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Measurement of near-field thermal radiation between multilayered metamaterials
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The near-field radiative heat transfer (NFRHT) between one-dimensional metamaterials comprised of
phonon dielectric multilayers was investigated experimentally. Large-size (1 x 1 cm?) near-field samples
were fabricated using SiC, SiO,, and Ge layers at a certain gap distance, and the effects of layer-stacking
order and phonon-resonance quality on NFRHT were examined. The measured results show good agree-
ment with the theoretical results obtained by employing the transmission-matrix method. Super-Planckian
thermal radiation was observed between emitters and receivers with identical structures. The failure of
effective-medium theory (EMT) at predicting the near-field heat flux has been evidenced by measurements,
particularly in the presence of bounded surface modes, such as the epsilon-near-zero mode. Additionally,
analyses have shown that, in specific scenarios, the EMT can offer reasonable physical insights into the
underlying coupling process from the perspective of homogenized media. Furthermore, the conditions for
applying the EMT in the near-field regime were also touched upon.
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I. INTRODUCTION

Radiative heat emission is a fundamental physical
process that occurs when charged particles or quasiparti-
cles in matter vibrate randomly due to thermal agitation,
which has widespread technological applications. Enhanc-
ing the radiation strength has been a fundamental focus of
scientific research. In the far-field regime, the upper limit
of radiation strength is determined by the blackbody. How-
ever, in the near-field regime, where the distance between
the emitter and receiver is much smaller than the ther-
mal wavelength, evanescent waves with a high localized
density of states (LDOS) can participate in heat trans-
fer by tunneling through the gaps [1]. This effect could
significantly enhance the spontaneous radiation power,
exceeding the blackbody limit by several orders. A study
of this so-called super-Planckian thermal radiation was
first reported for heat exchange between semi-infinite pla-
nar surfaces using fluctuational electrodynamics (FE) [2],
and later generalized to arbitrary geometries and materi-
als [3—8]. The near-field radiative heat transfer (NFRHT)
can be substantially intensified when bounded surface
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modes exist, such as the surface plasmon polaritons
[9—13], surface phonon polaritons (SPhPs) [14,15], and
hybrid polaritons[13,16—18]. These localized field effects
can be found in natural materials within infrared bands.
Alternatively, metamaterial-inspired artificial structures
have received increased attention for their ability to con-
trol thermal radiation by offering parametric freedoms to
produce versatile electromagnetic properties in various
frequency bands [19-23], aimed to operate at different
temperatures. However, relevant experiments on artifi-
cial structures for NFRHT are rare [13,24-28] because
the fabrication of high-quality infrared metamaterials with
superflat surfaces, along with the required size, is chal-
lenging. Also, it is rather difficult to calculate the radiation
of artificial structures, especially in the near-field regime
[29-32]. Homogenization algorithms, such as effective-
medium theory (EMT), can simplify the analysis of meta-
materials with unit cells much smaller than the wavelength
scale or the separation gaps [25,33,34]. Generally, EMT
can provide only a qualitative explanation for light-matter
interactions when the evanescent fields are dominant. The
exact solution may be obtained by advanced mathemat-
ical tools, such as the rigorous coupled-wave analysis,
but it requires substantial computation time and resource
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requirements [32,35,36]. However, alternative methods
have been recently developed to tackle this complex-
ity [37]. Low computation efficiency and experimental
challenges hinder the application of complex artificial
electromagnetic structures in near-field thermal radiation.

Thin-film-based multilayer one-dimensional (1D) arti-
ficial structures have been widely explored with exotic
features for various applications, such as thermophoto-
voltaics [38,39], thermal management [20,40—44], thermal
imaging [45], and Casimir forces [46—48]. In the near-field
regime, multilayers possess some advantages, such as the
stacking configuration can be freely employed to engineer
hyperbolic band diagrams [49], and more importantly, their
thermal emission or absorption in the semi-infinite frame-
work can be analyzed using the transfer-matrix method
(TMM). This analytical approach enables the introduc-
tion of 1D structures into near-field thermal radiation. Lee
and co-workers experimentally examined such potential
using metal-dielectric multilayers based on a complicated
microelectromechanical measurement system [13]. They
demonstrated that the multilayer generated a much higher
near-field heat flux than the individual components. Addi-
tional experimental studies are necessary to uncover the
underlying physics and the potential of multilayer struc-
tures for NFRHT. It is also essential to investigate them
for samples of macroscopic sizes [50,51].

Here, we fabricate centimeter-sized multilayers com-
posed of dielectric thin films featuring different phonon
resonances and explore NFRHT between them. We exper-
imentally investigate the effect of layer composition and
stacking order, and the results show good agreement with
the theoretically obtained ones using the TMM route.
When the emitter and receiver have identical structures,
super-Planckian thermal radiation is observed due to differ-
ent near-field coupling channels arising from the phonon
resonances and frustrated total internal reflections. Theo-
retical analyses indicate that, although it generally fails to
predict the near-field heat flux, the use of EMT can still
give reasonable physical insights into the near-field cou-
pling from band diagrams. The reliability of EMT in the
near-field regime is further discussed in relation to the ratio
of the gap distance to the unit-cell period in multilayer
metamaterials. These results are instrumental for under-
standing the role of metamaterials in the near-field regime
and may boost their applications in the thriving field of
near-field thermal management.

II. SAMPLE CHARACTERIZATION

Figure 1(a) provides a schematic illustration of the
dielectric multilayer structure comprised of the unit cells
of SiC/Ge and Si0,/Ge films. We chose SiC and SiO, due
to their distinct phonon-resonance characteristics; Ge is a
lossless dielectric spacer with a constant permittivity in the

relevant frequency bands. We employed magnetron sput-
tering to deposit alternating SiC/Ge and SiO,/Ge layers
on the substrate coated with a metal film in four stack-
ing orders: sample I, [SiC/Ge],/metal/substrate; sample II,
[Ge/SiC],/metal/substrate; sample III, [SiO,/Ge],/metal/
substrate; and sample IV, [Ge/SiO;],/metal/substrate. The
power of the radio-frequency source was set to 60 W for
SiC and Ge and 100 W for SiO,, while the gas pres-
sure was 5 mTorr and controlled by an argon valve. The
deposition rates for SiC, SiO;, and Ge are 1.35, 1.42,
and 5.45 nm/min, respectively. For sample I (II), the out-
ermost layer in contact with the vacuum is SiC (Ge),
whereas for sample III (IV), it is SiO,(Ge). Each sam-
ple consists of three unit cells (n=23) with a period of
110 nm and a total thickness of around 330 nm. The sam-
ples were grown over a 500-pum-thick silicon substrate
presputtered with a 100-nm-thick Al film. We selected sil-
icon substrates with acceptable bending conditions. The
multilayer samples have a surface size of 1 x 1 cm? with
an average roughness of about 1.6 nm. Details on bend-
ing and surface-roughness morphology can be found in
the Appendix. During the experiment, we assembled four
samples in different combinations, as described below.

Figure 1(b) exhibits the measurement setup placed in
a high-vacuum chamber with a pressure of <10~* Pa.
The upper part of the setup, referred to as the emitter
side, consists of the load, heater, and copper heat spreader
(with an embedded thermistor, +1 K accuracy). The lower
receiver part comprises the multilayer sample, copper
heat spreader (also with an embedded thermistor, =1 K
accuracy), heat-flux sensor (HFS; HS-10 Captec, France,
accuracy ~3% and sensitivity ~0.12 pV W~ m?), and a
temperature electric controller (TEC). To minimize the
contact thermal resistances, we assembled the components
in each part using thermal conductive glue. We conducted
separate experiments to evaluate the internal conductive
thermal resistances of the emitter (receiver), from which
we could derive the real temperature, 7. (7;), of the
emitter (receiver); the calibration details can be found in
Appendix. In experiments, 7, was stabilized at around
295 K using TEC. The HFS was read by the source meter
(Keithley 2450, 6.5-bit accuracy). The emitter and receiver
were separated by four cylindrical photoresist nanopil-
lars (SUS, thermal conductivity ¥k =0.3 Wm~! K~!) hav-
ing heights and diameters of (270 4+ 6) nm and 20 pm,
respectively, which were fabricated using UV lithography
(MA6/BA6, SUSS MicroTec, Germany) at the four cor-
ners of the chip. The photoresist fabrication details can be
found in our previous work [52]. Moreover, a 10-g load
was placed on the emitter to ensure an appropriate pres-
sure and achieve surface uniformity. The gap distance is
thus decided by the height of the nanopillars, as examined
in our previous work [53].

Figure 1(b) also shows the equivalent thermal circuit
of our measurement, with Ryq (Rcon) representing the
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FIG. 1.

(a) Schematic of the dielectric multilayer structures. Emitter and receiver are separated by photoresist nanopillars with a gap

distance of d. (b) NFRHT measurement setup. Two embedded thermistors (not shown here) are used to measure local temperatures
of heat spreaders. Right figure is the thermal resistance network of the thermal pathway. Te, T}, and T, represent the temperature
of emitter, receiver, and ambient chamber, respectively. Ry, Reon, and Ry,q represent the effective thermal resistance of near-field
radiation, conduction through the pillars, and conduction through the heat sink, respectively. (c) SEM images of the cross section of
the fabricated multilayer samples. Effective permittivity spectra for (d) bulk materials and (e) [SiC/Ge] and [SiO;/Ge] multilayer
samples. ) corresponds to the real (imaginary) part of the dielectric constant, while the parallel (perpendicular) portion to the surface
plane is denoted as &)(1). Filling ratios, f, of SiC or SiO, are also provided based on the actual thicknesses. Hyperbolic bands are

marked by the shaded regions in (e).

thermal resistance of the radiation (conduction through
nanopillars) channel. The quantity Q denotes the total
heat flux exchanged between the emitter and receiver, and
Orad (Qcon) describes the part contributed to the radiation
(conduction) channel. As such,
O = Orad + Qcon- (1)
The near-field radiation heat flux can be analytically
calculated from the FE as [25]

1 oo
Qrad = W / [G(w: T:) — O(w, Tr)]H(a))dwa (2)
T Jo

where ®(w, T) = hw/e"/®T — 1 is the mean energy of
the Planckian oscillator and H (w) =27 fooo (T + 1)k dk,
is the spectral heat-transfer coefficient; 7, is the energy-
transmission coefficient for the s- or p-polarized waves.
For a multilayer structure, we use the TMM to acquire
the rigorous energy-transmission coefficient [54] and EMT
for the homogenization results [55]. The heat flux via
conduction, Qcep, 1S

Ocon = kKNSNp AT/d, 3)

where AT=T.— T;, N is the number of nanopillars, and
Snp is the top surface area of the nanopillars. Q.o, needs
to be converted into the power-density unit when applying
Eq. (1).

Figure 1(c) provides the cross-section view of sam-
ples obtained by scanning electron microscopy (SEM;
Zeiss, Germany). High-quality films with clear multilayer
interfaces are fabricated. The thicknesses of the SiC/Ge
and Si0,/Ge multilayers were precisely controlled to be
identical for different stacking orders by maintaining depo-
sition conditions. Overall, the multilayer thicknesses are
[SiC(60 nm)/Ge(48 nm)]; and [SiO,(50 nm)/Ge(62 nm)]s,
while the thickness nonuniformity is discussed in the
Appendix. It should be noted that samples with the same
compositions and thickness ratios but different stacking
orders demonstrate identical uniaxial parameters in terms
of the EMT approximation. In the quasistatic limit, we ini-
tially employ EMT to analyze the physical properties of
multilayers, considering the parallel (||) and perpendicular
(L) components of dielectric functions by [56]

81d1 + 82d2

T T a v

“)
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where ¢; and d; (with i =1, 2) represent the dielectric con-
stants and thicknesses of SiC (Si0,) and Ge, respectively.
Later, we show that the EMT approximation could qualita-
tively explain near-field coupling, although heat flux may
exhibit large deviations in amplitude at small gaps.

The dielectric functions of SiC and SiO, are ggic =
oo (@? — W} +iwy)/(@0* — who +iwy) and g0, =
€00 + Zj [gffg(n) + ig.; ()], respectively, and details can
be found in the literature [57,58]. Figure 1(d) depicts the
dielectric constants. SiC and SiO, are polar materials with
strong phonon resonances in the infrared bands. Usually,
SPhPs give rise to strong surface LDOS and significantly
enhance NFRHT. In this region, Ge simply behaves as
a lossless medium with a permittivity of approximately
16. To meet the long-wavelength approximation condition,
the unit period, p (=d+ d>), of multilayers should be far
smaller than the radiation wavelength and gap distance.
Under these conditions, the multilayer samples can be
approximated with a hyperbolic elliptic dispersion by [56]

kz k2 2
L2, (6)

€1 ] 02

where kj (k) is the in-plane (out-of-plane) wave vector
and c is the speed of light in a vacuum. Basically, the
hyperbolic dispersion relation can be satisfied with type-I
(e >0, e, <0) and type-II (¢, <0, &, > 0) configura-
tions.

Multilayer designs offer parametric freedoms in opti-
mizing optical properties to precisely match the spon-
taneous thermal emission spectrum of radiators. In the
quasistatic regime, the condition ¢, &) = —1 gives rise to
a near-field blackbody made of hyperbolic materials [59—
61]. However, achieving this condition is difficult due to
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material imperfections. Figure 1(e) shows the in-plane and
out-of-plane complex permittivity spectra of the homoge-
nized multilayers at realistic thicknesses. For the SiC/Ge
composite, there are two types of hyperbolic subbands,
namely, type I1€[1.50 x 10'* rad/s, 1.59 x 10'* rad/s]
and type 1€[1.59 x 10'* rad/s, 1.82 x 10'* rad/s], and
the SiO,/Ge composite exhibits two type-I hyperbolic
bands, that is, [0.89 x 10'* rad/s, 0.95 x 10'* rad/s] and
[2.06 x 10" rad/s, 2.35 x 10'* rad/s]. Based on Eq. (6),
when the loss is negligible, kj; can take very large val-
ues (ko= w/c,) for the type-I hyperbolic band, keeping
k. dominantly a real number, which is the key feature of
hyperbolic media. As for the type-II band, £, is only real
when k| > ,/e1ky. At our operating temperature range
(300350 K), the hyperbolic modes (HMs) dominate the
near-field thermal radiation, in particular for bands where
e1e) = —1 is approximately satisfied [61]. The peaks in
the permittivity spectra manifest phonon resonances of the
dielectric constituents.

1. MEASUREMENT RESULTS

Figure 2 shows the measured and calculated near-field
heat flux between different combinations of SiC/Ge and
[Si0;,/Ge] multilayers as a function of temperature bias,
AT=T.— T;. Results were obtained at the same gap dis-
tance of 270 nm. The experimental data were collected
through five measurement replicates. The Q error bars (too
small to be distinguished) are obtained from the accuracy
of the heat-flux sensor (3%). The temperature uncertainty
is £1 K and is not shown in the figure. The theoreti-
cal results are calculated in terms of the uncertainties in
chip bending, roughness, height of the nanopillars, and
multilayer thickness, as discussed in the Appendix. To
explore the significance of the SPhPs-mode coupling effect
in multilayers, experiments were conducted using con-
figurations I-I, I-1I, III-III, and III-IV. In scenarios II-II
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- g ]
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FIG. 2. Comparison of NFRHT between (a) I-I and I-II and (b) III-IIT and III-IV combinations, with AT = T.— T;. TMM and EMT
theoretical predictions (Orvmm and Qpmr) are plotted with shaded areas based on uncertainty analyses. Blackbody limit, Ogg (black
dashed line), is also provided. Experimental results, Qcxpt., are plotted as dot symbols with error bars (23%), which are relatively small

and indistinguishable in the figure.
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or IV-IV, the absence of a surface mode at the vacuum-
Ge interface indicates that these configurations are not
suitable for the investigation. Good agreement between
the measured (Qeyp.) and theoretical (Ormm) results val-
idate our experimental assumption on the conductive
contribution through nanopillars. We also show the black-
body limit, Opg, for comparison. The measured results
for combinations of samples I-I and III-IIT are 1.65 and
1.77 times, respectively, of the blackbody-radiation limit,
thereby indicating the positive role of SPhPs in NFRHT.
In Fig. 2(a), we see the achieved modulation depth of
5.40 for heat flux for combinations of samples I-I when
compared with samples I-II. Measurements indicate the
layer-stacking order in the emitter and receiver to be
prominent with respect to heat flux in the near-field sce-
nario. It seems reasonable, as the surface-mode coupling
is weak with the existence of a lossless-Ge outermost
layer. In addition, the heat flux, Qgmt, predicted by EMT
significantly deviates from experimental data for combi-
nations of samples I-I and I-II. Measurements show that
the outermost layer is critical when deciding the over-
all near-field heat flux, thus challenging the applicabil-
ity of EMT. In Fig. 2(b), we demonstrate the NFRHT
behaviors of [Si0,/Ge] multilayers for comparison. The
heat-flux discrepancy observed between the two combi-
nations of samples III-III and III-IV almost disappears,

’SiC/GC]3 TMM I-1
ENZ mode

corresponding to a small flux-modulation depth of 1.67.
EMT gives comparatively smaller prediction errors for
combinations of samples III-IV and III-III. Furthermore,
the proportions of near-field radiation, Qeypt., to the total
heat flux (Qexpt. + Ocon) at the data point with maximum
temperature bias are 78%, 40%, 79%, and 71% for samples
I-1, I-1, ITI-I11, and ITI-1V, respectively.

IV. DISCUSSION

To further understand the underlying physics related to
NFRHT between multilayer metamaterials, we obtained
the p-polarized transmission coefficient, 7,, as a func-
tion of normalized wave vector, kj/kg, and angular fre-
quency, w, using both the TMM and EMT. As Fig. 3
illustrates, basically, the dielectric multilayers support two
distinct types of resonance modes: one is frustrated modes
(FMs), where the waves are propagating inside the mate-
rial but evanescent under vacuum, and the other is SPhP
modes, with waves being evanescent at both sides. In
Fig. 3(a), for the combination of samples I-I (identi-
cal SiC/Ge multilayers), the TMM approach reveals two
prominent SPhP bands originating from the near-field cou-
pling of resonance modes between nearby SiC layers at
1.5-1.9 x 10" rad/s [57]. These strongly coupled modes

[Si0,/Ge],TMM III-1V

ENZ mode

FIG. 3. p-Polarized transmission coefficients, 7, of SiC/Ge and [SiO,/Ge] multilayers in different layer-stacking orders for emitter
and receiver calculated by the EMT and TMM approaches. Calculations are conducted at 270-nm gap distance. (a),(d) and (c),(f)
correspond to TMM calculations, where the light cone for SiC and SiO, are depicted as white lines. EMT results are plotted in (b),(e)

for comparison.
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can significantly enhance NFRHT by transferring evanes-
cent waves with large k). Similarly, enhanced transmission
due to the SPhP-resonance coupling for the combina-
tion of samples III-III (identical [SiO,/Ge] multilayers)
is observed at about 0.9 x 10'* and 2.1 x 10'* rad/s, as
shown in Fig. 3(d). Compared with SiC, the larger dielec-
tric loss of SiO, weakens the near-field coupling, as indi-
cated by the narrower distribution range for k| and broader
transmission peaks. In addition, enhanced photon trans-
mission due to the FM contribution is observed at about
1.47 x 10" rad/s in Fig. 3(a) and about 2.0 x 10'* rad/s
in Fig. 3(d), where multilayers exhibit a high-index lossy
material. However, when compared with the bounded sur-
face modes, the contribution ratio of FM is relatively small,
as it has a lower cutoff for the in-plane wave vector, i.e.,
ky < /¢iko (marked with white lines in Fig. 3). Besides
the FM and SPhP modes, one flat band profiled by the
white dashed lines also appears in Figs. 3(a) and 3(d) at
about 1.8 x 10'* and 2.3 x 10'* rad/s, respectively. Close
inspection indicates that this band could be attributed to
the classic epsilon-near-zero (ENZ) mode, where ¢ = 0 for
SiC or SiO; [62,63], excited at the interface of vacuum-
SiC or vacuum-SiO, of a thin slab. The ENZ mode related
to the uppermost dielectric layer offers another channel for
the tunneling of thermal evanescent waves.

Figures 3(b) and 3(e) plot the transmission coefficients
calculated by homogenizing the SiC/Ge and [SiO,/Ge]
multilayers into uniaxial anisotropic effective media. Inter-
estingly, the EMT gives rise to very similar dispersion
characteristics, with those shown in Figs. 3(a) and 3(d)
obtained by rigorous theory. In addition to the FM pattern,
hyperbolic diagrams exist; these are calculated using the
effective-medium approximation parameters described in
Fig. 1(e). There are two different types of hyperbolic bands
for the SiC/Ge medium and one type of hyperbolic band
for the SiO,/Ge medium. Coincidentally, the different-
ordered waveguide modes supported by the HM thin film
induce similar transmission features in the frequency and
wave-vector space to those considering interlayer-field-
coupling TMM results. From the comparison, it is reason-
able to conclude that, although it fails to give a quantitative
explanation of the near-field heat flux, the EMT analy-
sis in certain cases can still be meaningful to understand
the underlying physical process from the perspective of
homogenized media.

In Figs. 3(c) and 3(f), the emitter and receiver are
assembled with different layer-stacking orders. The notable
difference is that the two SPhP curves in Fig. 3(a) do
not converge at large k). Close inspection of the disper-
sion pattern indicates that this difference is caused by the
momentum mismatch between SPhP modes excited at the
vacuum-SiC and Ge-SiC interfaces when the multilayer’s
ingredients in the emitter and receiver are of asymmetri-
cal distribution. It is similar to previous results observed
between two monolayers of graphene having different

Fermi levels [64]. In a symmetric configuration, these two
SPhP modes become identical at very large wave vectors
and their bands merge when the decay length of the sur-
face mode becomes comparable to the gap distance. This
fine feature cannot be predicted by EMT, as it does not
consider the stacking order. For the [SiO,/Ge] multilayer,
comparing Figs. 3(d) and 3(f), we see that the transmission
patterns show little dependence on the layer-stacking order
for those related to the SPhP modes, primarily due to the
relatively high damping rate of SiO,. But in this case, the
ENZ mode nearly disappears in Fig. 3(f). It is reasonable,
as the ENZ mode for the outermost SiO, layer is sensi-
tive to the dielectric background. Without this mode, the
combination of samples III-IV has a very similar overall
transmission pattern [Fig. 3(f)] to that [Fig. 3(e)] predicted
by EMT, in agreement with their similar heat fluxes plotted
in Fig. 2(b).

Figure 4 shows the obtained spectral heat-transfer coef-
ficient, H(w), normalized to that of the blackbody, Hgp(w)
(=27ky?), for the SiC/Ge and [SiO,/Ge] multilayers.
We also provide the results for bulky SiC and SiO,
for comparison. In Fig. 4(a), the first peak appears at
1.49 x 10" rad/s, which stems from the FM contributions
of multilayers. In this region, the behaviors of bulk SiC,
EMT, and TMM results for combinations of samples I-
I and I-II are nearly the same. In contrast, the second
peak appearing around 1.75—1.85 x 10'% rad/s shows large
deviations. For the [SiO,/Ge] multilayer [Fig. 4(b)], the
first and second peaks emerge, respectively, at 0.93 x 104
and 2.10-2.40 x 10'* rad/s, corresponding to the two
phonon resonances of SiO,. For the results on identical
combinations (I-I and III-III), calculated by the TMM,
significant enhancement is attributed to the ENZ modes
of the outermost SiC and SiO, layers. The ENZ peaks

(a) 150 [SiC/Ge], thultilayer ' * ~SiC bullk =-=TMM L1
EMT :#&=—TMM I-]
2100 ¥ 1
m
=
T sofb 1
L A
13 1.4 1.5 1.6 e
(b) [Si0,/Ge], multilayer ¥ g Si0, bulk —==TMM III-1V
. a0k ® —EMT  ——TMM III-IIT|
= i,
m . %
5 20f Py
0 A
05 1S &0 >3

w (X 10" rad/s)

FIG. 4. Near-field spectral heat flux for different combinations
of (a) SiC/Ge and (b) [SiO,/Ge] multilayer samples. Spectral
heat flux is normalized to that of the blackbody with H/Hpgg.
Results of bulk SiC and SiO; are also provided for comparison.
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appear at 1.82 x 10'* and 2.33 x 10'* rad/s for SiC/Ge and
[SiO,/Ge], respectively; these values agree well with the
dispersion relation analyzed in Fig. 3. The EMT approx-
imation cannot predict the ENZ band, as it is purely a
localized mode originating from the outermost phonon
SiC or SiO; layer. This may be the major reason for
the discrepancy in heat flux calculated by the TMM and
EMT. Besides, compared with the bulk media, the shift of
the SPhP-resonance frequency also indicates the evolution
from bulk SPhPs towards ENZ modes in thin films.

Next, we theoretically explore the condition of applying
EMT to predict the NFRHT behaviors between dielectric
multilayers. We obtain the results of EMT compared to
TMM [log,, (hemt/hTMmm)] based on the same triple-period
[SiC/Ge]s and [SiO,/Ge]; multilayers, as Fig. 1(a) illus-
trates. The quantities gyt and Ay are the heat-transfer
coefficients obtained by taking partial derivatives of tem-
perature in Eq. (2) at 300 K. Figure 5 numerically plots
the flux deviations via the gap distance (d changing from
10 nm to 1 pm) and unit-cell period (p changing from 10
to 450 nm). The thickness of each layer is set to 0.5p.
The contour lines comprehensively evaluate the prediction
errors of EMT across the entire parametric space. In gen-
eral, EMT tends to overestimate NFRHT between multi-
layers, where the outermost layer does not support surface

10 100
d (nm)

FIG. 5.

(b)

(d)

1000 10

modes [Figs. 5(a) and 5(c)]. On the contrary, EMT under-
estimates NFRHT between multilayers, with an outermost
layer that supports surface modes [Figs. 5(b) and 5(d)]. The
effect of this deviation has positive or negative correlation
with the period or gap distance, respectively.

As discussed by Liu et al. [65], the application condi-
tions for EMT could be related to the quantity d/p, as these
two parameters could effectively influence the cutoff wave
vectors of surface modes or HMs. The EMT-application-
region boundaries are estimated with a relative error of
less than 10% (depicted as black dashed lines in Fig. 5).
Specifically, it implies d/p > 6.7 or 26 for different or
identical combinations of SiC/Ge multilayers, while for
the [SiO,/Ge] multilayers, the condition is d/p > 12 or 4,
respectively. Moreover, the conclusion may not be appli-
cable to II-II and IV-IV scenarios, because the Ge layers
could reduce the coupling between typical ENZ modes,
especially under extreme near-field conditions and indi-
cate a different SPhP-resonance frequency; this has been
theoretically discussed [66]. The application conditions for
different multilayers underscore the significance of experi-
mental verifications, as the coupling strengths of various
modes could greatly vary from one species to another.
These phenomena also coincide well with the previous
results in Figs. 2—4.

108, (g pr/Arppny)
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d/p=26
) 1.0
0.5
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0.5

1000
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Theoretical investigations of the relative error of EMT in predicting the NFRHT behaviors of (a),(b) [SiC/Ge]s and (c),(d)

[SiO,/Ge]; multilayers. (a),(c) Emitter and receiver combination with identical layer-stacking order, and (b),(d) with different layer-
stacking order. Quantity d/p depicts the border of 10% deviation, as profiled by the black dashed lines.
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V. CONCLUSION

From the infrared SiC/Ge and [SiO,/Ge] multilay-
ers fabricated in different stacking orders, the study
of NFRHT (between these multilayers) reveals good
agreement of the experimental results with the rigor-
ous TMM predictions. Super-Planckian thermal radiation
effects could be observed for samples with identical layer-
stacking orders for the emitter and receiver. The exper-
iment clearly indicates the failure of EMT at predicting
the near-field heat flux, especially when there is strong
surface-mode coupling, such as the ENZ mode. However,
EMT can give a qualitative explanation of the energy-
transmission process from the dispersion-band diagrams.
In certain cases, such as the emitter and receiver combi-
nation of asymmetrical [SiO,/Ge] stacking, EMT gives
a good estimation of heat flux. Theoretical discussions
on the applicability of EMT in NFRHT using the same
configurations indicate that EMT’s suitability depends
on the ratio of the gap distance to structural period,
which can vary significantly in terms of the multilayer
constituents.
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APPENDIX: UNCERTAINTY ANALYSIS

The uncertainty in theoretical heat-flux predictions
stems from various factors, including the bending of the
chip, the roughness of the sample, nonuniformity in the
height of the nanopillars, and nonuniformity in the thick-
ness of multilayers. Measurements of bending (B.) using a
white-light interferometer (NewView 8200 Series, ZY GO,
USA) revealed that the Si substrate exhibited superflat
bending conditions, ranging from —15 to 15 nm, with some

R; (nm)

o0
5 * Expt.
§28 | —Fitting,
=
226f. 5 : . ]
§ : ‘. 2 A
Té 24t
25.27 KIW
£n}
E
i S—
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AT (K)

FIG. 6. (a) Bending morphology (B;) of the substrate. Entire surface is divided into two regions by contour lines based on their level
of bending, as marked by white arrows. (b) Roughness (R.) of the multilayer sample. Measuring area is 5 x 5 pm?. Average roughness,
Ry, 18 1.6 nm. (c) Morphology of SU-8 nanopillar. Height of nanopillar is estimated by the average value of vertical distance of red
and green measuring bands. (d) Measured total thermal resistance of two adhesion layers of thermal conductive glue. Constant fitting
of total thermal resistance is 25.27 K/W, as marked in the figure.
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deviations at the four corners, as shown in Fig. 6(a). To
more accurately assess the gap-distance uncertainty, the
surface is divided into two regions: region I (B, =[—15,
15] nm, comprising 80% of the area) and region II
(B, =[—43.9, —15] and [15, 31.1] nm, comprising 20%
of the area). These regions with different bending condi-
tions may give rise to [—30, 30]- and [—62.2, 87.8]-nm gap
uncertainties, respectively. The roughness (R;) of the mul-
tilayer sample is evaluated using atomic force microscopy
(Dimension Icon, Bruker, Germany), as shown in Fig. 6(b).
The average roughness (R,y) is determined to be 1.6 nm,
leading to a gap-distance uncertainty of [—1.6, 1.6] nm.
Additionally, the height of SU-8 photoresist nanopillars
is measured to be 270 nm using a step profiler (Dektak
150, Veeco, USA), as depicted in Fig. 6(c). Accordingly,
the impact of nonuniformity in height may introduce a
gap uncertainty of [—6, 6] nm. Moreover, the uncertainty
of the multilayer thickness is determined from the SEM
images in Fig. 1(c), resulting in thickness uncertainties of
[SiC(—1.7,2.4) nm)/Ge(—1.4, 2.7) nm)]3 and [SiO,(—4.3,
3.3 nm)/Ge(—3.7, 2.4 nm)];. These are also included in
the uncertainty in theoretical heat-flux predictions, as the
lower bound of the prediction area accounts for the thick-
est Ge layer and thinnest SiC/SiO, layer condition, while
the upper bound represents the opposite scenario. Consid-
ering all the aforementioned uncertainties, predictions of
TMM and EMT are accordingly calculated: 80% of the

theoretical predictions are calculated with 2703;2 - nm

gap distance and 20% are with 2701@3:‘8l - nm gap distance,
as plotted in Fig. 2.

The uncertainties in experimental measurements arise
from the uncertainties in temperature and heat-flux mea-
surements. The temperature is measured by two thermis-
tors at the heat spreaders of the emitter and receiver sides.
However, the thermal resistance of adhesion layers could
introduce extra temperature uncertainties. To mitigate this
potential issue, as previously discussed [16], a calibration
measurement for the thermal resistance of the adhesion
layer (thermal conductive glue) is performed. Like the con-
figuration in Fig. 1(b), we replace the multilayer samples
with a single 500-um-thick Si chip, which directly con-
nects the up and down heat spreader with the same glue.
Given the high thermal conductance of Si (~140 W/m?K),
the measured total thermal resistance is comprehensively
determined by the combined resistance of the two adhesion
layers:

AT
os’

where AT is the temperature difference of the two heat
spreaders, Q is the heat flux measured by HFS, and S is
the surface area. As shown in Fig. 6(d), the measured Ry
is 25.27 K/W, with a root-mean-square error (RMSE) of
0.366 K/W. This yields a thermal resistance of 12.64 K/W

Riotal = 2Rglue = (Al)

for a single adhesion layer, which may lead to 1.2 K tem-
perature deviation at a heat flux of 1000 W/m?, and is
included in the plot of experimental data in Fig. 2. Regard-
ing such a small RMSE of thermal resistance data, the
uncertainty can be safely ignored. In this case, the temper-
ature uncertainty is primarily influenced by the accuracy
of the thermistor, which is £1 K, according to the sup-
plier. Additionally, the uncertainty of measured heat flux
is derived from the accuracy of the heat-flux sensor (3%),
which is incorporated as the error bars in Fig. 2.
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