmon-polaritons (e.g., doped silicon) are brought to submicron separation, such that their
surface modes can evanescently couple and transfer heat with a magnitude that can significantly exceed the
blackbody limit.

It has been shown theoretically that near-field thermal control can enable extreme functionalities
including thermal transistors and thermal diodes, however these thermal elements would only be relevant to
actual systems if shown to occur in integrated nanostructures with arbitrary geometries—where other
conduction channels might dominate—rather than in semi-infinite or spherical geometries. To date, near-
field radiative heat transfer has only been demonstrated using macroscopic objects (i.e., one or two semi-
infinite surfaces [1-4] or a large probe tip approximated to a sphere [5]).

Here we demonstrate strong near-field radiative heat transfer between two integrated micromechanical
nanostructures with novel geometries, and show that the heat transfer can be strong enough to dominate over
other conduction channels, even on a fully integrated platform. The nanostructures are composed of two
suspended SiO, coated nanobeams (Fig. 1 a). The suspension mechanism is designed to minimize their
background heat conduction, and to enable tuning of their separation distance using a
microelectromechanical (MEMS) actuator (Fig. 1 b, c).

The structure is fabricated using chemical vapor deposition of the layers forming the beams, and e-beam
evaporation of the metals forming the heater, sensor and actuator. XeF» etching is used to undercut the silicon
substrate and release the structure. SizN4 is used for mechanical purposes as its tensile residual stress (~ 950
MPa) allow for very long suspended structures [6] (200 um for the two nanobeams and the four MEMS
suspension springs). SiO; is used for its previously demonstrated ability to support surface-phonon
polaritons, and hence to allow near-field heat transfer. Al (250 nm) contacts are chosen to be thicker than the
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Pt resistors (80 nm), such that the overall electrical resistance is dominated by Pt (~ 800 ). The fabricated
structure is presented in Fig. 2.

Our results clearly indicate that, as the gap between the nanobeams reduces; near-field heat transfer
becomes dominant, overcoming any parasitic substrate conduction by more than a factor of four. During the
experiment, constant heating current (1.67 x 10™* A) and sensing current (10 A) are applied respectively to
the fixed (heater) and mobile (sensor) beams. As the gap is tuned, changes of the electrical resistance of the
Pt resistors are converted to temperature using a 0.0039 K™' temperature coefficient of resistance for Pt. A
separate experiment was also used to calibrate the temperature of the sensing beams for the initial 555 nm
gap. The temperature of the heater beam relative to room temperature (ATheater) Was ramped from 0 to 100 K,
while the temperature of the sensing beam (ATensor) Was measured. This calibration data was used to fix the
initial values of ATensor=2 K and ATheaer=75.5 K in Fig. 3 (a). One can see in Fig. 3 (a) that as the gap
decreases from 555 nm to 100 nm, AT sensor increases by more than a factor of four from 2 to 9 K. This strong
gap dependence indicates that the heat conduction between the beams is dominated by near-field effects rather
than parasitic background conduction (which are not gap dependent).

Fig. 2. (a) Scanning electron micrographs of a released device. (b) False color cross section of two nanobeams prior to substrate removal.

We show that in this novel geometry, the heat transfer is inversely proportional to the distance (d)
between the nanobeams—which matches well with the 1/d"% exponential behavior predicted by boundary
element method (BEM) simulations. Using conventional equivalent thermal circuit models and the
background conductances of the fixed (400 nW/K) and mobile beam (235 nW/K), the heat transfer
coefficient between the nanobeams (o) is extracted from the heater temperature data of Fig. 3 (a). In Fig. 3
(b), this heat transfer coefficient is fitted to a o= 4/d“+C relation where A and C are the fit parameters and
a =1.68 is fixed. The constant C is included in the fit to account for background (Bgnd) heat conduction
through the substrate and yields C = 4.0 nW/K. The o =1.68 exponent is obtained by BEM simulations
where the nanobeams cross sections can be approximated either as rectangles or as 250 nm radius cylinders
with no noticeable difference (for gaps between 50 and 625 nm). The fit corresponds well with the
experimental results considering a = 15 nm uncertainty on the initial gap between the nanobeams (included
as error bars in Fig 3 b).

Fig. 3. (a) Temperature (relative to room temperature ~ 293 K) of the mobile sensor beam (AT es0r) and the fixed heater beam
(ATheaer) as @ function of the gap between them. (b) Heat transfer coefficient between the nanobeams as a function of gap.

We presented the first demonstration of near-field radiative heat transfer between two nanoscale objects
and showed that, even when integrated on the same chip, this heat transport mechanism can dominate over
other heat conduction channels. We expect our results to have important implications in the development of
practical applications of near-field heat transfer, such as thermal rectifiers and switches.
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Abstract: We present the first experimental demonstration near-field radiative heat transfer using

silicon carbide. We achieve a 110x near-field enhancement, relative to the far-field limit, of the
radiative heat transfer between integrated nanostructures.
OCIS codes: (240.5420) Polaritons; (290.6815) Thermal Emission; (350.4238) Nanophotonics and photonic crystals.

Near-field radiative heat transfer recently attracted growing interest for applications such as thermal control [1, 2]
and thermophotovoltaic energy generation [3, 4]. It occurs when objects supporting surface phonon-polaritons (e.g.,
Si0O,, SiC) or infrared plasmon-polaritons are brought to submicron separation, such that their surface modes can
evanescently couple. This coupling enables a radiative transfer of heat that can exceed the far-field blackbody limit
by several orders of magnitude, while occurring over a relatively narrow frequency range.

To date, most experimental demonstrations of surface phonon mediated near-field heat-transfer relied on SiO; as
a material platform (e.g., [5-7]), which has limited potential applications due to its relatively broad and multi-
frequency surface resonance spectrum. Silicon carbide, on the other hand, has a single narrowband surface
resonance peak, which also present the advantage of varying dynamically as a function of temperature [1]. These
features make SiC a material of choice for the design frequency tailored near-field thermal emitters [4, 8], and for
thermal control devices such as thermal rectifiers [1].

Here we present the first experimental demonstration near-field radiative heat transfer using silicon carbide. We
use plasma-deposited SiC to cover the side walls of two parallel nanobeams (see Fig 1 a). These nanobeams are
integrated on a microelectromechanical (MEMS) platform (Fig. 1 b), similar to the one previously reported [7], that
allow precise tuning of the distance between the nanobeams and measurement of the heat transfer. Platinum resistors
on top of the beams are used both as resistive heaters and as temperature sensors. Si3Nyis used for mechanical
purposes, as its tensile stress allow for long suspended nanostructures, while SiO; is used solely as a protective
coating for Si3N4 during structural release. The fabrication process of the device, except for deposition of silicon
carbide, is the same as in [7].

Fig. 1. (a) False color cross-section view of the silicon carbide coated nanobeams prior to structural release. (b) Top view of structurally released
nanobeams integrated with the MEMS actuation mechanism.

We characterize plasma deposited silicon carbide and predict a significantly narrower near-field heat transfer
spectrum than with the usual SiO; material platforms. Amorphous SiC is deposited over the nanobeams by plasma
enhanced chemical vapor deposition (PECVD) from SiHs and CH4 gas precursors. It is then anisotropically etched,
such that carbide is present only on the side walls of the nanobeams (see Fig. 1 a). The substrate is subsequently
annealed at 1050 °C for 90 minutes to enable the formation of a microcrystalline SiC phase [9]. The mid-infrared
permittivity of annealed SiC is extracted from the mid-infrared transmission spectrum at 70° grazing incidence of a
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120 nm thick film deposited on a blank silicon wafer. From this measurement, we find that the permittivity of the
deposited material is described remarkably well by a Lorentz-Drude dispersion model,

) = &0t e’ — of) | (oF — & — iTw), with @, = 955 cm™, @r=790 ecm™, I'= 17 cm™, and .= 7.1. Using
this permittivity we expect, in the general case of two parallel plates [10], a 4.5x narrower near-field heat transfer
spectrum than using the permittivity of SiO, [11]. We also expect narrower spectra for virtually any other geometry,
although we have not yet investigated specific cases.

Our silicon carbide coating is found to enable strong near-field radiative heat transfer between two integrated
nanobeams, showing a 110x near-field enhancement of heat transfer relative to the far-field limit. During the
experiment, a constant 0.4 V heating voltage is applied to one of the nanobeams, while a constant 50 mV sensing
voltage is applied to the other beam. The voltage across the MEMS actuators is then swept from 0 to 140 V to bring
the two nanobeams closer together (see Fig. 2 a), while simultaneously measuring the nanobeams temperatures from
the change of their electrical resistance [7]. The normalized radiative power transferred (Fig. 2 c) is then calculated
from the measured nanobeam temperatures (Fig. 2 b). The gap values are obtained from the voltage applied on the
MEMS actuator and by fitting the experimental heat transfer data to simulated values. These simulations are
obtained by the Fourier modal method [7, 12], for a 145 K temperature difference between the beams. The simulated
values are also fitted along the vertical axis to account for parasitic heat conduction through the substrate
(~ 2 nW/K). The far-field limit is obtained by simulating the power radiated in the far-field by the silicon carbide
surface of one of our nanobeam (0.79 nW/K), which is considered to be at AT = 185 K above room temperature.

Fig. 2. (a) Schematic representation of the experiment (not to scale). (b) Temperature, relative to ambient, of the heated (AT},,) and the sensing
(AT,0iq) beams as a function of their separation distance (c) Normalized heat transfer power between two 200 pm long nanobeams as a function of
their separation distance.

We showed that plasma-deposited SiC can enable strong near-field radiative heat transfer. We also achieved a
110x near-field enhancement of heat transfer, which is unprecedented for integrated nanostructures. These
achievements should contribute to the development of thermal control [1] and thermo photovoltaic [4] devices.
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ABSTRACT: Near-field heat transfer recently attracted
growing interest but was demonstrated experimentally
only in macro- scopic systems. However, several projected
applications would be relevant mostly in integrated
nanostructures. Here we demon- strate a platform for near-
field heat transfer on-chip and show that it can be the
dominant thermal transport mechanism between integrated
nanostructures, overcoming background substrate
conduction and the far-field limit (by factors 8 and 7,
respectively). Our approach could enable the development
of active thermal control devices such as thermal
rectifiers and transistors.

6971
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Recently there has been a growing interest in controlling
radiative heat transfer in the near-field, 1 for
applications in thermal miscroscopy, '*'*
thermophotovoltaic energy generation, '>'* noncontact
cooling, '**” and heat flow control. *'** Near-field heat
transfer occurs when objects supporting surface phonon-
polaritons (e.g., SiO, and SiC) or infrared plasmon-
polaritons (e.g., doped silicon) are brought to submicron
separation, such that their surface modes can
evanescently couple. This heat transfer occurs over a
narrow frequency range (as opposed to the broadband
nature of solid state conduction) and can exceed the
blackbody limit by several orders of magnitude.

It has been shown theoretically that near-field heat
transfer can enable active functionalities such as thermal
rectifiers, 21232597 thermal transistors, % and thermal
switches; 2* however, these devices would only be
relevant to actual systems if shown to occur in integrated
geometries, where unfortunately other conduction
channels might dominate, rather than in macroscopic
object. To date, near-field heat transfer has only been
shown using macroscopic objects, i.e., one or two semi-
infinite surfaces, "*'*">"" or a large probe tip
approximated as a sphere. *° Scaling up these
macroscopic geometries to an actual thermal circuit
composed of several components would be extremely
challenging since even a single thermal transistor requires
at least two near-field heat transfer junctions. On-chip
integration is therefore necessary for the development of
several applications. Moreover, miniaturization could
eventually yield fundamental performance advantages
over macroscopic experiments. For example,
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nanopatterned objects can significantly relax the distance
requirement for efficient near-field heat transfer between
two objects, ° while size-induced discretization of thermal
modes could allow ultrahigh contrast rectification of heat
transfer. ”” Here we show strong near-field radiative heat
transfer in a novel on-chip geometrical configuration of
two parallel suspended nanobeams where the distance
between the beams can be tuned electrostatically. Our
geometrical configuration is shown in Figure 1a. We use
silicon dioxide (SiO,) for its surface phonon polariton
resonances, at 495 and 1160 cm™, shown to allow near-
field heat transfer. "*'"** Silicon nitride (Si3Ny) is used
solely for mechanical purposes as its tensile residual
stress (~950 MPA) allows for long suspended nanobeams
that are thermally isolated from the substrate. We use
platinum (Pt) resistors both as resistive heaters and as
thermometers to measure the amount of heat transfer.
The gap between the two nanobeams is tuned using a
monolithically integrated microelectromechanical
(MEMS) actuator (see Figure 2a). Electrostatic actuation
is chosen for its negligible power consumption and hence
negligible parasitic heat generation. When an actuation
voltage is applied, the electric field across the two
actuation capacitors induces an attraction force that brings
the suspended part of the actuator closer to the fixed
heated beam (see Figure 2b). The design of the MEMS,
in particular the use of deposited metal electrodes over a
nitride mechanical platform, was inspired in part by ref
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Figure 1. (a) Schematic representation of the experiment. At
small gap, evanescent surface polariton resonances at the
SiO, 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 um length
and 500 nm % 1.1 pum cross-section. The SiO, 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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29. To tune the gap continuously while avoiding
electrostatic pull-in effect, the gap between the electrodes
of the actuation capacitors (3 pum) 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 um. 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,”**' considering beams of 200 um length and
500 nm x 1.1 pum cross section (including a 100 nm thick
SiO, 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
Si;N, core with SiO, shows that the Si;N, core has a
negligible effect on the heat transfer compared with a
beam that would be made entirely of SiO,. The
insensitivity of heat transfer to the core material results
from the surface wave nature of the SiO, 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/gap"®. At much smaller
distances (i.e., distances much smaller than the beam
dimensions), we expect the heat transfer to be
proportional to 1/gap’, as for parallel plates." The far-
field value in Figure 1D 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 SiO, and Si;N,,
and electron- beam evaporation of platinum resistors and
aluminum electrical contacts. The fabrication process
begins with the successive deposition of 100 nm of SiO,,
300 nm of SizNy, and 100 nm of SiO, on a virgin silicon
wafer. The MEMS and nanobeams are then defined by
deep ultraviolet lithography and etched in CHF; + O,
chemistry using an inductively coupled plasma reactive
ion etching (ICP-RIE) reactor. Following this etch step, a
third layer of SiO, 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
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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 to make the resistance of the aluminum
contacts negligible. The structure is finally released in
XeF, gas isotropic etching of silicon. Release holes are
included on the larger parts of the MEMS (see Figure 2c)
to facilitate the isotropic release step.

The fabricated MEMS platform is found to allow precise
control of the nanobeam displacement over 500 nm with
+10 nm accuracy. The displacement of the MEMS
actuator as a function of the applied voltage is measured
using a custom- made image processing algorithm
coupled with optical microscopy. Optical images of the
MEMS are taken at a 50% magnification (see Figure 3a)
for different actuation voltages.

Figure 3. (a) Optical images of the MEMS displacement at
actuation voltages of 0 (left) and 116 V (right). The images
are treated by our image processing algorithm to extract the
MEMS displacement. (b) Measured MEMS displacement as
a function of the actuation voltage. The cubic spline
interpolation is used to convert actuation voltages to
displacement values.

The relative position of the two beams is then extracted
by fitting Gaussian distributions over the nanobeam
images. This fitting algorithm is repeated and averaged
over all cross-section slices of each image file (i.e., over
each vertical slice of the nanobeams in Figure 3a). The
measured displacement of the mobile nanobeam is
presented in Figure 3b, which shows smooth and
continuous control of the MEMS position as a function of
the applied voltage. The uncertainty on the measured
displacement arises from the precision of the image
processing algorithm (+5.5 nm) and from the uncertainty
on the scale of the image (67.8 + 0.7 nm/pixel). The
detailed calculation of these uncertainty values is
presented in Supporting Information S1. It should be
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noted that, although we can measure the relative
displacement of the MEMS with great accuracy, our
knowledge of the absolute distance between the two
nanobeams suffers from greater uncertainty due to our
difficulty in evaluating the initial beam separation
distance (d, = 740 nm). Although d is fixed by design, it
changes significantly upon release due to internal material
stress and must therefore be evaluated from scanning
electron micrographs of the released device. We also note
that the maximum achieved displacement in Figure 3b is
slightly below 500 nm, while the initial gap is around 740
nm, which means that the minimum achievable gap is in
the 200—250 nm range. The reason why the gap cannot be
reduced further is not fundamental and is detailed in
Supporting Information S2.

Measurements of temperature changes as a function of
nanobeam separation clearly indicate that near-field heat
transfer is the dominant thermal transport mechanism
between the nanobeams. All heat transfer experiments are
carried in vacuum at a pressure of 1.5 x 10 Torr. The
electrical measurements are performed using an Agilent
B1500A semiconductor device parameter analyzer. In the
heat transfer experiment, the gap between the nanobeams
is progressively reduced using the MEMS actuator, while
a constant voltage of V, = 0.22 V is supplied to heat up
the fixed nanobeam (which translates to 33 uW of
electrical power at the initial beam separation).
Meanwhile, the temperature of the mobile sensing beam
is measured using a 10 pA sensing current (which
translates to 0.12 uW electrical power, more than 2 orders
of magnitude lower than the heating power applied to the
fixed beam). To ensure that the system is in its steady
state at each measurement point, a 0.2 s delay is included
between the MEMS actuation voltage setting and the
temperature readout. This delay is orders of magnitude
larger than the thermal time constants of the fixed heated
beam (1.3 ms) and the mobile sensing beam (7.4 ms).
Those time constants were measured in a separated
experiment by applying a step voltage variation to the
nanobeam resistors while measuring their transient
current. The temperatures of both nanobeams are
calculated from the measured electrical resistance (R) of
their platinum resistors, which changes as AR/R = TCR x
AT, where the temperature coefficient of resistance (TCR)
is 0.00181 K. The TCR value was calibrated separately
by measuring the resistance of a device placed on a hot
plate ramped from 20 to 150 °C. The temperature
(relative to room temperature) of both the fixed heated
beam and the mobile sensing beam, as a function of their
separation distance, is presented in Figure 4. As the gap
decreases, the temperature of the fixed heated beam
diminishes slightly as it loses heat to the mobile beam.
More importantly, the temperature of the mobile sensing
beam increases by almost a factor of 5 (from 7, =3 K
to Top = 14.7 K). Such increase is a clear indication that
as the gap decreases, near-field effects, rather than
conduction through the substrate, dominate heat transfer
between the nanobeams (substrate conduction should
indeed be gap independent).

Approved for public release; distribution unlimited.



Figure 4. Measured temperature (relative to room
temperature) of the fixed heated beam (7%,) and the mobile
sensing beam (7,,},) as a function of their separation
distance. In this case, a constant heating voltage is supplied
to the fixed beam, while only a sensing current is supplied to
the mobile beam.

The near-field heat transfer power is extracted from our
temperature measurements and is found to be 8 times
stronger than substrate conduction and 7 times stronger
than the far- field radiation limit. We can convert the
temperature data of Figure 4 to heat transfer power values
(¢) using eq 1, which is obtained by solving the
equivalent thermal circuit of the experiment (as is
routinely done for on-chip thermal transport
experiments™).

In eq 1, g is the power transfer (in Watt/K) normalized by
the temperature difference between the beams, 7%, and
Tmov are, respectively, the temperature of the fixed heated
beam and the mobile sensing beam, and X = 6,,,,/0sy 1S
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., Gy
and oy, ) 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 o5, = 237
nW/K and c,,,, = 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 (d,)
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
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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.

Figure 5. Heat transfer power between the nanobeams as a
function of their separation distance. Substrate conduction is
found to account for less than 15% of the total heat transfer
at the smallest gap. Near-field heat transfer is also found to
be 7 times stronger than the far-field limit (1.7 nW/K above
the substrate conduction, for the current geometry and
temperatures).

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 development of new near-field
thermal control devices, such as thermal rectifiers and
thermal transistors.
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Introductory paragraph

Radiative heat transfer between parallel objects separated by deep sub-wavelength distances and
subject to large thermal gradients (>100 K) could enable breakthrough technologies for electricity
generation' ™ and thermal transport control®®. However, thermal transport in this regime has never
been achieved experimentally due to the difficulty of maintaining large thermal gradients over nm-
scale distances while avoiding other heat transfer mechanism such as conduction. Previous
experimental measurement between parallel planes '*"'° were limited to distances greater than 500
nm'' (with a 20 K thermal gradient), which is much larger than the theoretically predicted distance
(<100 nm) required for most applications'®. Here we show near- field radiative heat transfer
between parallel nanostructures in the deep sub-wavelength regime using high precision micro
electromechanical (MEMS) displacement control. We also exploit the high mechanical stability of
structures under high tensile stress to minimize thermal buckling effects and maintain small
separations at large thermal gradients. We achieve an enhancement of heat transfer of almost two
orders of magnitude relative to the far-field limit, which corresponds to a 54 nm separation. We
also achieve a high temperature gradient (260 K) between the cold and hot surfaces while
maintaining a ~100 nm distance.

Main text

Radiative heat transfer between objects separated by deep sub-wavelength distances can exceed the
conventional laws of thermal radiation'*'”, while being concentrated over a quasi- monochromatic
frequency range'®. This heat transfer occurs through evanescent coupling of thermally excited
surface resonances, and consequently scales inversely with separation (as 1/d“ where ais a

geometry dependent factor). The separation (d) at which this regime occurs depends on the
geometry of the system and on the materials involved, but it is generally around 200 nm for

identical parallel structures relying on surface phonon resonances'’. For applications such as
electricity generation and thermal control, the two materials involved are non-identical, such that

resonant coupling is less efficient and separations <100 nm are typically required™'®.

The unique features of heat transfer in the deep sub-wavelength regime (i.e., large magnitude and
quasi-monochromatic spectral distribution) could allow high efficiency generation of electricity

from heat'” and novel thermal control devices®®. For example, near-field heat transfer between a
hot thermal emitter and a cold photovoltaic cell could allow energy generation with a greater

efficiency (>30% for a 7= 600 K heat source’) than using either thermoelectric generator or single
junction solar photovoltaic cells. It is also predicted that engineering the surface resonance
frequencies of parallel structures could allow novel thermal control devices such as thermal

rectifiers®’ or thermal transistors®.
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These applications rely on radiative heat transfer between parallel structures in the deep sub-
wavelength regime, and on a high temperature gradient between them, neither of which have been
achieved experimentally. Near-field enhancement of heat transfer was demonstrated between
parallel plates using active parallelism control'®'*"| or mechanical spacers'”'". The smallest
separation achieved in these experiments is 500 nm'' (with a 20 K thermal gradient), which is
small enough to overcome the far-field blackbody radiation limit, but not enough to reach the deep
sub-wavelength regime where the heat flux is effectively concentrated around a single frequency'’.
Furthermore, the highest temperature gradient (A7) achieved in these experiments is 85 K® (for a
1.6 um separation), which is relatively small, especially for energy generation applications where
the generated power and the efficiency (77) both scale with the temperature gradient (e.g., 17carmor =
AT/Thor). In sphere-plane geometries'*?!, distances as low as 20 nm”' were achieved, which is close
to the distance where the deep sub-wavelength regime occurs (typically 10-20 nm)*°. However, this
configuration allows near-field heat transfer only over a small area at the tip of the sphere, and is
hence not practical for energy generation applications where the power is proportional to the area.

Here we show radiative heat transfer in the deep sub-wavelength regime between two parallel
structures using precise positioning with integrated microelectromechanical actuators (MEMS).

Our system relies on parallel nanobeams monolithically integrated with electrostatic comb drive
actuators (Fig. 1). These actuators allow precise displacement control, limited in theory to sub- nm
precision by Brownian motion and by actuation voltage uncertainty (see supplementary information
S3). Their power consumption is also low (<30 pW in the ON state), more than three orders of
magnitude lower than the typical heating power applied to the system.

We rely on the surface phonon-polariton resonance of SiC to create the surface waves responsible
for near field heat transfer. Note that although there has been a lot of theory work on near-field heat
transfer with thin SiC films>®****, no experimental work has been reported. We use silicon carbide
deposited by plasma enhanced chemical vapor deposition (PECVD) and annealed to create a

microcrystalline (£-SiC) phase (see methods). We characterize the infrared permittivity (&) of -
SiC for the first time and find it to be well described by a Lorentz-Drude relation (equation 1) that
has a sharper infrared resonance than most commonly used SiOx:

E(w)=E (1+_""" ), 1

with or= 789 cm-1, wL=956 cm-1, £«= 8, I'=20 cm-1 (see characterization and extended
discussion in supplementary information S1.)

We simulate the heat transfer between the nanobeams using a Fourier modal method based on the
fluctuational electrodynamics formalism”>*® and we predict that the deep sub-wavelength  regime
occurs at distances <200 nm. The exact geometry of the nanobeams considered for this simulation
is presented in supplementary information S2. For distances smaller than 200 nm (see Fig 1 b) the
simulated results follow the typical 1/d“ law that is characteristic of the deep sub- wavelength
regime. The geometry dependent factor & = 1.75 in this case is intermediate between the parallel

plate case (¢ =2) and the sphere-plane case (o= 1.5). The simulations also show that heat transfer
in the deep sub-wavelength regime is quasi-monochromatic (see Fig 1 ¢) and centered around the

& @) =-1 surface phonon resonance frequency of SiC (937 cm™).
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Figure 1 (a) Schematic of the device geometry (not to scale) and operation principle. (b) Simulated radiative heat
transfer between two nanobeams as a function of the distance. The hot beam is set at 7= 10 K above room
temperature. The deep sub-wavelength regime occurs for beam separation below 200 nm, where the heat transfer begin
to scale as 1/d1.75 (c) Simulated heat transfer spectrum between the nanobeams at two different separation. For d = 50
nm, the heat transfer is concentrated mainly around the SiC surface resonance (near @= 937 cm-1). The secondary
peak (at = 844 cm-1) results from a contribution of Si3N4 to the heat transfer. (d) False color scanning electron
micrograph (SEM) of the device after structural release. (¢) SEM false color cross section view of the nanobeams prior
to structural release.

In order 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 prevent buckling by designing the beams such that they preserve the high tensile stress of
silicon nitride (~900 MPa) after structural release (see Fig. 1 a). This stress prevents thermal
bimorph effect from causing buckling that would catastrophically impact the minimum achievable
distance in our system at high temperatures (see Fig. 2). Our design also suppresses stress induced
deformation that prevented us from reaching the deep sub-wavelength regime with our previous

platform®’.
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Figure 2 (a) Schematic of nanobeam buckling due to thermal bimorph effect. (b) Simulated buckling of a doubly
clamped, 600 pm long, bi-material beam made of Si3N4 (300 nm thick) and Pt (50 nm thick).

In order to measure the heat transfer, the beams are brought together by sweeping the voltage
supplied to the MEMS actuator (see VMEMS in Fig. 1 a) while the temperature of the heated beam
(Theat) and the sensing beam (Tsens) are measured (see Methods). The result of this scan is
presented in Fig. 3 (b), where the inset shows the transition between near-field and contact regimes.
The displacement of the nanobeams as a function of the MEMS voltage is also measured in a
separate experiment (supplementary information S3) and presented in Fig 3 (a).

The experimental data of Fig 3 is converted to normalized heat transfer power (q, in W/K) using

2

where (X = Osens/ Onear) 18 the ratio of the background heat conduction (o) of the two nanobeam:s,

and Prea 1s the supplied heating power. From the symmetry of the system, X = 1 for scans of
relatively low temperature amplitude such as in Fig 3 (b).
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Figure 3 (a) Measured and fitted displacement of the nanobeams as a function of the voltage on the MEMS actuator. (b)
Temperature of the heated beam (T/eat) and the sensing beam (7sens) as a function of the voltage on the MEMS
actuator.

The measured heat transfer agrees well with the simulated values. In Fig 4 (a), the experimental
heat transfer power is plotted and compared with the simulated data (which is fitted vertically —and
horizontally, see methods). At gaps larger than ~150 nm, the experimental values are slightly larger
than the simulated ones. This could be caused by larger infrared material absorption coefficient (of,
e.g., Si3Ny) than considered in the simulations, which would increase the contribution of
propagating wave to the heat transfer. This increase causes the deep sub- wavelength regime to
occur at <150 nm distances, rather than <200 nm in the simulated data (Fig 1 b). At gaps smaller
than 150 nm, the experimental data matches the simulation more closely, and small deviations
between simulation and experiments are visible only in the logarithmic scale inset in Fig. 4 (a).
These are likely caused by the inability of the polynomial fit to perfectly match the experimental
MEMS displacement in Fig 3 (a), or by slightly different experimental conditions between the
MEMS displacement measurement (supplementary information S3) and the heat transfer
measurement.
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Figure 4 (a) Measured and simulated heat transfer between the nanobeams as a function of separation. The inset shows
the same result, in logarithmic scale. (b) Minimum gap (i.e., before the beam come into contact) and maximum
enhancement (relative to the far-field limit) achieved as a function of the heated beam temperature. This figure shows
our ability to maintain the beam separation in the deep sub-wavelength regime (gap < 150 nm) for beam temperatures
as high as 720 K. The error bars are calculated from the uncertainty on the thermal coefficient of resistance and the
effective beam interaction length (see supplementary information S2). (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.

We achieve an 82x enhancement of heat transfer over the far-field limit and are able to maintain
the nanobeams in the deep sub-wavelength regime for temperature gradients as high as 260 K. The
highest heat transfer value achieved in Fig 4 (a) is 34 nW/K, which is 82x larger than the beam far-
field radiation limit (0.42 nW/K). We define this limit as the maximum power that the SiC surface
of the nanobeam can radiate to the far-field, at a given temperature (see Methods). This
enhancement corresponds to a 54 nm gap between the nanobeams, which is well within the deep
sub-wavelength regime (<150 nm). The measurement of Fig 4 (a) is repeated for different
temperatures of the heated beam. In Fig 4 (b), the minimum achieved gap (i.e. the smallest near-
field gap achieved before the beams come into contact with each other) is reported as a function of
the heated beam temperature. The minimum achieved near-field gap is found to increase slightly
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with temperature. This is most likely due to thermal buckling that occurs despite the large stiffness
of the nanobeams. The increase is indeed consistent with the simulated buckling presented in Fig 2.
We reach the deep sub-wavelength regime (i.e. distance <150 nm) with heated beam temperatures
as high as 720 K (i.e. 425 K above room temperature). In this case the temperature gradient
between the beams is 260 K (see supplementary information S4). Such high thermal gradient

translates to a high (>6 W/cm® see Fig 4 ¢) net energy flux which, for applications such as energy
generation, is often more crucial than the relative enhancement itself.

We achieved the first demonstration of near-field radiative heat transfer between parallel objects in
the deep sub-wavelength regime and at high temperature gradient. This nanoscale approach offers a
clear path towards applications of near-field heat transfer such as near-field thermophotovolatic
energy generation. We also note that our approach could be scaled up to a larger effective area by
simply arraying several nanobeams (atop, €.g., a photovoltaic cell) and by individually controlling
their out-of-plane displacement using MEMS actuators.

Methods

Microcrystalline Silicon Carbide (1~SiC) deposition

Amorphous silicon carbide is first deposited in by plasma enhanced chemical vapor deposition
(PECVD) from silane (SiH4) and methane (CH4) gas precursors in a 1:20 ratio and with argon as a
dilution gas. The film is then annealed in argon atmosphere at 1100 °C for 90 minutes to grow a
microcrystalline phasezg. The silane/methane concentration ratio was optimized by measuring the
refractive index of the film by ellipsometry after the anneal process. The 1:20 ratio yields a 2.53
refractive index (at A= 1500 nm), which is very close to the theoretical value (2.57). Higher or
lower ratio both lead to higher refractive index, which is consistent with the growth of silicon or
carbon clusters during annealing of non-stoichiometric films.

Device fabrication

A Si102/S13N4/S10; film stack is first deposited on a conventional silicon wafer by low pressure
chemical vapor deposition (LPCVD). The structure is then defined by deep-UV lithography and
anisotropically etched in fluorine chemistry. SiC is then deposited over the structure by PECVD an
annealed at 1100 °C to grow the £~SiC phase. SiC is anisotropically etched in fluorine chemistry,
such that £-SiC remains only on the nanobeam sidewalls. Platinum heaters and metal contact are
deposited be electron beam evaporation and lift-off using a chrome adhesion layer. The device is
finally released by undercutting the silicon substrate in XeF> chemistry.

Experimental condition & procedure

The heat transfer experiments are performed at room temperature in a high vacuum (9 x107 torr)
electrical probe station. Electrical measurements are performed using an Agilent B1500
semiconductor parameter analyzer. The MEMS voltage (Vueums) is swept to bring the two
nanobeams together while constant heating (Vxeqr) and sensing (Vsens) voltages are supplied to each
of the two nanobeams. The time interval between each MEMS voltage increment (50 ms) is several
times larger than the thermal response time of the system (7 ms), such that all measurements are in
steady state. Vsens 1s kept much lower than Ve, such that the power supplied to the sensing beam is
always at least 25 times lower than the power supplied to the heated beam (Preq:). These constant
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voltages are also used to measure the temperature of the two beams, through the variation their

electrical resistance (R) as AR/R = TCR x AT, where TCR = 0.00166 K™ is the measured
temperature coefficient of resistance of platinum (see next section).

Temperature coefficient of resistance measurement

The temperature coefficient of resistance (7CR) of Platinum is measured by placing the device on a
hot plate ramped from room temperature to 100 °C. We observe that the TCR differs greatly after
the device is used at high temperature for the first time. For this reason, prior to 7TCR measurement,
a heating voltage (Vrea) 10% higher than the one used for the highest temperature point in Fig 4 (b,
c) is supplied to the device under vacuum and held for 5 minutes until the current (and hence the
electrical resistance) stabilizes. After this procedure, the device is placed on a hot plate ramped
from room temperature to 100 °C and the resistance is measured at every 3 °C increment. We find

that the thermal coefficient of resistance is 0.00125 K™ before the annealing procedure and TCR =
0.00166 K™ after. We estimate a +5% error on this value from the repeatability of the measurement.

Fitting procedure

In Fig 3 (a) the measured displacement as a function of the MEMS voltage is fitted using an 8th
order polynomial. The fitted function is subsequently used to convert the MEMS voltage to
displacement values. The polynomial order is chosen iteratively to be high enough to match the
experimental points well, while being low enough to minimize spurious oscillation between the
experimental points.

In Fig 4 (a) the experimental and theoretical data are fitted together in two different ways. Firstly,
the experimental data is translated horizontally to account for the uncertainty on the initial gap
between the nanobeams (i.e., the relative displacement of the beam is well known from Fig 3 (a),
but the exact initial separation is unknown). The initial gap that best fit the experimental results is
1529 nm, close to the designed 1500 nm value. Secondly, the experimental data is translated
vertically to account for parasitic heat conduction through the substrate. The translation that best
fits the experiment is 1 nW/K, which is negligible compared to the achieved radiative heat
achieved at the smallest gap (34 nW/K).

Far-field limit calculation

We define the far-field limit as the maximum power that can be radiated to the far-field by the
inner Silicon Carbide part of the heated nanobeam. This calculation is performed using the Fourier
modal method**°. The far-field temperature in this simulation is set to room temperature (293 K).
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List of supplemental material

S1 — Microcrystalline silicon carbide ([ }SiC) infrared characterization S2 — System dimensions
S3 — MEMS displacement measurement and theoretical precision limit S4 — High temperature
experimental data
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S1— Microcrystalline silicon carbide (4-SiC) infrared characterization

We characterize the infrared permittivity of £~-SiC by measuring the absorption of a 120 nm thick
film deposited on a conventional silicon substrate. The film is deposited and annealed following

the procedure described in Methods. We measure the absorption at 20 degrees grazing incidence
using a Fourier transform infrared spectrometer (Bruker Hyperion). At grazing (rather than normal)
incidence, measurements are sensitive to absorption from longitudinal optical phonons (LO), as
well as from transverse optical (TO) phonons (which are usually the only ones visible in normal
incidence spectra.) From this measurement (see Fig S1 a) we are able to fit the absorption of the
film using conventional one-dimensional optical multilayer calculations and a Lorentz-Drude model

for the complex permittivity of ©-SiC,

(S1)

where @y, and wrare the LO and TO phonon frequencies, ¢ 1s the baseline permittivity, and /is

the phonon damping factor. For the simulation, we set the refractive index of the substrate to

nsi = 3.42, since silicon is transparent in this frequency range. The numbers that best fit the
simulations are wr="789 cm™, @, =956 cm™, £, = 8, and a damping factor (/"=20 cm™) that is 5
times larger than what is reported for single crystal silicon carbide [S1]. Although the damping
parameter is larger than for single crystal SiC, p~SiC can still be expected to yield narrower near-
field heat transfer spectra than SiO», which is currently the most widely used material for near- field
heat transfer experiments. In Fig S1 (b), we compare the local density of states (LDOS),

(82)

at surfaces of 1~SiC and SiO2, and find that £-~SiC can be expected to yield a 5.5x narrower heat
transfer frequency distribution than SiO;. For this simulation, permittivity of SiO» is taken from
[S2].
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Figure S1. (a) Measured and fitted infrared absorption spectra of a 120 nm thin £-SiC film on
silicon at 20 degree grazing incidence. (b) Comparison of the local density of states at the

surfaces of £-SiC and SiOs-.
S2 — System dimensions

The cross section dimensions of the nanobeam considered for the near-field simulations are
presented in Fig. S2. The dimensions of the MEMS are presented in Fig. S3. From the
dimensions in Fig. S3, we estimate a 25% uncertainty on the effective beam interaction length
due to the length difference between the beams parallel regions (200 um) and the heater length
(155 pm).

Figure S2. Beam cross-section considered for the simulations.
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Figure S3. Main dimensions of the MEMS structure (drawing not to scale).

S3 - MEMS displacement measurement and theoretical precision limit

The MEMS displacement as a function of the applied voltage is measured by placing the device
on an electrical probe station equipped with a high magnification (50X) microscope. The
displacement is measured as a function of the voltage applied on the MEMS actuator using an
image treatment algorithm that fits Gaussian functions over each optical image of the nanobeams.
The displacement is then evaluated by calculating the centroid of the fitted Gaussian functions.

The highest measured displacement sensitivity of the MEMS (see main paper, Fig 3 a)is 65
nm/V when the nanobeams are almost in contact (i.e., close to Veoniacr = 155 V). The

resolution of Agilent B1500 voltage source being 10 mV, this translates to a 0.65 nm resolution
limit on the MEMS displacement. Fundamentally, the resolution on the MEMS displacement
would eventually be limited by thermal mechanical motion (x,»s) given by [S3]:

(S3)

where K is the mechanical stiffness of the structures, which we estimate to 1-2 N/m. In this case,
and considering the highest temperature used in our experiments, the amplitude of thermal
mechanical vibration would be around 0.1 nm RMS.

S4 — High temperature experimental data

Figure S4 presents the same temperature experimental data as in the main manuscript (Fig. 3 b),
but for the highest temperature used in this work. At the smallest gap between the nanobeams
(before contact), the thermal gradient is 261 K.
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We note that in this case the two curves are asymmetric. This is caused by a higher background
conduction (o) of the heated beam compared to the background conduction of the sensing beam
(i.e. X = Osens/ Onear # 1, unlike for the low temperature scan in Fig 3 b). In the present case the
ratio is X = 0.28. This is most likely caused by a higher far-field radiation of the heated MEMS
compared to the sensing one when the temperature difference is very high.

Figure S4. Measured temperature of the heated and sensing beam as a function of the MEMS
voltage for the highest temperature scan performed in this work.
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List of Acronyms, Abbreviations, and Symbols

ACRONYM DESCRIPTION

CH4 methane

LPCVD low pressure chemical vapor deposition
MEMS micro-electromechanical system
PECVD plasma enhanced chemical vapor deposition
Pt platinum

SEM scanning electron micrograph

SizNy silicon nitride

SiC silicon carbide

SiH4 silane

Si0, silicon dioxide

Thix fixed heated beam

Tinob mobile sensing beam
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