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Abstract
With chemical stability under high temperatures, dielectric materials can be idealized thermal
emitters for different energy applications. However, dielectric materials do not support surface
waves at near-infrared ranges for longer-distance thermal photon tunneling, which limits their
applications in near-field thermal radiation. It is demonstrated in this study that thermal field
amplification at near-infrared wavelengths at dielectric surfaces could be achieved through
asymmetric Fabry–Perot resonance with anti-reflection coatings or 1D photonic crystal type
structures. ⩾100 nm near-infrared thermal photon tunneling can be achieved when these thin
film structures are added to the emitter and the collector surfaces. Among these two thin film
structures, 1D photonic crystal type periodic structures constructed with the same high refractive
index material as the emitter/collector material allow near-field thermal photon tunneling at
large parallel wavenumbers. Moreover, the field amplification can be increased by adding more
1D photonic crystal layers to achieve even longer distances near field thermal photon tunneling.

Keywords: antireflection, near-field, photonic crystal, photon tunneling, dielectric resonator

(Some figures may appear in colour only in the online journal)

1. Introduction

Narrowband thermophotovoltaic devices using only the radi-
ation wavelength close to the band gap of photovoltaic (PV)
cells are considered one of the potential ways of harvest-
ing thermal energy due to the prevention of thermalization
energy loss of photogenerated carriers in PV cells [1]. How-
ever, because of using narrowband radiative energy transfer
in narrow band thermophotovoltaic (TPV), the resulting very
small radiation flux from high-temperature emitters to the PV
does not support a high fill factor of PV cells and, hence, hurts
the energy conversion efficiency of TPV [2]. It is well known
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that radiative heat flux is proportional to the square of the
refractive index of the medium [3]. Thus, radiative heat flux
inside a high refractive index dielectric medium can be tens
to a hundred times higher than that in free space. To use this
high-intensity radiative heat flux leaked from a solid domain,
especially the near-infrared wavelengths, the collector should
be placed within∼10 nm away from the emitter surface [4, 5].
However, the required 10 nm separation distance between the
emitter and collector to efficiently harvest the radiative energy
inside a solid domain is prohibitive from an engineering point
of view.

It was proposed by Luo et al regarding two possible
methods for long-distance transport of evanescent waves, the
main component of the radiative energy leaked from a solid
domain in the near field [6]. First, using transport material
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supporting resonance of evanescent waves. Second, having a
large optical resonance to amplify the electromagnetic field
at solid interfaces in order to compensate for its exponential
decay with respect to the distance, which is the method we are
pursuing in this study.

It is well known that near-field thermal electric fields
can be amplified at metallic surfaces at near infrared (IR)
wavelengths with surface plasmon polariton, which can be
harvested with PV cells. [7, 8] However, metallic surfaces
can suffer from oxidation even under a vacuum environment
when temperatures are close to (or higher than) 1000 K. [9]
Dielectric materials, on the other hand, can be chemically
stable under high temperatures. However, intrinsic dielectric
material does not support surface waves at near-infrared (near
IR) wavelengths. Artificial dielectric material with a high-low
change in refractive indices can support Bloch surface waves
in 2D/3D photonic crystals [10]. Also, high-low change in
the refractive index can form asymmetric Fabry–Perot cavities
supporting anti-reflection resonance [11].

In this study, we explore high-low refractive index struc-
tures in the amplification of near-field thermal electric fields
at the interface to achieve a long tunneling distance of thermal
photons between two dielectric domains. We especially focus
on resonances induced by additional thin film dielectric struc-
tures on the emitter and the collector domains, which can be
easily fabricated with current thin film deposition methods.
The associated theoretical method is presented in the next
section.

2. Theory

Several different methods have been established to
numerically calculate near-field radiative heat transfer. For
convenience, we adopted a combination of the scattering mat-
rix method and the Wiener-Chaos expansion method demon-
strated in previous studies to solve Maxwell’s equations hav-
ing fluctuating thermal currents semi-analytically [8, 13]. In
thismethod, planewave expansion is applied to decompose the
electromagnetic fields into transverse electric (TE) and trans-
verse magnetic (TM) modes. By using plane wave expansion,
radiative heat flux from z= z ′ plane of the emitter in TE and
TM modes with horizontal (or parallel) wavenumbers kx and
ky, determining the propagation direction of radiation, can be
expressed as follows [12, 14]

TE mode radiation flux =
1
2
Re

[
1
ωµ

|ETE(kx,ky,z
′)|2k∗z

]
(1)

TM mode radiation flux =
1
2
Re

[
1
ωε

|HTM(kx,ky,z
′)|2kz

]
(2)

with |ETE(kx,ky,z ′)| and |HTM(kx,ky,z ′)| the amplitude of
the thermal electric field in TE modes and the amplitude of
the thermal magnetic field in TM modes, respectively; ω the
angular frequency of the radiation; ε and µ the permittivity

and permeability of the emitter; kz =
√

ω2εµ− k2x − k2y ; ‘
∗’

the complex conjugate. Spectral radiative heat flux below the
upmost surface of half infinity solid domain 1 (i.e. z = 0+

surface of the emitter), q ′ ′
1, can then be expressed with the

following equation (3),
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By using a generalized Wiener-Chaotic expansion tech-
nique, |ETE(kx,ky,z ′)| and |HTM(kx,ky,z ′)| can be determined
as [12, 14]

|ETE(kx,ky,z
′)|2 = 1

4π 3
ε0ε

′ ′
1Θ

ω3µ2

kzk∗z
exp(−2k ′ ′zz) (4)
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4π 3
ε0ε
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(
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)
× exp(−2k ′ ′zz) (5)

with ε0 the vacuum permittivity, ε the permittivity of the
emitter equaling to ε0(ε1

′ + iε ′ ′
1), and kz = k ′z + ik ′ ′z in the

emitter. Θ is the mean energy of the Planck oscillator as
Θ= ℏω

exp(ℏω/kBT)−1 with ℏ the reduced Planck constant and
kB the Boltzmann constant. Therefore, the spectral radiat-
ive heat flux q ′ ′

1(ω,T) near the surface of the hot emit-
ter domain for a given emitter temperature T can be reor-
ganized and expressed as follows by inserting equations (4)
and (5) into equation (3) with k ′ ′z = ε ′ ′

1ε0µω
2/2k ′z and(
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When the radiative heat flux is transported from an emit-
ter to a parallel collector across a gap with/without dielectric
optical resonators, the transported radiative heat flux q ′ ′

1−2

can be expressed as [13]

q ′ ′
1−2(ω,T) =

1
8π 3
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(7)

subscript 1 and 2 referring to domain 1 and domain
2;FTE(kx,ky) and FTM(kx,ky) the radiation power ratio at z=
d− (just arriving at the collector) and z= 0+ (before leav-
ing the emitter) surfaces of figure 1 in TE or TM modes,

respectively. RE
[
k ′1z
kz

]
FTE(kx,ky) and 1

8π 3Θ(ω,T), are defined
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Figure 1. Illustration of the coordinate system. ‘d’ is the separation
distance between the hot emitter and the cold collector [12].
Reproduced with permission from [13].

as normalized directional spectral radiation intensity in TE and
TMmode (i.e. NDRTE and NDRTM), respectively, considering
1

8π 3Θ(ω,T) is the directional spectral radiation intensity from
a blackbody. In other words, 1

8π 3Θ(ω,T) is used to normalize
the direction spectral radiation intensity of near-field radiation
for the following data analysis.FTE(kx,ky) andFTM(kx,ky) val-
ues are determined with scattering matrix methods [13, 15–
18]. Because of the axial (or circular) symmetry of geometries
in this study, we can use the results of ky = 0 to demonstrate
the full characteristic of the system [12, 14, 19, 20].

3. Results and discussions

With the scattering matrix approach, we first determine the
NDRTE and NDRTM from a dielectric emitter to a dielectric
collector in a configuration similar to figure 1. Both medi-
ums are semi-infinitely large with a constant refractive index n
equal to 6+ 0.001i. n= 6 is among the largest value of infrared
dielectric material [21]. The very small imaginary part of the
dielectric constant is added to the emitter/collector domain to
have intrinsic thermal radiation when the temperature is lar-
ger than 0 K [22]. Figure 2 shows the NDRTE and NDRTM

when the separation distance of the two semi-infinite dielec-
tric domains is equal to 10 nm or 100 nm. As in figure 2, the
radiation intensity is mainly within the light cone of n = 6.
NDRTE is stronger than NDRTM for large parallel wavenum-
ber kx. When the separation distance between the two semi-
infinite domains is increased to 100 nm, NDRTE becomes
weak except for low frequencies for which the thermal radi-
ation wavelength is still much larger than the 100 nm sep-
aration distance. The very small NDRTE for higher frequen-
cies in figure 2(c) can be understood with the very high
reflectivity and the associated very low absorptivity/emissivity
of a very high refractive index domain adopted in this study.
NDRTM shows a similar trend with very small radiation
intensity between two high refractive index domains having a
100 nm separation (figure 2(d)). One unique characteristic of
the NDRTM is the extraordinarily large value close the Brew-
ster’s angle when the reflectivity is nearly zero. The character-
istics observed in figure 2 from the scattering matrix analysis

agree with solutions from the analytical solution of near-field
thermal radiation. [22]

Next, we add a single dielectric thin film providing anti-
reflection type resonance through anti-symmetric Fabry–Perot
resonance as in figure 3 [11]. The refractive index n of dielec-
tric films to achieve anti-reflection follows the thin film the-
ory. [23] The thickness of the dielectric thin film determin-
ing cut-off resonance frequency is λ/4n based on the design
of anti-reflection coating. λ = 2 µm is adopted in this study,
among the longest near-infrared wavelength in thermophoto-
voltaic applications. Figure 4 presents the NDRTE and NDRTM

between two semi-infinite domains with the additional thin
anti-reflection coating.

The thin anti-reflection dielectric film supports strong
NDRTE and NDRTM outside of the light cone of a vacuum
(i.e. the solid red line in figure 4). However, the dispersion rela-
tions of strong radiation are different for TE and TM polariz-
ations. Large NDRTE is confined to two well-separated bands
in figure 4(a). In addition to the two main dispersion bands,
enhanced near-field radiation can be observed at a very low fre-
quency when the wavelength of the thermal radiation is much
larger than the 100 nm gap. On the other hand, the disper-
sion relations for the large NDRTM do not show such strong
confinement into two separated bands as in the NDRTE, and
more dispersion curves are presented in figure 4(b). Also, the
NDRTM is significantly weaker than NDRTE for larger parallel
wavenumber kx values. Field distribution from the emitter to
the collector across the anti-reflection films is determined with
the finite element method (FEM), as in figure 3.

As illustrated in figure 3, the resonance field in the anti-
reflection coating is much stronger than the tunneled field
in the collector from the emitter across the vacuum gap in
TE mode. On the other hand, the resonance field in the anti-
reflection coating has a similar magnitude as the tunneled field
in the collector domain for TM mode radiation. The larger
reflectivity values at the two interfaces of the anti-reflection
coating under the TEmode radiation compared with that under
the TM mode could be the reason for the stronger reson-
ance field and associated stronger thermal field amplification/
photon tunneling at a larger kx value under the TE mode radi-
ation. Note that for both TE and TM modes, the near field
thermal photon tunneling is mainly confined within the light
cone for n= 2.45 because the field resonance inside dielectric
structures requires propagation of electromagnetic waves. Rhe
refractive index of the thin dielectric film should be increased
to extend kx values allowing strong thermal photon tunneling.
However, thin film anti-reflection coatings cannot have a very
high refractive index based on the required impedance match-
ing condition.

Thus, we examined the second approach to enhance
thermal photon tunneling distance with pure dielectric struc-
tures by adding a lossless thin film with n = 6 on top of the
dielectric domains, as illustrated in figure 5. The n = 6 high
refractive index film (e.g. with GeSbTe [21]) can allow thermal
electric propagation, amplification, and thermal photon tun-
neling at large kx values. Note that the thin film cannot directly
contact the dielectric emitter/collector. Otherwise, the NDRTE

3
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Figure 2. Near field radiation between two semi-infinite large domains with refractive index n = 6 + 0001i. (a) NDRTE when two domains
have a 10 nm separation, (b) NDRTM when two domains have a 10 nm separation, (c) NDRTE when two domains have a 100 nm separation,
and (d) NDRTM when two domains have a 100 nm separation. White dashed line indicates the light line of an n = 6 medium. Solid red line
indicates the light line in a vacuum. Green dashed line indicates Brewster’s angle.

Figure 3. Geometry and field distribution from the emitter to the
collector with anti-reflection coatings. (a) Ez value during TE
thermal electric field transport when ω/2π c= 1(1µm−1) and
kx/2π = 1.82(1µm−1), (b) Hz value during TM thermal electric
field transport when ω/2π c= 1.6(1µm−1) and
kx/2π = 2(1µm−1).

and NDRTM will be the same as those in figure 2. A 30 nm gap
is selected in this study between the n = 6 thin film and the
top surface of the emitter/collector after several tests to have
good coupling efficiency. The 30 nm gap can be maintained

with porous low refractive index structures having a refractive
index very close to one [24]. As a simplification, the refractive
index of the 30 nm gap is equal to one in all calculations. We

expect the additional n = 6 thin film slightly away from the
dielectric emitter/collector can support the propagation of the
electric field in its waveguide mode. Converting the coupled
thermal electric field from the emitter to propagating modes of
the thin film can accumulate and amplify the thermal electric
field at the thin film, similar to the surface plasmon of conduct-
ive material. Thus, strong thermal photon tunneling can hap-
pen across a 100 nm gap, as in the previous case using anti-
reflection coatings. The film thickness is equal to λ/4n with
n = 6 and λ = 2 µm in figure 5.

Figure 6 shows the NDRTE and NDRTM between the emit-
ter and the collector with the addition of n = 6 thin film.
The dispersion curves showing strong radiative energy trans-
fer from the emitter to the collector domain correspond to the
waveguide modes in the n = 6 film at 30 nm away from the
emitter/collector. Because the n = 6 film has a higher refract-
ive index than the anti-reflection film in the previous case,
strong near-field photon tunneling can happen at larger kx val-
ues for given frequencies. Moreover, TM has an additional
strong photon tunneling dispersion curve along Brewster’s
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Figure 4. Near field radiation between two semi-infinite large domains with refractive index n = 6 + 0001i having a thin anti-reflecting
film coating. (a) NDRTE when two domains have a 100 nm separation and (b) NDRTM mode when two domains have a 100 nm separation.
Red dashed line indicates the light line of an n = 2.45 medium.

Figure 5. Geometry and field distribution from the emitter to the
collector with one n = 6 layer. (a) Ez value during TE thermal
electric field transport when ω/2π c= 1.3(1µm−1) and
kx/2π = 2.3(1µm−1), (b) Hz value during TM thermal electric field
transport when ω/2π c= 1.8(1µm−1) and kx/2π = 2.3(1µm−1).

angle, as in figure 2(b), due to the nearly zero reflection. Note
that the trends of the dispersion curves of strong NDRTE and
NDRTM show similar characteristics with transmission band
edges of 1D photonic crystals for both the TE and TM mode
radiations. The FEM is applied to better understand the field
distribution from the emitter to the collector domain during
enhanced photon tunneling due to the presence of a single
layer n = 6 film. FEM results in figure 5 show the periodic
variation of the electromagnetic field as propagation waves
along the n = 6 film under the selected photon tunneling con-
dition have much stronger strength than the tunneled field in
the collector domain. Because the selected photon tunneling
conditions are at the upper branch of the dispersion curves in
figure 6, a full period of the electromagnetic field (i.e. varying
from red to blue) can be observed along the vertical direction
of the n = 6 films.

Considering the number of propagation modes is propor-
tional to the thickness of a slab-type waveguide, we then triple
the thickness of the n = 6 film to study the effects on the
number of dispersion curves showing strong radiative energy
transport. Figure 7 shows the NDRTE and NDRTM between

the two dielectric domains with a single layer of n = 6 film
having a thickness of 250 nm. The numbers of dispersion
curves showing strong radiative energy transport are three
times more than the numbers in figure 6. Also, each dispersion
curve in figure 7 is narrower (i.e. more confined) than those in
figure 6.

Because the dispersion relation of strong radiative energy
transfer is similar to the transmission band edges of 1D
photonic crystals, it is interesting to test whether the field amp-
lification is also proportional to the number of n = 6 films as
in Bloch surface waves of 1D photonic crystals [25]. Figure 9
shows the simulated NDRTE and NDRTM between the full
dielectric emitter/collector domain separated by a 300 nm dis-
tance when 1, 2 and 3 layers of n = 6 coatings are added on
top of the emitter/collector domain as in figure 8.

If we use ω/2π c∼ 1.1
(
1µm−1

)
for TE mode radi-

ation and ω/2π c∼ 0.9
(
1µm−1

)
for TM mode radiation as

examples, the photon tunneling strength at large kx values
increases with respect to the number of n = 6 layers on top
of the emitter/collector domain. Each n = 6 layer has a 30 nm
vacuum separation with the nearby layers, as in figure 8.
Also observed is the increased number of dispersion curves
showing strong radiative transport between the two dielectric
domains when the number of n = 6 layer on the emitter/-
collector domain is increased. Such an increase in propaga-
tion modes with respect to the number of high-low index lay-
ers is present in other 1D hyperbolic materials with laminate
structures [26].

Figure 8 shows the field distribution from the emitter to
the collector when three layers of n = 6 coatings are added
on top of the emitter/collector surfaces, determined with the
FEM method (figure 8). Based on the obtained field distribu-
tion, field strength in the n = 6 coatings increases when they
are away from the emitter surface at conditions of strong near-
field photon tunneling. This trend is more obvious if we com-
pare the field intensity at the first and the third layer of the n= 6
films adjacent to the emitter. Such field amplification trend is
similar to that at the surface of a truncated 1D photonic crystal
supporting Bloch surface waves.
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Figure 6. Near field radiation between two semi-infinite large domains with refractive index n = 6 + 0001i having a layer of n = 6
dielectric film with a thickness equal to 83.333 nm at a 30 nm distance away from the emitter/collector domain. (a) NDRTE when two
domains have a 100 nm separation and (b) NDRTM when two domains have a 100 nm separation. The broken dispersion lines in (b) plot are
because of the x and y resolution (200 × 500) of the simulation.

Figure 7. Near field radiation between two semi-infinite large domains with refractive index n = 6 + 0001i having n = 6 dielectric films
with a thickness of 250 nm at a 30 nm distance away from the emitter/collector domain. (a) NDRTE when two domains have a 100 nm
separation and (b) NDRTM when two domains have a 100 nm separation.

Figure 8. Geometry and field distribution when the emitter/collector with three n= 6 layers under photon tunneling conditions. (a) Ez value
during TE thermal electric field transport when ω/2π c= 1.1(1µm−1) and kx/2π = 1.4(1µm−1), (b) Hz value during TM thermal electric
field transport when ω/2π c= 0.93(1µm−1) and kx/2π = 1.25(1µm−1).
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Figure 9. Near field radiation between two semi-infinite large domains with refractive index n= 6+ 0001i and multiple top layers of n= 6
dielectric films. Each layer of the n = 6 dielectric films is 83.333 nm thick and has a 30 nm separation distance from adjacent layers.
Between the emitter and the collector is a 300 nm vacuum gap (compared with a 100 nm vacuum gap in previous cases). (a) NDRTE results
with one layer of n = 6 dielectric film on the emitter/collector, (b) NDRTM results with one layer of n = 6 dielectric film on the
emitter/collector, (c) NDRTE results with two layers of n = 6 dielectric film on the emitter/collector, (d) NDRTM results with two layers of
n = 6 dielectric film on the emitter/collector, (e) NDRTE results with three layers of n = 6 dielectric film on the emitter/collector, and
(f) NDRTM results with three layers of n = 6 dielectric film on the emitter/collector.

With the NDR vs. kx relations presented in previous
sections, we then determine the spectral emission power
between the emitter and the collector with/without surface
treatments such as anti-reflective coating (figure 5) or three-
layered 1D photonic crystal type (figure 8) structures. Cir-
cular symmetry of the geometry and the resulting thermal
radiation is applied to calculate the spectral emission power

from NDR(ω, kx) when the vacuum gap between the emit-
ter and collector domain is 100 nm. The obtained spectral
emission power in figure 10 is normalized with the spec-
tral emission power of a blackbody in TM or TE mode
(i.e. ℏω3

8π 3c2[exp(ℏω/kBT)−1] ). With no surface treatments, spec-
tral emission power between the emitter and the collector is
lower than blackbody radiation at high angular frequencies

7
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Figure 10. Spectral emission power between two semi-infinite large domains with refractive index n = 6 + 0001i separated with a 100 nm
vacuum gap. (a) TE mode radiation with no surface treatments on the emitter and the collector, (b) TM mode radiation with no surface
treatments on the emitter and the collector, (c) TE mode radiation with anti-reflecting coating, as figure 5, on the emitter and the collector,
(d) TM mode radiation with anti-reflecting coating, as figure 5, on the emitter and the collector, (e) TE mode radiation with three-layered 1D
photonic crystal type structure, as figure 8, on the emitter and the collector, and (f) TM mode radiation with three-layered 1D photonic
crystal type structure, as figure 8, on the emitter and the collector.

(ω/2π/c > ∼0.7 for TE mode radiation and ω/2π/c > ∼0.5
for TMmode radiation) under which the radiation wavelength
is short (figures 10(a) and (b)). When anti-reflective coatings
are added, the spectral emission power is increased at the
high angular frequencies (figures 10(c) and (d)), especially
at the frequencies when optical resonance bands appear in
figure 6. When three-layered 1D photonic crystal type struc-
tures are added, enhancements of spectral emission power are
also present at the angular frequencies when resonance hap-
pens in the structure (figures 10(e) and (f)). The optical res-
onance bands of three-layered 1D photonic crystal type struc-
tures mainly happen at ω/2π/c < ∼0.6 or ω/2π/c > ∼1 for
TE mode radiation. For TMmode radiation, the optical reson-
ances shifts to ω/2π/c > ∼0.5, as in figure 9. Note that both
the anti-reflective coating and three-layered 1D photonic crys-
tal type structures can reduce the spectral radiation intensity

between the emitter and the collector when no optical reson-
ance happens in the additional thin film structures.

Calculations of spectral emission power are also performed
by replacing the n = 6 collector with a GaSb PV cell com-
monly used in TPV cells to verify the ability of anti-reflecting
coating and 1D photonic crystal type structures to enhance
the performance of near field TPV devices. As illustrated
in figure 11, the spectral emission power from the n = 6
emitter to the GaSb collector is also improved at similar
angular frequencies when optical resonance happens, as in
figure 10. The slightly reduced enhancement of the spec-
tral radiation power in figure 11, compared with those in
figure 10, is due to the non-symmetry of the emission and
collection domain when the collector is replaced with the
GaSb PV cell having a different refractive index with the
emitter.

8
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Figure 11. Spectral emission power between n = 6 + 0001i emitter and a GaSb collector separated with a 100 nm vacuum gap. (a) TE
mode radiation with no surface treatments on the emitter and the collector, (b) TM mode radiation with no surface treatments on the emitter
and the collector, (c) TE mode radiation with anti-reflecting coating, as figure 5, on the emitter and the collector, (d) TM mode radiation
with anti-reflecting coating, as figure 5, on the emitter and the collector, (e) TE mode radiation with three-layered 1D photonic crystal type
structure, as figure 8, on the emitter and the collector, and (f) TM mode radiation with three-layered 1D photonic crystal type structure, as
figure 8, on the emitter and the collector.

4. Conclusion

In conclusion, the high radiation intensity inside a high
refractive dielectric material can tunnel across a >100 nm
vacuum gap, which is valuable for different energy applic-
ations by using pure dielectric structures supporting field
resonance and/or wave propagation. We successfully demon-
strated that anti-symmetric Fabry–Perot resonance with anti-
reflection coating and 1D photonic crystal type periodic high-
low refractive index structures could be two of the choices
that can amplify the thermal electric field on a dielectric
domain for the longer distance thermal photon tunneling.
The parallel wavenumber allowing field amplification and
the thermal photon tunneling is determined by the refract-
ive index of the pure dielectric structure supporting the
field resonance and/or wave propagation. Compared with

anti-symmetric Fabry–Perot resonance with anti-reflection
coating, 1D photonic crystal type periodic structures can be
constructed with higher refractive dielectric materials as the
emitter/collector domain. Thus, 1D photonic crystal type peri-
odic structures can be preferred in the long-distance tunneling
of thermal photons from high refractive index emitters/collect-
ors. Moreover, the amplification with the 1D photonic crystal
type periodic structures is increased with respect to the num-
ber of high-low index layers. By using these characteristics,
we expect chemically stable high intensity near field thermo-
photovoltaic devices having a 100’s nm vacuum gap can be
constructed with pure dielectric materials, which is feasible
with current fabrication techniques. In real applications, we
will design thin film structures having photon tunneling fre-
quencies slightly higher than the band edge of the PV cells of
the thermophotovoltaic devices. Thus, even with a small shift
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of the actual photon tunneling frequencies, compared with the
design due to the machining accuracy, the tunneled photons
can still be absorbed by the PV cells as electricity output.
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