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Abstract 

It is well established that near-field radiative heat transfer (NFRHT) can exceed Planck’s 

blackbody limit1 by orders of magnitude owing to the tunneling of evanescent electromagnetic 

frustrated and surface modes2-4, as has been demonstrated experimentally for NFRHT between two 

large parallel surfaces5-7 and between two subwavelength membranes8,9. However, while 

nanostructures can also sustain a much richer variety of localized electromagnetic modes at their 

corners and edges,10,11 the contributions of such additional modes to further enhancing NFRHT 

remain unexplored. Here, we demonstrate both theoretically and experimentally a new physical 

mechanism of NFRHT mediated by these corner and edge modes, and show it can dominate the 

NFRHT in the “dual nanoscale regime” in which both the thickness of the emitter and receiver, 

and their gap spacing, are much smaller than the thermal photon wavelengths. For two coplanar 

20 nm thick SiC membranes separated by a 100 nm vacuum gap, the NFRHT coefficient at room 

temperature is both predicted and measured to be 830 W/m2K, which is 5.5 times larger than that 

for two infinite SiC surfaces separated by the same gap, and 1400 times larger than the 

corresponding blackbody limit accounting for the geometric view factor between two coplanar 

membranes. This enhancement is dominated by the electromagnetic corner and edge modes which 

account for 81% of the NFRHT between the SiC membranes. These findings are important for 

future NFRHT applications in thermal management and energy conversion.   
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The NFRHT between micrometer-5,6,12,13 and millimeter-scale7,14-18 parallel flat surfaces and 

between two subwavelength membranes8,9 separated by a nanoscale vacuum gap d has been well 

established to exceed the blackbody limit1, in agreement with fluctuational electrodynamics 

predictions2,3,19,20. The mechanism responsible for this enhancement is well understood and is 

mediated by the tunneling of evanescent electromagnetic waves, which include frustrated and 

surface modes2-4. Such near-field enhancements to the heat transfer are expected to become 

important only when d is much smaller than the characteristic thermal wavelengths of the 

corresponding free-space photons, 𝜆!".  

The physics of NFRHT becomes even richer when the size of the emitter and receiver themselves, 

for example as characterized by their transverse breadth (membrane thickness t in Fig. 1), is also 

in the deep subwavelength regime. In this case, the membranes can also sustain localized 

electromagnetic corner and edge modes which are otherwise forbidden by the translational 

symmetry of infinite parallel surfaces and play only a negligible role in NFRHT between relatively 

thick membranes8,9,21. Such modes have previously been studied in non-thermal contexts like 

plasmonic phenomena in nanoscale metal structures10,11. Unexplored, however, is the potential for 

such corner and edge modes to couple across two nanostructures in the near field and thereby 

contribute to NFRHT.  

Here we investigate both theoretically and experimentally the NFRHT in this “dual nanoscale” 

regime, in which both d and t << 𝜆!". As depicted in Fig. 1a, we study the NFRHT between several 

pairs of coplanar SiC membranes with t and d both much smaller than the relevant 𝜆!" ≳ 7 µm. 

We find that the new physical mechanism introduced by electromagnetic corner and edge modes 

leads to large enhancements of NFRHT compared to the case of two infinite parallel surfaces, and 
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indeed can dominate the NFRHT for t << d << 𝜆!". For 20 nm thick SiC membranes separated by 

a vacuum gap of 100 nm, the room temperature radiative heat transfer coefficient hrad = 830 W/m2K, 

with excellent agreement between theory and measurement. This hrad is very large, being 5.5 times 

larger than calculated for two infinite SiC surfaces separated by the same gap, and 1400 times 

larger than the corresponding blackbody limit accounting for the geometric view factor between 

the emitter and receiver face areas of two coplanar membranes. This large NFRHT in the dual 

nanoscale regime might be exploited in a variety of applications, such as localized radiative 

cooling22, thermal management technologies23-27, and energy conversion devices28-32. 

Devices for measuring NFRHT  

We measure NFRHT in the dual nanoscale regime using three main microfabricated devices 

consisting of pairs of suspended coplanar SiC membranes with thicknesses of 20, 50, and 120 nm 

(Fig. 1b). The choice of SiC membrane dimensions was guided by preliminary numerical 

simulations of NFRHT using the discrete system Green’s function (DSGF) method.33  

Each device consists of two symmetrical islands, the heating island at temperature Th and the cold 

island at Tc. Each island is supported by six long suspended beams (Pt on SiNx) and incorporates 

a serpentine Pt resistance thermometer (PRT) for heating and thermometry. The NFRHT is 

between the thin symmetrical SiC membranes separated by a nanosized gap d. The length L of all 

devices is 30 µm, and the suspended portions of the SiC membranes have widths w = 9 µm for the 

120 nm thick device and w = 1 µm for the 50 and 20 nm thick devices. Another t = 20 nm, L = 30 

µm device was prepared with w = 2 µm.  
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Fig. 1 | Principle of NFRHT in the dual nanoscale regime and a device for measuring it. a, 
Concept of NFRHT between two thin coplanar SiC membranes mediated by electromagnetic 
corner and edge modes. b, Schematic of the measurement device. Matched SiC membranes 
separated by a gap d are supported by symmetric SiNx islands, each with a Pt serpentine for Joule 
heating and resistance thermometry to measure the NFRHT. The three main devices studied in this 
work use paired SiC membranes with thicknesses t = 20, 50, and 120 nm, and average gap spacings 
of 𝑑̅ =100, 135, and 165 nm, respectively. c, Optical and d, SEM images of the released 120 nm 
thick device. e, SEM images of the SiC gap details of the three main devices, after the etch to 
define the gap but prior to removing the sacrificial Si underlayer. The 20 nm thick device has an 
approximately uniform gap 𝑑̅ = 100 nm, while the 120 and 50 nm thick devices exhibit sloped 
gaps with d from 85 nm to 245 nm (𝑑̅ = 165 nm) and from 110 nm to 160 nm (𝑑̅ = 135 nm), 
respectively. Such sloped d is taken into account in the DSGF simulations of Fig. 2 (see also 
Supplementary Fig. 7).  
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Two symmetric SiC “wings” are located on each island on the side opposite to the SiC membranes 

that carry the NFRHT. These wings have the exact same dimensions as the inner SiC membranes, 

and are included to increase the yield of the devices during release. The SiNx of the islands is 

patterned to slightly overlap the contact edges of the SiC membranes and wings by ~1 µm to 

minimize the thermal contact resistance. More details about the microfabrication are given in 

Supplementary Section 1 and Extended Data Fig. 1, and about the device design in our recent work 

measuring the thermal conductivity of similar SiC films.34   

Figure 1(c,d) respectively show optical and scanning electron microscope (SEM) images of the 

120 nm thick device. The gap spacing d is estimated from tilted SEM images of the membrane 

cross-sections prior to the final release step (the KOH release etch of Si has negligible impact on 

the SiC thickness and the gap spacing after release, see Supplementary Sections 1 and 2). For the 

two thicker samples, Fig. 1e shows how the SiC etch resulted in sidewalls that are sloped rather 

than being perfectly vertical. For example, for the 120 nm thick device the gap spacing ranges 

from 85 nm to 245 nm, with an average gap spacing 𝑑̅ = 165 nm. The DSGF simulations of 

NFRHT below use this actual sloped gap geometry. Similarly, the 50 nm thick device has a gap 

sloping from 110 to 160 nm (𝑑̅ = 135 nm), while both 20 nm thick devices have an approximately 

uniform gap of 𝑑 = 𝑑̅ = 100 nm. 

The flatness and coplanarity of the suspended SiC membranes after their release is another key 

consideration, which we characterize using 3D laser confocal microscopy (LCM).  For all devices 

the LCM topography scans confirmed very good alignment of the suspended SiC membrane edges 

across the gap, with a misalignment of no more than ±20 nm when comparing the y-heights of the 

left and right SiC membranes’ free edges at the gap (see Supplementary Table 1 and Supplementary 
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Fig. 2). Similarly, LCM was also used to quantify the slight tilt of each suspended 𝐿 × 𝑤 

membrane away from its ideal x-z plane; as expected these tilts were small, never more than 5°, 

and also quite symmetric about the gap (see Supplementary Sections 3 and 4). Additional DSGF 

simulations of such residual y-misalignment and tilt effects indicate they should have negligible 

impact on hrad (less than 12%; see Methods).   

NFRHT measurement procedure 

The NFRHT measurements follow a well-established electrothermal approach34-38 (see also 

Supplementary Section 5), in which Joule heating at the hot island creates a small temperature 

difference across the gap that is measured using resistance thermometry of each island’s PRT. AC 

lock-in methods are used to enhance accuracy, with typical heating current If of amplitude 8 µA 

and frequency f of 0.98 Hz. The resulting temperature rises of both islands at 2f are denoted ΔTh,2f 

and ΔTc,2f. The typical temperature difference across the gap is Th – Tc ~ 1 K, and measurements 

are repeated for cryostat stage temperature T ranging from 200 K to 400 K. The cryostat operates 

at a vacuum level better than 5×10-6 torr, such that convection and conduction through residual air 

are negligible. Finally, the total heat transfer coefficient from the heating island to the cold island 

is calculated as ℎ = #
$%
 where 𝐺 is the total thermal conductance. For this AC scheme Refs. 35,36 

have shown that 𝐺 = &'
&(∆*!,#$+∆*%,#$,

⋅ &∆*%,#$
&(∆*!,#$-∆*%,#$,

 , where Q is the total Joule heating at the 

heating island’s PRT plus one current-carrying Pt lead.   

While the experimentally obtained h between hot and cold islands is dominated by the NFRHT 

across the vacuum gap separating the SiC membranes, this total h is also increased by contributions 

from any residual parasitic pathways. As detailed in Supplementary Section 6, the corresponding 

parasitic background conductance Gparasitic was determined experimentally using a series of 
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matched reference devices, and found to be never more than 35% of the total G, so that in all cases 

the raw measured G of the test devices is dominated by the NFRHT contribution Grad.  Accordingly, 

the parasitic heat transfers have already been subtracted for all hrad results presented below in Fig. 

2, a correction of no more than 35%.  

Results  

The measured hrad for the three main devices is shown by the solid-colored points in Fig. 2a with 

the experimental schematics shown in Fig. 2b, and Fig. 2c is a “slice” through those same results 

at T = 300 K to better highlight the trends with membrane thickness. In both panels of Fig. 2a and 

2c, the hollow square point corresponds to the fourth device also with t = 20 nm and d = 100 nm, 

which was measured only at 300 K as an additional verification. The two 20 nm thick devices are 

nominally identical except for having two different widths of the suspended SiC membrane: w = 

1 µm for the primary device (solid red points in Fig. 2a) and w = 2 µm for the alternate device 

(hollow red point). Even with their different values of w (and different Gparasitic), both 20 nm thick 

devices give nearly the same final value of hrad, within 4%.  
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Fig. 2 | Measured and modeled radiative heat transfer coefficients between coplanar SiC 
membranes. a, Measured (solid-colored points) heat transfer coefficients for the three main 
devices, denoted by their membrane thicknesses t = 20, 50, and 120 nm, showing very good 
agreement with the corresponding DSGF simulations with no free parameters (color-coded shaded 
bands). The hollow red point is from another t = 20 nm, d = 100 nm device, measured only at 300 
K. Each experimental point has an estimated hrad uncertainty of ±10% (representing 68% 
confidence interval), which is similar to the size of the points and has been omitted for visual 
clarity. The dashed lines are calculations for two reference cases: Ref. Case 1 is the near-field hrad 
between two infinite SiC surfaces separated by a gap d = 100 nm, and Ref. Case 2 is hrad between 
parallel blackbody surfaces evaluated using standard view factors corresponding to d = 100 nm 
and the same L and t values as the three measured devices. b, Schematics of the device membrane 
geometries as well as the two reference cases. c, A slice through the data from a at 300 K, to better 
reveal how hrad increases as the membrane thickness t decreases.  

 

The color-coded shaded bands in Fig. 2 depict the corresponding DSGF simulations of hrad. There 

is very good agreement between theory and experiment across all devices and temperatures. DSGF 

is a powerful and rigorous numerical approach to calculate the radiation heat transfer between 3D 

thermal emitters and receivers of arbitrary shapes and sizes based on discretization into cubic 

subvolumes33 (see Methods for details). These DSGF simulations have no free parameters, with 
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the only inputs being the temperature, the frequency-dependent dielectric function of SiC (see 

Methods), and the geometries of the emitter and receiver membranes. For all devices the finite 

breadth of the shaded bands of the DSGF predictions reflect the uncertainties arising from the 

small but finite tilting of the membranes as well as the actual nonuniform gap spacings (sloped d) 

of the 50 and 120 nm thick devices, as extracted from the LCM measurements and SEM images, 

respectively (see Methods). More details about the DSGF calculations and convergence are given 

in Supplementary Section 7.  

A remarkable feature of the SiC NFRHT results in Fig. 2 is that hrad increases strongly with 

decreasing t. For further context, Fig. 2 includes theoretical results for two reference conditions. 

Reference Case 1 is a standard calculation (see Methods) for NFRHT between two infinite SiC 

surfaces (𝑡 → ∞) separated by a gap of d = 100 nm, chosen to match the smallest d of the 

experimental devices. At room temperature the measured hrad for the 20 nm thick devices reaches 

a very large value of 830 W/m2K (average of both 20 nm thick devices), which is 5.5 times larger 

than the hrad of 150 W/m2K predicted between two infinite surfaces. This 5.5-fold enhancement 

strikingly demonstrates the impact of additional physics of enhanced NFRHT in the “dual 

nanoscale” regime of small d and t, as compared to the traditional “single nanoscale” regime of 

small d alone5-7,12-18 and the case of thick membranes.8,9,21  

As a different perspective we can consider the thermal conductance Grad=hrad𝐿𝑡 , using hrad from 

Fig. 2c.  For example at room temperature the corresponding experimental Grad values are 0.71, 

0.53, and 0.50 nW/K for the samples of t = 120, 50, and 20 nm, respectively. Because the gap 

spacing d also varies slightly among these samples, we performed additional simulations to isolate 

the impact of t on Grad, for fixed d = 100 nm (Extended Data Fig. 2).  
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We further find that the SiC NFRHT in this dual nanoscale regime is dominated by evanescent 

waves rather than propagating waves (see Supplementary Section 8 and Extended Data Fig. 3). As 

such, the physical mechanism underlying the heat transfer enhancement displayed in Fig. 2 is 

entirely different than that reported in Ref. 39, where radiative heat transfer between the 

subwavelength membranes was in the far-field regime and thus solely mediated by propagating 

waves. 

Reference Case 2 is the blackbody limit in which all near-field and nanoscale effects are neglected. 

The two islands are treated as blackbodies, configured as parallel aligned rectangles each of area 

𝐿𝑡. This leads to ℎ.. = 4𝜎/.𝑇0𝐹12, where 𝜎/. is the Stefan-Boltzmann constant and 𝐹12 is the 

geometric view factor between the two rectangles40 (see Methods). Figure 2 shows that the 

measured NFRHT between SiC membranes in the dual nanoscale regime is vastly larger than the 

blackbody limit for this idealized geometry. For example, for 20 nm thick membranes separated 

by d = 100 nm, the measured hrad at room temperature is around 1,400 times larger than the value 

of 0.61 W/m2K for Reference Case 2. Similarly large enhancements are found for other 

temperatures (see Supplementary Section 9).  

Physical basis of the NFRHT enhancement 

The large enhancement of NFRHT in the dual nanoscale regime fundamentally arises from the 

tunneling of evanescent electromagnetic corner and edge modes between the SiC membranes, a 

mechanism which is forbidden by symmetry5-7,12-18 or negligible8,9,21 in previous works. These 

modes are generated by the electromagnetic field couplings in the x-y plane. There is no field 

coupling along the z-direction, because the membrane length L is much larger than the thermal 

photon wavelengths (practically 𝐿 → ∞). As such, the emergence of corner and edge modes can 
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be understood using a 2D structure as shown in Fig. 1a and Fig. 3, consistent with Berini’s 

framework10,11. Specifically, in a solitary membrane the evanescent electromagnetic fields in the 

x-y plane associated with surface phonon-polaritons (SPhPs) traveling along the z-direction couple 

between the membrane’s perpendicular edges through the corners and between the adjacent 

corners to form four fundamental electromagnetic corner and edge modes10,11. Higher order 

resonances are also supported, but only the fundamental modes are important and therefore 

considered hereafter.  

Figure 3a shows the spectral heat transfer coefficient at 300 K predicted using DSGF, along with 

a modal analysis of solitary 20, 50 and 120 nm thick SiC membranes in Fig. 3(b,c). The modal 

analysis is performed with COMSOL Multiphysics, and has been verified against the results of 

Ref. 11 for a silver membrane (see Supplementary Section 10). The modal analysis is performed 

on infinitely long (L ® ¥), 2D membranes characterized by perfectly straight corners. Similarly, 

the spectral heat transfer coefficient is calculated for a uniform gap spacing of 100 nm (the 

calculations were repeated using nonuniform gap spacings, which was found to have almost no 

impact; see Supplementary Section 11).  

For vacuum gap spacings in the deep subwavelength regime like in the present work (𝑑 ≪ 𝜆!"), 

NFRHT between two infinite SiC surfaces is known to be dominated by SPhPs confined to the 

neighborhood of a single SiC-vacuum interface; these SPhPs can exist only in TM polarization2,3. 

The SPhP resonant frequency of a planar SiC-vacuum interface is estimated to be 1.77×1014 rad/s 

from a SPhP dispersion relation (see Methods), which is in good agreement with the high-

frequency peak in the spectral heat transfer coefficient calculated between two infinite surfaces 

(Fig. 3a). Compared to the case of two infinite surfaces, DSGF calculations of the spectral heat 
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transfer coefficient in Fig. 3a for nanosize t show that the resonance is redshifted and broadened 

as the membrane thickness decreases.  
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Fig. 3 | Theoretical analysis of NFRHT enhancement mediated by electromagnetic corner 
and edge modes in the dual nanoscale regime between two coplanar SiC membranes. DSGF 
simulations are performed on 3D membranes (finite t, w, and L), whereas COMSOL Multiphysics 
simulations are performed on 2D membranes (equivalent to L ® ¥). Both approaches here assume 
perfectly straight corners. a, DSGF calculated spectral heat transfer coefficient hrad,w at 300 K for 
membrane thicknesses of 20, 50, and 120 nm, as well for infinite parallel surfaces, all for a 100 
nm gap. As the membrane thickness decreases, the resonance peak of hrad,w increases, redshifts, 
and broadens, which also increases the total NFRHT. b, Dispersion relations of the two low-
frequency fundamental electromagnetic corner and edge modes, denoted aa and sa (see main text), 
in solitary 20, 50, and 120 nm thick membranes calculated with COMSOL Multiphysics. For each 
thickness, the aa and sa branches become degenerate with each other above kz ~ 5×106 rad/m. c, 
Poynting vector along the z-direction, Sz, calculated with COMSOL Multiphysics, showing 
representative electromagnetic corner and edge modes in solitary 20, 50 and 120 nm thick 
membranes. The Poynting vector of each membrane is evaluated at the frequency w corresponding 
to kz = 5×106 rad/m, as determined using the aa mode dispersion relations of b.  
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This trend is physically explained by analyzing the electromagnetic corner and edge mode 

dispersion relations (Fig. 3b), for the angular frequency, w, as a function of the real component of 

the wavevector along the z-axis, kz. The four fundamental corner and edge modes are categorized 

in terms of the symmetry (s) and asymmetry (a) of the y-component of the electric field with 

respect to the y and x axes, respectively11. Here, we focus on the two low-frequency modes, 

designated aa and sa, corresponding to two branches in the dispersion relations, because only these 

modes are important for the resonances much below the longitudinal optical phonon frequency 

(1.801×1014 rad/s, see Methods); the as and ss modes are not important in this regime. Further, for 

every thickness considered, the calculations in Fig. 3b show that for kz above ~5×106 rad/m, the 

aa and sa modes become essentially degenerate with each other and merge into a single branch in 

the dispersion relations. Also, for the 120 nm thick membrane, the dispersion relation reaches a 

regime of nearly constant w for kz > 9×106 rad/. This cutoff occurs because the modal analysis is 

performed using a real frequency w and thus a complex wavevector kz. Although this approach 

cannot be used as a measure of the local density of states41, it is the resonant frequencies that are 

of interest here, and additional calculations applying the SiC dielectric function (Eq. 8) to the 

framework of Ref. 41 show that there is no perceptible impact on estimating the resonant 

frequencies regardless of whether they are calculated using real ω or real kz.  

The thin-membrane geometries of the present work can sustain much richer electromagnetic 

modes than traditional infinite surfaces. For example, while the confined SPhPs at a single SiC-

vacuum interface are purely TM-polarized, the corner and edge modes in membranes are not, since 

all six field components exist for all modes11 (see Supplementary Section 12). In the electrostatic 

limit (i.e., kz much larger than the vacuum wavevector, k0), for polar dielectrics like SiC, the largest 

contributing wavevector dominating NFRHT is estimated as 𝑘3 ≈ 𝑑-1 ,42 which for a 100-nm 
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vacuum gap spacing corresponds to kz » 1.0×107 rad/m. Now referring back to Fig. 3b for the 

corresponding w, we can expect the spectral hrad,w to peak at around 1.61×1014, 1.68×1014 and 

1.74×1014 rad/s for the 20, 50 and 120 nm thick membranes, respectively. Finally, inspection of 

the actual calculated spectral hrad,w curves in Fig 3a confirms that all three do indeed peak at 

frequencies close to the values deduced from Fig. 3b. This excellent agreement between the 

resonance predictions of Fig. 3b and the spectral heat transfer coefficient peaks in Fig. 3a, obtained 

using two entirely different calculations, explains the resonance redshift observed as the membrane 

thickness decreases. Also, the resonance broadening with decreasing thickness seen in Fig. 3a can 

be explained by the fact that losses in SiC increase within the Reststrahlen spectral band as the 

frequency is redshifted (see Supplementary Section 13 for details).  

Turning to a representative real space visualization, Fig. 3c shows an example of the z-component 

of the Poynting vector, Sz, for three different membranes for the aa mode at kz = 5×106 rad/m. For 

the 120 nm thick membrane, this Poynting energy is relatively small and is localized to the corners 

of the membrane. Then as the membrane thickness decreases the modes couple more strongly in 

the y-direction, causing Sz to become larger around both the corners and vertical edges, which is 

what allows these electromagnetic corner and edge modes to dominate NFRHT for the 50 and 20 

nm thick membranes. Extended Data Fig. 4 also shows the spatial distribution of power density 

dissipated between the membranes due to these corner and edge modes.  

To quantify the relative contribution of corner and edge modes to the NFRHT, above and beyond 

the traditional NFRHT between infinite planar surfaces, we introduce a NFRHT enhancement ratio: 

𝑅 = 4&'((6,%)
4&'((6,%→:)

, where ℎ;<=(𝑑, 𝑡) is for a thin pair of coplanar membranes and ℎ;<=(𝑑, 𝑡 → ∞) is 
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for infinite surfaces at the same gap spacing d. In both cases we assume 𝐿 ≫ 𝜆!"	so that practically 

𝐿 → ∞. 

Calculations for t = 20 nm and a uniform gap d = 100 nm at 300 K yield R = 5.3, indicating that 

>-1
>
= 81% of the total NFRHT is mediated by the corner and edge modes. Similar calculations 

for 50 nm thick membranes with a 100-nm gap give R = 3.4, so that corner and edge modes still 

dominate with a relative contribution of 71%. Finally, calculations for t = 120 nm, d = 100 nm 

yield R = 1.7, showing that now more than half (59%) of the NFRHT is instead mediated by the 

SPhPs that already exist in infinite planes (here corresponding to the y-z plane) with their 

evanescent fields decaying in the x-direction. Clearly, for ever thicker membranes (𝑡 → ∞), the 

relative impact of corner and edge modes must become ever more negligible, eventually reverting 

to the NFRHT between two infinite plates (𝑅 → 1).  

In summary, we predicted and measured NFRHT in the dual nanoscale regime between two 

coplanar SiC membranes with thickness comparable to or smaller than their vacuum gap spacing 

of ~100 nm for temperatures ranging from 200 to 400 K. The measurements agree very well with 

theoretical predictions based on the DSGF method and no free parameters. The results demonstrate 

a novel mechanism mediated by electromagnetic corner and edge modes for enhancing NFRHT 

well beyond that between two infinite parallel surfaces. These newly-observed resonant modes can 

dominate the NFRHT with a relative contribution exceeding 80% for the thinnest membranes in 

this study. The measured radiative heat transfer coefficient at 300 K between 20 nm thick SiC 

membranes is 830 W/m2K, which is 5.5 and 1400 times larger than that between two infinite SiC 

planes and between two coplanar blackbody membranes, respectively. The emergence of 

electromagnetic corner and edge resonant modes in subwavelength membranes opens a new route 
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for enhancing and spectrally controlling NFRHT. Such high heat transfer could enable future 

applications of NFRHT in noncontact localized radiative cooling, thermal management, and 

energy conversion devices.  
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Methods 

 

DSGF simulations of NFRHT. NFRHT between two SiC membranes separated by a vacuum gap 

is modeled using the DSGF method33, which is a numerically exact volume integral formulation 

based on fluctuational electrodynamics20. The DSGF method calculates the unknown system 

Green’s function, 𝐆@(𝐫, 𝐫?, 𝜔), relating the electric field with frequency ω observed at point r to a 

point source excitation at 𝐫?. The unknown system Green’s function is expressed in terms of the 

known free-space Green’s function, 𝐆@@(𝐫, 𝐫?, 𝜔), as follows: 

𝐆@@(𝐫, 𝐫?, 𝜔)	= 𝐆@(𝐫, 𝐫?, 𝜔) − 𝑘@2 ∫ 𝐆@@(𝐫, 𝐫??, 𝜔)[𝜀(𝐫??, 𝜔) − 1]𝐆@(𝐫??, 𝐫?, 𝜔)A)!*&+
𝑑0𝐫??  (1) 

where k0 is the vacuum wavevector magnitude, 𝜀 is the dielectric function of SiC, and 𝑉!"B;C is 

the combined total volume of the thermal objects (here, the two membranes). The free-space 

Green’s function in vacuum is calculated as: 

𝐆@@(𝐫, 𝐫?, 𝜔) = BDE(FG,H)	
JKH

IJ1 − 1
(G,H)#

+ F
G,H
L 𝐈̿ − J1 − 0

(G,H)#
+ 0F

G,H
L 𝐫O𝐫OLP (2) 

where 𝑟 = |𝐫 − 𝐫?|, 𝐫O = 𝐫-𝐫-

|𝐫-𝐫-|
, 𝐈̿ is the unit dyadic, and † is the conjugate transpose operator. The 

volume of the thermal objects, 𝑉!"B;C, is discretized into N cubic subvolumes along a cubic lattice. 

From Eq. (1), a system of linear equations of the form 𝐀UU𝐆UU = 𝐆UU@  is derived,33 where 𝐀UU  is the 

3𝑁 × 3𝑁 interaction matrix accounting for 𝑁 subvolumes and three Cartesian components, 𝐆UU@ is 

the 3𝑁 × 3𝑁 matrix containing the discretized free-space Green’s function, and 𝐆UU is the 3𝑁 × 3𝑁 

matrix containing the unknown system Green’s function. Once the system of linear equations is 

solved, the total radiative heat transfer coefficient, hrad, is calculated as:  
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ℎ;<=(𝑇) =
1

2KO%
∫ &P(Q,*-,

&*
X
*-R*

𝜏(𝜔)𝑑𝜔:
@   (3)  

where Θ(𝜔, 𝑇) is the mean energy of an electromagnetic state and Ac = Lt is the membrane cross-

section. The spectral transmission coefficient between the two membranes of volumes Vh and Vc, 

denoted 𝜏(𝜔), is calculated from the system Green’s function: 

𝜏(𝜔) = ∑ ∑ 4𝑘@J∆𝑉F∆𝑉SS∈A%F∈A! Im[𝜀(𝐫F , 𝜔)]Im[𝜀_𝐫S , 𝜔`]Tr[𝐆@_𝐫F , 𝐫S , 𝜔`𝐆@L_𝐫F , 𝐫S , 𝜔`]  (4)  

where ∆𝑉F  and ∆𝑉S  are respectively the volumes of the ith and jth subvolumes used in the 

discretization. The spectral heat transfer coefficient shown in Fig. 3a is obtained by evaluating Eq. 

(3) without the integration over w. The contribution from propagating waves to NFRHT is 

calculated by considering only the far-field (FF) term in the free-space Green’s function (see 

Supplementary Section 8)43:  

𝐆@@,UU(𝐫, 𝐫?, 𝜔) = BDE(FG,H)	
JKH

[1 − 𝐫O𝐫OL] (5) 

 

NFRHT between two infinite surfaces (Reference Case 1). The NFRHT between two SiC 

infinite surfaces (Reference Case 1 of Fig. 2 and Fig. 3a) is calculated using a closed-form 

expression derived from fluctuational electrodynamics. The propagating 	 and evanescent 

components of the total radiative heat transfer coefficient are respectively calculated as2:  
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where the subscripts h and c respectively refer to the hot and cold surfaces, whereas 0 denotes 

vacuum. In Eqs. (6) and (7), 𝑘Z is the wavevector parallel to the y-z plane, kx0 is the x-component 

of the vacuum wavevector normal to the surfaces, and 𝑟@"
]  and 𝑟@b

]  are respectively the Fresnel 

reflection coefficients at the vacuum-hot and vacuum-cold interfaces in polarization state 𝛾. The 

total heat transfer coefficient reported for Reference Case 1 in Fig. 2 is the sum of Eqs. (6) and (7). 

Similarly, the spectral heat transfer coefficient for Reference Case 1 in Fig. 3a is the sum of Eqs. 

(6) and (7) without the integration over w.  

 

Dielectric function of polycrystalline SiC. The temperature-independent dielectric function of 

polycrystalline SiC is described by a Lorentz model with the parameters taken from Ref. 8: 

𝜀(𝜔) = 𝜀:
Q#-Q89

# +𝒊dQ
Q#-Q:9

# +𝒊dQ
  (8)  

where 𝜀:  = 8, ωLO = 1.801×1014 rad/s, ωTO =1.486×1014 rad/s, and Γ = 3.767×1012 rad/s are 

respectively the high-frequency dielectric constant, the longitudinal optical phonon frequency, the 

transverse optical phonon frequency, and the damping constant.  

 

Radiative heat transfer between two coplanar black membranes (Reference Case 2). The total 

radiative heat transfer coefficient between two membrane edges in the blackbody limit is 

calculated via the Stefan-Boltzmann law40:  

ℎ;<=.. (𝑇) = 4𝜎/.𝑇0𝐹12  (9)  
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where 𝜎/. is the Stefan-Boltzmann constant and F12 is the view factor between the membrane edge 

face areas (treated as parallel rectangles of dimensions L × t) calculated at a gap spacing d of 100 

nm40, which is the fraction of radiation energy leaving the first rectangle intercepted by the second. 

The view factor approaches unity when the membrane length L and thickness t are both very large 

compared to d (“infinite surfaces”). Note that this ℎ.. expression also explains the 𝑇0 power law 

seen for Reference Case 2 in Fig. 2a, which fundamentally arises from the specific heat of photons 

in a 3D gray medium.  

 

SPhP resonance of a SiC-vacuum interface. NFRHT between two infinite SiC surfaces in the 

deep subwavelength regime is quasi-monochromatic at the SPhP resonant frequency of a single 

SiC-vacuum interface. This resonant frequency, derived from a SPhP dispersion relation for a SiC-

vacuum interface, can be approximated as42: 

𝜔;Be,VWX ≈ ff;Q89
# +Q:9

#

f;+1
  (10) 

The calculated 𝜔;Be,VWX  of 1.77×1014 rad/s is in excellent agreement with the maximum of the 

spectral heat transfer coefficient for two infinite SiC surfaces (see Fig. 3a).  

 

Uncertainty analysis. Theoretical predictions. The shaded bands of theoretical predictions in Fig. 

2 account for the uncertainties of the gap spacing from the SEM images as well as the tilting of 

the membranes from the LCM measurements. The estimated uncertainty of the gap spacing is ±10 

nm. The estimated tilt angles are 0.8°, 4.8°, and 3.4° for the 120, 50, and 20 nm thick devices, 
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respectively (see Supplementary Section 3). The total heat transfer calculated by DSGF decreases 

when the membranes are tilted and when the separation gap increases. Therefore, as an example, 

the upper bound of the red-shaded band in Fig. 2a for the 20 nm thick device is obtained from a 

separate DSGF calculation assuming no tilt and by using the lower-bound estimated gap spacing 

of 90 nm (found by subtracting the estimated uncertainty of 10 nm from the nominal gap spacing 

of 100 nm). Similarly, the lower bound of the red-shaded band comes from another DSGF 

calculation using the full tilting of 3.4° and by assuming an upper-bound gap of 110 nm. The same 

procedure is used to calculate the theoretical curves for the 50 and 120 nm thick devices, each 

based on their respective estimated gap spacings, tilts, and uncertainties thereof. Note that the 

effects of tilting on NFRHT between the SiC membranes are small; for example, hrad decreases by 

only 11% for the maximum tilt angle of 4.8° in the 50 nm thick device.  

In addition, the 120, 50, and 20 nm thick SiC membranes may be misaligned by respectively 20, 

10, and 10 nm along the y-direction according to the LCM line scans (see Supplementary Section 

3). DSGF simulations show that such misalignments have a negligible impact on the total radiative 

heat transfer, such that they are not included in the uncertainty analysis. For example, hrad decreases 

by less than 1% when the 20 nm thick membranes are misaligned by 10 nm in y.  

Experimental data. The estimated uncertainty of the measured heat transfer coefficients in Fig. 2 

is ±10% (representing a 68% confidence interval), which comes from the uncertainties of the 

membrane dimensions and in the resistance thermometry of the PRTs. The lengths and thicknesses, 

respectively, of the membranes are determined using a Zeiss SEM and a spectroscopic ellipsometer 

(Angstrom Sun Technologies model SE200BM), both with uncertainties estimated as 2% or better 
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(see also Ref. 34). The uncertainties in the resistance thermometry are typically 5% or less of the 

relevant DT (see Supplementary Sections 5 and 6).  
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Data availability. The data that support the findings of this study are available from the 

corresponding authors on request.  

Code availability. The code used to calculate near-field radiative heat transfer between 

membranes based on the discrete system Green’s function method has been deposited on Zedono 

(DOI: 10.5281/zenodo.10515348).  
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Extended Data 
 

 

Extended Data Fig. 1 | Device fabrication. Main steps for fabricating the suspended devices used 
for measuring NFRHT between two SiC membranes.  More information is given in Supplementary 
Section 1.  
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Extended Data Fig. 2 | DSGF calculated thermal conductance Grad at 300 K between two 120, 
50, and 20 nm thick SiC membranes separated by a vacuum gap d = 100 nm. The results 
correspond to those shown in Fig. 3a after integrating over all frequencies w and multiplying by t 
and L. 
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Extended Data Fig. 3 | DSGF calculated contributions from propagating waves to NFRHT 
between two SiC membranes, using the gaps d given in Supplementary Table 1. The heat 
transfer coefficient due to propagating (prop) waves is plotted in hollow points. The total heat 
transfer coefficient, accounting for both propagating and evanescent waves, is also included for 
comparison as solid points (the results correspond to the case where the nominal values of the gap 
sizes are used and the tilts are not considered, or roughly the middle of the theoretical bands as 
shown in Fig. 2 of the main text). Propagating waves account for less than 1% of the total heat 
transfer for all temperatures and membrane thicknesses.  
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Extended Data Fig. 4 | DSGF calculations of the spatial distribution of power density 
dissipated at 300 K between two 120, 50, and 20 nm thick SiC membranes separated by a 
vacuum gap d = 100 nm. Positive and negative values of the color bar represent heat gain and 
heat loss, respectively. The simulations are respectively performed for L values of 8, 4, and 2 µm 
for 120, 50, and 20 nm thick membranes, all with w = 1 µm to obtain converged results (see 
Supplementary Section 7 for more details on the convergence of DSGF simulations).  


