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Due to the contribution of photon tunneling, the output power of near-field thermophotovoltaic
(NFTPV) devices can surpass that of far-field thermophotovoltaic devices by several orders of magni-
tude, which has recently drawn extensive attention. Previous research explores the enhancement brought
by hyperbolic materials, but little investigation has been done on the frequency shift of hyperbolic bands.
Hyperbolic metamaterials acquire the hyperbolic properties through complex nanofabrication processes.
However, calcite (CaCOs3), as a natural hyperbolic material, possesses hyperbolic properties without the
need for expensive processing. Despite this, CaCOs is rarely chosen as the thermal emitter in NFTPV
devices. In this work, we propose an NFTPV device using CaCOj as the thermal emitter and an InSb p-n
junction as the PV cell. Furthermore, we compare the performance of four structures to analyze the effect
of the graphene layer on the CaCO3-InSb NFTPV devices we propose. The numerical results demonstrate
that the CaCOs/graphene/InSb structure exhibits the best performance based on the assumption of con-
sidering only radiative recombination. The CaCOs3/graphene/InSb structure simultaneously achieves 41%
efficiency and 94 W/cm? output power density when the temperature of the thermal emitter is 900 K.
The physical mechanism of the significantly improved performance of the NFTPV device arises from
the frequency coupling between the hyperbolic resonance and the interband transition of the InSb p-n
junction, where the surface plasmon polaritons excited in graphene make a promotion role. Moreover,
we discuss the impact of the gap distance, the temperature of the thermal emitter, and the thickness of the
thermal emitter on the performance of NFTPV devices. Our research contributes to understanding the cou-
pling of surface plasmon polaritons and hyperbolic phonon polaritons and the design of high-performance
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thermophotovoltaic device.
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I. INTRODUCTION

Thermophotovoltaic (TPV) cells have garnered signifi-
cant attention as solid-state heat engines that can efficiently
convert infrared light into electric energy. Compared to
turbine-based generators, TPV cells offer superior perfor-
mance in extracting work from any heat source [1-10].
As a result, TPV cells hold promising prospects in var-
ious applications, including thermal energy-storage sys-
tems [11,12], solar radiation [13—16], combustion [17,18],
and waste heat recovery [19]. Their ability to effectively
harness and convert thermal energy makes TPV cells a
viable solution in these fields.
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A TPV system is comprised of a thermal emitter and
a photovoltaic (PV) cell. Typically, the thermal emit-
ter is made of either metal or hyperbolic metamaterials,
while the PV cell consists of semiconductor p-n junc-
tions. Remarkable amplification of near-field radiative heat
transfer (NFRHT) can occur when the distance between
the thermal emitter and PV cell is smaller than the charac-
teristic thermal wavelength. This amplification is a result
of the contribution of coupled evanescent waves. The
excitation of surface plasmon polaritons (SPPs) [20-24]
and surface phonon polaritons (SPhPs) [25-27] further
enhances the performance of the near-field thermophoto-
voltaic (NFTPV) device. In addition, hyperbolic materials
(HMs) are used as thermal emitters. Hyperbolic phonon
polaritons (HPhPs) [28—34] with a narrow-band character-
istic assist in achieving a high-performance NFTPV device
[35,36].
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CaCQOs, a natural HM, holds great potential in enhancing
the performance of NFTPV devices due to its hyperbolic
dispersion in wavevector space, which can support high
wavevector modes. In TPV systems, InSb is commonly
employed as a narrow band gap semiconductor [7,8,35,36].
However, there is still a considerable mismatch between
the frequency of the band gap of InSb and the emission
spectrum of CaCOs. A recent study by Zhang et al. inves-
tigated the impact of the optical axis (OA) orientation of
CaCOj3 on the NFRHT between two parallel CaCOj; struc-
tures. It was found that by changing the orientations of the
OA, the spectrum of CaCO; can be reshaped, potentially
allowing for the absorption of more useful photons and
thereby boosting the performance of the NFTPV device
[37]. Additionally, Messina et al. proposed a graphene-
covered TPV device and demonstrated that it can improve
the efficiency of the TPV cell and the produced current,
highlighting the potential of graphene in enhancing the
performance of NFTPV devices [8]. Despite these poten-
tial benefits, there is currently a lack of research on the use
of CaCOs as a thermal emitter in NFTPV devices. There-
fore, further investigation is necessary to fully explore the
potential of CaCO; and determine its effectiveness in this
application.

In this work, we present an NFTPV device utilizing
CaCOj; as the thermal emitter and an InSb p-n junction
as the PV cells. To analyze the effects of a graphene layer
on the performance of the CaCO;-InSb NFTPV devices,
we compare four different structures: (i) CaCO3-InSb, the
initial structure; (ii) CaCO3-G/InSb, where the InSb p-n
junction is covered with a graphene layer; (iii) CaCO3 /G-
InSb, where the thermal emitter is covered with a graphene
layer; and (iiii) CaCO3/G-G/InSb, where both the ther-
mal emitter and PV cell are covered with a graphene layer.
Additionally, we investigate the impact of the gap dis-
tance, temperature of the thermal emitter, and thickness
of the thermal emitter on the performance of the NFTPV
devices.

II. MODELING AND METHODS

The schematic diagram of the NFTPV device is shown
in Fig. 1. Four designs are set up in this work, namely
(1) CaCOs3-InSb, (ii) CaCO3-G/InSb, (iii) CaCO3/G-InSb,
and (iiii) CaCO3/G-G/InSb. The gap distance is d, the
chemical potential u, of graphene is 1.0 eV, the thickness
of the thermal emitter is 4, and the PV cell is semi-
infinite. The temperatures of the thermal emitter and PV
cell are Tyt and Tie, respectively. Notably, the temper-
ature of the graphene layer is the same as the attached
surface.

CaCOgs is a uniaxial HM with two Reststrahlen bands
(RBs). When the OA of CaCOj; is aligned with the
x axis, the permittivity is expressed by the following
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FIG. 1. illustration of NFTPV devices. The

Schematic
NFRHT between the emitter and absorber is aligned with the z
axis.
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where m=_1, | for the permittivity either parallel or
perpendicular to the z axis, w is the angular frequency.
Relevant parameters are obtained from Ref. [37].

The real permittivity components of CaCOs; are
shown in Fig. 2. The spectral ranges of type-I hyper-
bolic band (band 2) and type-II hyperbolic band (band
3) are in the regions of 1.63—1.75x 10'* rad/s and
2.64-3.18 x 10" rad/s, respectively [37].

The optical properties of the graphene layer are
expressed by the electrical conductivity og, which con-
sists of intraband o p and interband 0, i.e., 0, =0p+ 0.
The equation can be calculated by the following equations

[38,39]:
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FIG. 2. (a) The real permittivity components of CaCOs. (b)

The real and imaginary parts of graphene conductivity vary with
frequency.

where G(&) denotes a dimensionless function. t denotes
the electron scattering time set to 100 fs [40]. 7, denotes
the temperature of the graphene layer. e, K, h denote the
electron charge, Boltzmann constant, and reduced Planck
constant, respectively.

We aim to increase the spectral heat transfer above the
band gap of InSb and reduce that under the band gap of
InSb. The reason is that the photovoltaic effect generates
electron-hole pairs (EHPs) only when photons with energy
above the band gap emitted by the thermal emitter are
absorbed by the PV cell. In addition, photons below the
band gap frequency do not possess enough energy to gen-
erate EHPs but cause parasitic heating and thus reduce the
efficiency of the NFTPV device.

The permittivity of InSb is expressed by the following

equation [41]:
. 2
o= (n+ 52 )
2w

where the refractive index n =3.96 [42] and c is the speed
of light in vacuum. «(w) is a step function describing the
photon absorption, as follows:

b
Qo\/0/Ogp — 1, © > Wgap

where the absorption rate g = 0.7 pm ™. wg,, denotes the
angular frequency corresponding to the band gap of InSb,
which is calculated by the following equation:

(6)

Wegap = n (7)

Egyp 1s the temperature-dependent band gap energy of InSb
[43]:

2
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where the band-gap energy Ey,, =0.17 €V and wg,p =
2.62 x 10" rad/s when T =300 K.

The NFRHT between the emitter and absorber is calcu-
lated by the following equation [1]:

+00
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where Qapove and Qunger are the net energy between the
emitter and absorber at the upper and lower of the bandgap,
respectively. ® (w, T, V) = hw/{exp[(hw — eV)/KpT] — 1}
represents the mean energy of Planck thermal harmonic
oscillator. /" denotes the voltage. At w < wgap, V'=0.

In Eq. (9), ®(w) is the spectral heat flux (SHF) and is
calculated by the following [44]:

1 27 [e%)
D)= /0 /0 E(w, B, d)BdBdS,  (10)

where 8 represents the parallel wavevector; ¢ denotes the
azimuthal angle. &£ (w, 8, ¢) represents the energy transmis-
sion coefficients (ETCs), which can be calculated by the
following equation:

Tr[I — R3R; — T5T,)DI — RIR;
—TiT)D*], B <ko

Tr[(R; — R;)D(R; — R})D*] ’
e 2lkld B>ko
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(11

where ky = w/c denotes the vacuum wave vector. 1 and
2 denote the thermal emitter and cell, respectively. Note

that k, = \/kj — B? denotes the perpendicular wave-vector

component in vacuum, and d denotes the gap between
the two bodies. R and T denote p or s polarization Fres-
nel’s reflection and transmission coefficients, which are
calculated by the following equation:

12 .12 12 12
) 2 t: t:
s sp S8 sp
Ro=1 1, npTe=|1, | (12)
) o ) s ta ta
s pp ps ‘pp

where D denotes a Fabry-Perot-like denominator matrix
and can be calculated by D = (I — R;R,e¥%9) =1 Rele-
vant parameters are obtained from Ref. [45].
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(a) SHF of the CaCOj;-InSb structure with different OAs. (b) The output power P of the CaCO3-InSb structure with different

optical axes. (c) The efficiency 5 of the CaCO3-InSb structure with different optical axes. Here, the thermal emitter is bulk, d is 20 nm,

Tomit 1s 900 K, and Ty is 300 K.

Based on the detailed balance analysis, we calculated
the performance of different structures [42,46]. The current
density J in the cell can be calculated by the following
equation:

J =e[F2(0) — Fo) (D], (13)

where e is the elementary charge. In this work, we con-
sider only radiative recombination and ignore nonradiative
recombination (Auger recombination, etc.). Fj; represents
the number flux of photons of energy above the band gap
from object 7 to j, with subscript 1 representing the emitter
and 2 representing the cell [1]:

0w, T, Vi
Fy = / O@- T 4 oy,

(14)
&ap ha)

We assume that all incident photons are absorbed and that
each photon with energy more remarkable than the band
gap produces an EHP. The approximation is widely used
in Refs. [8,47].

The output electric power density P can be calculated
from

P=Jr. (15)

The efficiency 7 is calculated using

n x 100%. (16)

Qunder + Qabove

ITI. RESULTS AND DISCUSSIONS

First, we analyze the performance of the NFTPV system
consisting of CaCOj3 with different orientations of OA and
InSb cell. When the OA is along the x axis, CaCQO3 has
excellent in-plane anisotropy. Therefore, the excitation of
volume-confined and surface-confined hyperbolic polari-
tons in CaCOs further promotes the NFRHT. As shown
in Fig. 3(a), when the OA is along the x axis (case A),
the SHF between the CaCO3-InSb structure is greater than
when the OA is along the z axis (case B) in band 3.
In addition, the frequency range of band 3 is above the
band gap frequency. Therefore, more useful photons can
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FIG. 4. The output power P and efficiency n vary with the gap distance for four structures. (a) Output power. (b) Efficiency. Here,

the thermal emitter is bulk.

be absorbed, improving the performance of NFTPV sys-
tems. The output power P of case A is also larger than
case B, as shown in Fig. 3(b). Furthermore, case A per-
forms better in efficiency when voltage V gets a larger
value, as shown in Fig. 3(c). Specifically, the output power
P and maximum efficiency n of case A are 1.62 W/cm?
and 27.2%, respectively, 0.34 W/cm? and 5.5% higher than
that of case B. Thus, we mainly study the performance of
NFTPV devices using CaCO; with OA along the x axis as
the thermal emitter in this work.

Then, Fig. 4 show the output power and efficiency as a
function of the gap distance d for the above four structures.
Due to the reduction of NFRHT, the output power of four
structures decreases monotonically with the increase of the
gap distance d. Moreover, the four structures have differ-
ent performances in different gap distances. As shown in

Figs. 4(a) and 4(b), the CaCO;-G/InSb structure has the
highest output power when d <20 nm. Specifically, the
output power and efficiency of the CaCO3-G/InSb struc-
ture are 94 W/cm? and 41% at d = 10 nm, respectively. We
find that the output power of the CaCO;-G/InSb structure
decreases rapidly with the increase of d and has the lowest
power (0.18 W/cm?) at d = 1000 nm. In addition, the out-
put power of the CaCO;3-InSb structure is almost the lowest
at any distance. Figure 4(b) shows that the efficiency of
the CaCO3-G/InSb structure is almost the highest when
d <20 nm. With the increase of d, the CaCO;/G-InSb
structure gradually has the highest efficiency, and the effi-
ciency of the CaCO3-G/InSb structure decreases rapidly.
However, the efficiency of the CaCO;3/G-G/InSb struc-
ture decreases first and then increases as d increases.
At d=1000 nm, the efficiency of the CaCO3/G-G/InSb
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FIG. 5. SHFs vary with angular frequency for the four structures. The wga, =2.62 x 10'# rad/s, the Temit is 900 K, and Ty is 300 K,

and the thermal emitter is bulk.

064015-5



LIN LI et al.

PHYS. REV. APPLIED 20, 064015 (2023)

y _—————— Band 3

___________________________ 4cPanda

(0)

0 50 100 150

Angular frequency w (1014 rad/s)

0 50 100

FIG. 6.

0
150 0
Dimensionless wave vector B/k0

CaCO;-G/InSb

50 100 150
CaCO;/G-G/InSb

50 100 150

ETCs between the thermal emitter and PV cell for different structures vary with angular frequency and dimensionless

wavevector. (a) CaCO3-InSb; (b) CaCO3-G/InSb; (c) CaCO3/G-InSb; (d) CaCO3/G-G/InSb. The d is 20 nm, and the thermal emitter

is bulk.

structure is the highest. Thus, the graphene layer signifi-
cantly impacts the performance of the NFTPV device.

To analyze the mechanism responsible for different per-
formances, we show the SHF of the four structures in
Fig. 5. We find that the SHFs of the CaCOj;-InSb and
CaCO3-G/InSb structure are mainly enhanced in band 1,
2, and 3 of CaCOs. In addition, the SHFs of CaCO3/G-
InSb and CaCO3/G-G/InSb structures are enhanced in a
wide range of frequencies. The physical mechanism of
these SHF changes can be better illustrated by analyzing
the ETCs, as shown in Fig. 6.

In the range above the band gap frequency, the SHF of
the CaCO;3-G/InSb structure increases significantly com-
pared with other structures since the resonant coupling
of HPhPs and SPPs enhances the photon tunneling. The
heat flux corresponding to the radiation recombination
far exceeds the parasitic heat (lower than the band-gap
energy) that cannot generate electricity. This is the key
to designing solid-state heat engines with high conver-
sion efficiency. Due to the resonant coupling of HPhPs
and SPPs, the maximum power output of the CaCOs3-
G/InSb structure is 19 times that of the CaCO;-InSb
structure. Moreover, because the SHF of CaCO;/G-InSb
and CaCO3/G-G/InSb is enhanced in a wide range, the

maximum output power of both is 5 and 11 times that
of CaCOs-InSb, respectively. The improvement of out-
put power due to coupling polariton is predictable and
will be discussed in the following context. However, the
SHF of CaCO3;/G-G/InSb structures under the band gap
frequency is also significantly boosted. Therefore, the par-
asitic loss is increased, resulting in the reduction of the
efficiency of the CaCO3/G-G/InSb structure.

The significant increase in the local density of states
resulting from the support of high-f modes by hyper-
bolic materials leads to the enhancement in the emission of
an emitter. The isotropic two-dimensional (2D) plasmonic
material graphene can also greatly enhance emission of an
emitter beyond its hyperbolic region by utilizing the sup-
port of surface plasmons [48,49]. To elucidate the coupling
of HPhPs excited in CaCO3 and SPPs excited in graphene
for different NFTPV structures, we further calculate the
ETCs as a function of angular frequency and dimension-
less wavevector for different structures. In Fig. 6, bright
regions represent high ETCs. As shown in Fig. 6(a),
due to the hyperbolic characteristic of CaCOs3, the ETCs
between CaCOj;-InSb structures are enhanced only in
three bands. Specifically, ETCs in band 3 are enhanced
significantly.
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When attaching the graphene to the p-n junction, ETCs
between CaCO3-G/InSb structures can be found to be fur-
ther boosted in band 3 (above Eg,p), which explains the
strong photon emission in band 3 in Fig. 5. However, due
to the enhanced ETC in bands 1 and 2, parasitic losses
under the band gap frequency are increased, which is the
main reason for the significant increase in output power

5

rad/s)

4

ency w (1014

SHFs of thermal emitters with different thicknesses vary with angular frequency for four structures. (a) CaCO3-InSb. (b)

i8 20 nm, Temir is 900 K, and Ty is 300 K.

while efficiency is limited, as shown in Fig. 6(b). These
enhancements of ETCs are attributed to the frequency cou-
pling between the hyperbolic resonance and the interband
transition of InSb p-n junction.

When graphene is attached to the thermal emitter and
p-n junction, ETCs between the CaCO;/G-G/InSb struc-
ture can be enhanced in a larger region of wavevector
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space, as shown in Fig. 6(d). In the range above the band-
gap frequency, we find that the coupling between SPPs
in graphene and HPhPs in CaCO; forms a kind of hybrid
polariton, the surface plasmon phonon polaritons (SPPPs).
The enhanced ETCs in a wide frequency range are mainly
caused by the frequency coupling between the interband
transition of InSb and the SPPPs. This results in a wide
range of photon emissions, improving the output power of
the CaCOj3/G-G/InSb structure. In addition, the enhance-
ments of ETCs under the band gap frequency are mainly
contributed by the coupling of SPPs in graphene. The
two branches are attributed to the evanescent coupling
between two closely spaced graphene layers that split the
SPPs dispersion. Nevertheless, these can lead to significant
parasitic loss, which decreases the efficiency of NFTPV
devices.

Similarly, the ETCs between CaCO;/G-InSb structures
mainly enhanced in the wavevector space above the band
gap frequency, which is contributed by the frequency cou-
pling between the interband transition of InSb and the
SPPPs, as shown in Fig. 6(c). Since no graphene is attached
to the p-n junction, ETCs under band gap frequency are
not significantly enhanced. From the above analysis, the
physical mechanisms of the graphene layer affecting the
performance of NFTPV devices are clearly understood.

Previous studies show that the thickness of HMs signifi-
cantly affects the NFRHT [50-54]. Therefore, we study the
impact of CaCOj3 thickness on the performance of NFTPV
devices. We find that when the thickness 4 =10 nm, the
SHF of CaCO;3-InSb and CaCO3-G/InSb structures is very
low compared with other thicknesses, limiting the output
power, as shown in Figs. 7(a) and 7(b). Moreover, with
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(b) Efficiency. Here, d is 20 nm.

the increase of thickness /4, the normalized output power
of CaCO;3-InSb and CaCO;-G/InSb structures gradually
increases. We note that the normalized output power
of CaCO3-InSb and CaCO3-G/InSb structures can reach
84.3% and 96.2% at h=10000 nm, respectively. Never-
theless, the efficiency of CaCO3-InSb and CaCO;-G/InSb
structures gradually decreases, as shown in Figs. 8(a) and
8(b). Specifically, the output power of CaCO;3-InSb struc-
tures with 4 = 100 nm is only 0.20 W/cm? lower than that
of semi-infinite structures, while the efficiency is increased
by 12.2% (from 35.1% to 47.3%). A similar trend also
appears in the CaCO3-G/InSb structure. Compared with
the output power of the semi-infinite thickness, the output
power of the thermal emitter with 2= 100 nm decreases
only by 0.39 W/cm?, while the efficiency is increased by
1.4% (from 36.9% to 38.3%). Thus, to consider the output
power and efficiency, we set the thickness of the thermal
emitter of the two structures to 100 nm.

In addition, compared with other thicknesses, the
CaCO3/G-InSb and CaCO;3/G-G/InSb structures with
thermal emitter thicknesses of 10 nm have higher SHF
above the band gap frequency, which contributes large out-
put power, as shown in Figs. 7(c) and 7(d). We also note
that the two structures with thermal emitter thicknesses
of 10 nm have a lesser parasitic loss under the band gap
frequency than other thicknesses. Therefore, we set the
thickness of the thermal emitter of the two structures to
10 nm. The above results show that the thickness change
of the thermal emitter has more significant effects on the
performance of NFTPV devices.

To evaluate the performance of four structures at differ-
ent temperatures, we calculated the output power and effi-
ciency of structures when it is between 500 and 1000 K,
as shown in Fig. 9. Moreover, we set #=100 nm in

50

(b)

Efficiency 7 (%)

— CaCO }-InSb

— CaCOJ-G/lnSh
CaCOS/G-lnSb
3

= CaCO0_/G-G/InSb

10

800 900

(K)

0 A .
500 600 700 1000

T
emit

The output power P and efficiency 7 vary with the temperature of the emitter Ty, for the four structures. (a) Output power.

CaCOj3-InSb and CaCO;-G/InSb structures, set 2= 10 nm
in CaCOj3/G-InSb and CaCO3/G-G/InSb structures. The
output power and efficiency of the four structures increase
with the temperature of the thermal emitter. The output
power of CaCO3-G/InSb structures reaches 27.2 W/cm?
due to the coupling effect of HPhPs in CaCOj; and SPPs in
graphene when Tepie = 1000 K, d =20 nm. Nevertheless,
the output power of CaCO3-InSb structures is 1.8 W/cm?,
which is only 6.6% of that of CaCO;-G/InSb structures,
as shown in Fig. 9(a). In addition, as shown in Fig. 9(b),
although CaCOs3-InSb and CaCO3/G-InSb structures have
high efficiency, the output power of the two structures is
lower, while the CaCO;-G/InSb structure has both high
output power (27.2 W/cm?) and high efficiency (41.1%)
when Temic = 1000 K, d=20 nm. Due to the wide spec-
trum emission above the band gap and a large number of
parasitic losses under the band gap, the CaCO3;/G-G/InSb
structure has high output power, but also the efficiency is
greatly limited.

IV. CONCLUSIONS

In conclusion, our proposed NFTPV device utilizing
CaCOj as the thermal emitter and InSb p-n junction as
the PV cells demonstrate promising performance. Through
the comparison of four different structures, we find that
the CaCO3-G/InSb structure exhibits the best performance
based on the assumption of considering only radiative
recombination, achieving a high efficiency of 41% and
an impressive output power density of 94 W/cm? when
the thermal emitter temperature is set at 900 K. The
improved performance can be attributed to the frequency
coupling between the hyperbolic resonance and the inter-
band transition of InSb p-n junction, where the SPPs
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excited in graphene make a promotion role. Our work
also investigates the impacts of the gap distance, ther-
mal emitter temperature, and emitter thickness on the
performance of the NFTPV device. The research could
be beneficial for understanding the coupling of SPPs
and HPhPs and designing high-performance thermophoto-
voltaic devices.
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APPENDIX A: CALCULATION OF THE
REDIATIVE HEAT FLUX ABSORBED BY THE
GRAPHENE LAYER

Radiative heat flux may also be absorbed by the
graphene layer covering the surface of the InSb PV cell due
to the highly confined surface mode. We analyze the radia-
tive heat flux absorbed by the graphene layer by analyzing
the SHF of the CaCO;/G-G/InSb structure, as shown in
Fig. 10(a). It clearly can be found that the SHF under
the band gap is mainly absorbed by the graphene layer,
while the SHF above the band gap is less absorbed by
the graphene layer. We also calculate that the useful pho-
ton absorbed by the graphene layer is only 10% of that
absorbed by the receiver composed of graphene and InSb
PV cell, as shown in Fig. 10(b). Although the output power
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SHFs of CaCOj3-InSb and CaCO3-G/InSb structures above the band gap vary with angular frequency for different gap

distances d. Here, Temit 18 900 K, Teep is 300 K, and the thermal emitter is bulk.

064015-10



HIGH-PERFORMANCE NEAR. ..

PHYS. REV. APPLIED 20, 064015 (2023)

d
100 nm 50 nm 30 nm
Structure
305 || (a) i
:
2295 |
3 i
CaCO;- | F !
msb | 2% i
3 i
:
1
1
1
1
1
1
1
1
1
1
i
1
CaCO;- !
G/InSb !
1
1
1
1
i
10 20 30 H
Bk, Bk : Bk,

FIG. 12. ETCs of CaCO3-InSb and CaCO;3-G/InSb structures for different gap distances d vary with angular frequency and
dimensionless wavevector. The Tom;: 18 900 K, Teq 1s 300 K, and the thermal emitter is bulk.

of the CaCO3/G-G/InSb structure is significantly boosted,
the efficiency is low due to the parasitic loss resulting
from the coupling of SPPs under the band gap. Moreover,
CaCO3-G/InSb and CaCO3;/G-G/InSb have higher output
power due to the graphene layer covering the InSb PV cell.
The efficiency of the CaCO;-G/InSb structure is higher
than the CaCO;/G-G/InSb structure, which is due to the
absence of a graphene layer on CaCQOs, resulting in the
lack of parasitic loss resulting from the coupling of SPPs
under the band gap. The ETCs in Figs. 6(b) and 6(d) can
also explain these phenomena.

APPENDIX B: PERFORMANCES OF THE
CaCO;-InSb AND CaCO3-G/InSb STRUCTRUES
VARY WITH GAP DISTANCE

To further investigate the gap distance on the perfor-
mances of CaCO;3-InSb and CaCO3-G/InSb, we calculate
the SHFs of CaCOj;-InSb and CaCO;-G/InSb structures
for different gap distances. Figure 11 shows the SHFs of
CaCOs3-InSb and CaCO;3-G/InSb structures for different
gap distances. When the gap distance is 100 nm, the SHFs
of CaCO3-InSb and CaCO;-G/InSb structures above the
frequency of the band gap are almost unchanged. With

FIG. 13.
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the decrease in gap distance (d =30 nm), the SHF of the
CaCO3-G/InSb structure is obviously improved. To eluci-
date the underlying physical mechanisms of the difference
in the performance of NFTPV devices, we further calculate
the ETCs as a function of angular frequency and dimen-
sionless wave vector for different structures. As shown in
Figs. 12(c) and 12(f), the ETC of the CaCO3-G/InSb struc-
ture extends to higher wavevector space (approximately
equal to 120 k() at small gap distance due to the cou-
pling of HPhPs in the CaCO3 and SPPs in the graphene
layer. However, the ETC of the CaCO;-InSb structure
changes inconspicuously for different gap distances, as
shown in Figs. 12(a) and 12(b). Thus, the performance of
CaCO;3-G/InSb structure improved significantly with the
decreasing gap distance.

APPENDIX C: PERFORMANCE ANALYSIS OF
DIFFERENT HYPERBOLIC MATERIALS USED
AS THERMAL EMITTERS IN NFTPV SYSTEMS

To further investigate the performances of #-BN/G-G/
InSb, ®-M00O3/G-G/InSb, and CaCO;3/G-G/InSb struc-
tures, we calculate the SHFs for different structures.
Figure 13(a) shows the SHFs of #-BN/G-G/InSb, -
Mo0O3/G-G/InSb, and CaCO;3/G-G/InSb structures. It
can be easily found that the parasitic loss under the
frequency of band gap for A-BN/G-G/InSb and «-
MoOj3;/G-G/InSb structures are more excessive than that
for CaCO3/G-G/InSb structure. The large parasitic loss
results in low conversion efficiency. Moreover, more heat
flux between CaCO;/G-G/InSb structure is located in the
frequency range above the frequency of the band gap, hav-
ing the potential to generate more output power, as shown
in Fig. 13(b). Thus, the CaCO3 is more suitable than #-BN
and ®-MoOj; for the proposed NFTPV system in this work
as a thermal emitter.
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