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Graphene—hexagonal-boron-nitride-InSb near-field structures are designed and optimized to enhance
the output power and energy efficiency of the thermophotovoltaic systems working in the temperature
range of common industrial waste heat, from 400 to 800 K, which is also the working temperature
range for conventional thermoelectric devices. We show that the highest output electric power can reach
7.6 x 10* W/m? for the system with a graphene—hexagonal-boron-nitride heterostructure as the emit-
ter and a graphene-covered InSb p-n junction as the absorber, while the highest energy efficiency is
achieved by the system with the heterostructure as the emitter and an uncovered InSb p-n junction as
the absorber (reaching to 34% of the Carnot efficiency). These results show that the performances of
near-field thermophotovoltaic systems can be comparable with or even superior to state-of-the-art ther-
moelectric devices. The underlying physics for the significant enhancement of the thermophotovoltaic
performance is understood as due to the resonant coupling between the emitter and the p-n junction,
where the surface plasmons in graphene and surface-phonon polaritons in boron nitride play crucial roles.
Our study provides a stepping stone toward future high-performance thermophotovoltaic systems.
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I. INTRODUCTION

Thermophotovoltaic (TPV) cells, as an emergent breed
of clean energy resource, have attracted a wide range of
research interest due to their potential high performance
[1-14]. A TPV system consists of a thermal emitter and
an infrared photovoltaic cell that converts thermal radia-
tion into electric power. The emitter can be heated either
by the Sun or by industrial waste heat, giving rise to dif-
ferent applications. Far-field thermal radiation is limited
by the Stefan-Boltzmann law, resulting in reduced output
power, particularly when the temperature of the emitter is
below 1000 K. Most of the existing studies are focused on
the regime where the emitter has very high temperature,
e.g., Temit > 1000 K, which corresponds to solar radiation
or heat radiation from a secondary thermal emitter that
receives the solar radiation energy.

In this work, we focus on the situations where the tem-
perature of the thermal emitter is in the range of common
industrial waste heat, 400 K < T, < 800 K. At such a
temperature range, thermal radiation is strongly limited by
the Stefan-Boltzmann law, leading to suppressed output
power and energy efficiency for the TPV systems. One
can turn to the near-field effect [15-22] to enhance ther-
mal radiation flux, which may enable appealing energy
efficiency and output power. However, the near-field effect
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becomes ineffective if the tunneling through the vacuum
gap is inefficient for photons that carry most of the heat
energy, i.e., photons of angular frequencies @ ~ kg Temit/h.
One way to overcome this obstacle is to exploit surface-
polariton-enhanced near-field radiation [23—27]. Graphene
and hexagonal boron nitride (A-BN) provide surface-
plasmon polaritons (SPPs) and surface-phonon polaritons
(SPhPs) [28-31] due to strong light-matter interactions
[32]. These surface polaritons are right in the mid-infrared
frequency range that fits the peak radiation frequency of
thermal emitters in the temperature range of 400 K <
Temit < 800 K. The narrowband-gap indium antimonide
(InSb) p-n junction can be used as an effective TPV cell for
the conversion of such mid-infrared thermal radiation into
electricity. However, there is still a considerable mismatch
between the optical property of InSb and that of graphene
or #-BN. Such a mismatch significantly reduces the perfor-
mance of the near-field TPV systems. It has been shown
that a sheet of graphene covered on the InSb p-n junction
can considerably improve the coupling between the emitter
and the TPV cell and thus enhance the near-field thermal
radiation [24]. Here, we propose to use /#-BN-graphene
heterostructures [33—38] as the emitter and the graphene-
covered InSb p-n junction as the TPV cell. We find that
such a design leads to significantly improved performance
as compared to the existing studies [24,39,40]. The main
difference between our near-field TPV (NTPV) systems
and that in Ref. [24] is that the thermal emitter in our
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system is made of A-BN-graphene heterostructures, mak-
ing our NTPV systems more powerful or efficient than the
NTPV systems considered in Ref. [24], where the emitter
is made of bulk #-BN.

In this paper, we examine the performances of four
different NTPV configurations: (i) the #-BN-InSb device
(denoted as A-BN-InSb, with the monostructure bulk
h-BN being the emitter and the uncovered InSb p-n
junction being the cell); (ii) the A-BN-graphene-InSb
device (denoted as A-BN-G-InSb, with the bulk A-BN
being the emitter and the graphene-covered InSb p-# junc-
tion as the cell); (iii) the A-BN-graphene-InSb device
(denoted as FBN-G-InSb, with the #-BN-graphene het-
erostructure film being the emitter and the uncovered InSb
p-n junction as the cell); and (iv) the A-BN-graphene-
graphene-InSb device (denoted as FBN-G-G-InSb, with
the #-BN-graphene heterostructure film being the emitter
and the graphene-covered InSb p-n junction as the cell).
We study and compare their performances for various con-
ditions to optimize the performance of the NTPV system
and to reveal the underlying physical mechanisms toward
high-performance NTPV systems working at the tempera-
ture range of 400 K < T.mir < 800 K. Although it has been
shown that a single graphene sheet can act as an excellent
thermal emitter [23,41], which gives high power density
for the NTPV system, such a structure is technologically
challenging and the induced energy efficiency is consid-
erably lower than the NTPV systems considered in this
work, despite that the power density is comparable with
our NTPV systems.

We remark that our findings are consistent with the study
in Ref. [42], where the synergy between near-field thermal
radiation and inelastic thermoelectricity [43—47] is shown
to have considerably improved performance even in the
linear-transport regime. On the other hand, our work is also
based on the previous studies where the near-field effects
are shown to improve the heat radiation flux by orders
of magnitude by using infrared hyperbolic metamaterials
[33-38].

This paper is structured as follows. In Sec. II, we
describe our near-field TPV system, and we introduce the
optical properties of the emitter and the InSb cell. We
clarify the radiative heat flux exchanged between the emit-
ter and the cell. We also recall the basic formulations
of the photoinduced current, electric power, and energy
efficiency of the NTPV cell. In Sec. III, we study the per-
formances of the four different NTPV systems at various
conditions to search for high-performance NTPV systems.
Finally, we summarize and conclude in Sec. IV.

II. SYSTEM AND MODEL

A. Near-field thermal radiation

The proposed NTPV system is presented in Fig. 1. The
emitter is a graphene-covered #-BN film of thickness /4,

s

FIG. 1. Schematic illustration of the NTPV systems. A thermal
emitter of temperature T,y made of #-BN-graphene heterostruc-
ture is placed in the proximity of a thermophotovoltaic cell of
temperature 7. made of an InSb p-n junction. The distance
between the emitter and the cell is d. The red arrows represent
the heat flux radiated from the emitter to the cell. The temperature
of the graphene layer attached to the InSb cell (thermal emitter)
has the same temperature as the InSb cell (thermal emitter). The
coordinate axes on the left side show the in-plane (parallel to
the x-y plane) and out-of-plane (perpendicular to the x-y plane)
directions.

kept at temperature Temi. The TPV cell is made of an
InSb p-n junction, kept at temperature Ty, which is also
covered by a layer of graphene. The thermal radiation
from the emitter is absorbed by the cell and converted
into electricity via infrared photoelectric conversion. In
this system, plasmons in graphene can interact strongly
with infrared photons and give rise to SPPs. Meanwhile,
phonons in #-BN can also couple strongly with photons
and leads to SPhPs [28,29,31,33-35,48]. These emer-
gent quasiparticles due to strong light-matter interaction
can dramatically enhance thermal radiation, particularly
via the near-field effect [33-38]. Because of their coin-
cident frequency ranges, the SPPs and SPhPs become
hybrid with each other when graphene is placed together
with #-BN, leading to hybrid polaritons called surface-
plasmon-phonon polaritons (SPPPs) [33,34]. SPPPs have
been shown to be useful in improving near-field heat trans-
fer between two #-BN-graphene heterostructures [36—38].
The radiative heat transfer is optimized when the emit-
ter and absorber are made of the same material, which
leads to a resonant energy exchange between the emitter
and the absorber [49]. In order to enable such resonant
energy exchange in our NTPV cell, we add another layer
of graphene onto the InSb cell, as shown in Fig. 1.

The propagation of electromagnetic waves in these
materials is described by the Maxwell equations, in which
the dielectric functions of these materials are the key fac-
tors that determine the propagation of the electromagnetic
waves. The dielectric function of 4-BN is described by a
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Drude-Lorentz model, which is given in Ref. [34] as

2 2
w —w
Em = oo | 1 + 100 (1)
W, — 1Ym®w —
where m =||, L denotes the out-of-plane and the in-plane

directions, respectively. The in-(out-of-)plane direction is
determined by whether the electric field is perpendicular
(parallel) to the optical axis of the #-BN film (4-BN is a
uniaxial crystal, and the optical axis is in the z direction, as
defined in Fig. 1). e is the high-frequency relative per-
mittivity, wro and wr o are the transverse and longitudinal
optical phonon frequencies, respectively. y,, is the damp-
ing constant of the optical phonon modes. The values of
these parameters are chosen as those determined by experi-
ments [30,50]: Eoo,l = 4.87, wro,1 = 1370 cm_l, wLo,1 =
1610 cm™!, and ¥, = 5 cm™! for in-plane phonon modes
and Eoo,| = 2.95, wro,| = 780 cm’l, wLo,| = 830 Cl’l’lil,
and ¥y =4 cm™! for out-of-plane phonon modes. There
are certain frequency ranges where the in-plane and out-
of-plane dielectric functions of 2-BN have opposite signs,
leading to the hyperbolicity of the isofrequency contour,
which makes #-BN a natural hyperbolic metamaterial [34].

The optical property of a graphene sheet is described
in this work by a model optical conductivity, o, which
consists of both the intraband op and interband o; con-
tributions (i.e., o, = op + 07), given respectively in Ref.
[51] as

i 2e%kgT, Mg
— In |2 cosh 2
APy n[ €08 <2kBTg @

. G hw
&) — <7>

(hw)* — 482

and
& hw A4hw [
o= 9(5)+ 5
(3)

where G(&) = sinh (& /kgT,)/[cosh (& /kT,) + cosh(ig/
kpT,)] is a dimensionless function. Here, i, is the chemi-
cal potential of the graphene sheet, which can be controlled
by doping [52,53]. 7 is the electron scattering time, which
is set as 100 fs in our calculations [35]. 7, is the tem-
perature of the graphene sheet, which is equal to that of
the body on which the graphene sheet is attached. e, kg,
and A are the electron charge, Boltzmann constant, and the
reduced Planck constant, respectively.

The dielectric function of the InSb cell is given in

Ref. [24] as
. 2
.o (n+ ’“’“‘”) , 4)
2w

dg 2

where n = 4.12 is the refractive index and c is the speed of
light in vacuum. o (w) is a steplike function describing the
photonc absorption, which is given by Ref. [24] a(w) =
0 for @ < wgap and a(w) = g/ /Wgap — 1 fOr @ > Wgqp

with ey = 0.7 um~! being the absorption coefficient and

Eg,
Wegap = % (5)

being the angular frequency corresponding to the band
gap of InSb. The gap energy Eg,, of InSb is temperature
dependent, and it is given in Ref. [54] as

T(zle” . (6)

Egpop = 0.24 — 6 % 10—4
& cell + 500

In the above equation, the temperature 7¢¢ is in unit of
kelvins. For instance, for T,y = 320 K, the gap energy
Eqqp = 0.17 €V and the corresponding angular frequency
IS Wgep = 2.5 x 10 rad/s.

The near-field radiative heat flux exchanged between the
emitter and the cell is given in Refs. [55] and [56] as

Pre;glt( )_ ®1 (Temltya)) Z/kdké} (w k)

cell( ) = Oy (Teert, w, Ap) Z/kdké_j (@, k),

rad 4 .7T

Prg(@) = P (w) — PN (), (7)

where @1 (Temit, w) = how/[exp (hw/kgTemit) — 1] and ©,
(Teen, 0, Ap) = ho/{exp [(hw — Aw) /kpTeen] — 1} are
the Planck mean oscillator energy of a black body at
temperature Temir and Ty, respectively. For @ > wgap,
Ap is the electrochemical potential difference across the
p-n junction, which describes the effects of charge injec-
tion or depletion on the carrier recombination processes
and hence modifies the number of photons through the
detailed balance. For w < wg,p, such effects are absent
and thus Ap is set to zero regardless of the actual chem-
ical potential difference. Here, & denotes the magnitude
of the in-plane (parallel to the interfaces) wave vector of
thermal radiation waves. {; (w, k) is the photon transmis-
sion coefficient for the jth polarization (j = s,p), which
describes the transmittance for a photon with angular fre-
quency w and wave vector k to traverse the vacuum gap.
The transmission coefficient for each polarization consists
of the contributions from both the propagating and the
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evanescent waves [21],

2 2
( = |Femit] )(1_|rcell| ) k< 9’
‘1 emit’ cell ¢
G (@, k) = 4Im (’Jem]t) Im (/;eu) exp(ik.d) w
2 Z
1= Al exp(Qikd)| ¢
)]

where k, = /w?/c* — k? is the perpendicular-to-plane
component of the wave vector in vacuum. 7, . ( cell)
with j = s,p is the complex reflection coefficient at the
interface between the emitter (cell) and the air. For het-
erostructure films, such a coefficient is calculated using the
scattering matrix approach to take into account the inter-
ference effects that play an important role in enhancing the
near-field thermal radiation [57],

_ P (1 +r, + ’321) 3 eXP(Zikj,zh)

Pomit = , 9
et 1 — 1313 exp2ik; ,h) ©
kj - kgcell — HoOgWw
z,cell HoOgw
for s polarization and
P "iz + (1 - ’11)2 - 71271) ’1273 exp(2ikf’2h) an
emit 1=, exp(2ik,f,2h) ’
ngzkf )
8j_ellk§ - kzp cell Twce
e = oy (12)
g z "z, cell
gcleukp kfcel] Twce

for p polarization. Here, % is the thickness of the 4-BN
film in the heterostructure. In our calculation, we adopt
hgim = 20 nm for optimal performance. The configurations
with bulk #-BN as the thermal emitter are also calculated
using the above equations where we set a single layer
of thickness Apyx = 10000 nm to model the bulk 2-BN
thermal radiation. Following Ref. [36], in the above Egs.
(1)+3) are the indices for the vacuum region above the
h-BN film; the #-BN film region; and the vacuum region
below the #-BN film (i.e., the vacuum region between
the film and the InSb p-n junction), respectively. » f is
the complex reflection coefficient for photons propagating
from the medium ¢« to the medium b (a,b = 1,2, 3) with

either s or p polarization, which is given in Ref. [36] as

, K, =k, —ogwio
ab k ok, + oy
e — Kot + Kok, 2= (13)
}}7 . ? wE(
ab — :
Kt + K ek + K~
0)80

When there is a graphene layer covered on the interface
between the media a and b, the above equation is modified
to

k;ﬂ - kz,b — OgWHo

Py = :
ab K, + kzp + ogwiio
(of
kfagb — KzpE, +k§akzb_g (14)
rp _ wE(
ab — Og °
kfagb +kzb8 +kzpakzb_
weé(

Here, K, =\e@*/c*) — I and K, =

\/8f(w2/c2) — (¢} /eMi2 (i = a, b, cell) are the z-compo-
nent wave vectors for media i = a, b cell for s and p
polarization, respectively. 8l~ and 8 (z =a,b,cell) are
the in-plane and out-of-plane components of the relative
dielectric tensor. For an isotropic medium like vacuum and
InSb, & = 8‘1| =ef = 83 =1land ¢}, = gl 1, where the

dielectric function of the InSb cell is cclgﬁnedcte)gfore. g9 and
o are the permittivity and permeability of the vacuum,
respectively. Throughout this manuscript, the temperature
of the graphene layer attached to the InSb cell (thermal
emitter) has the same temperature as the InSb cell (ther-
mal emitter). The cell is assumed to be semi-infinite (i.e.,
much thicker than the wavelength of the absorbed photons
< 7.5 um). The dependence of the energy performance on
the cell thickness is beyond the scope of this work.

B. Output power and energy efficiency of near-field
thermophotovoltaic cells

When the TPV cell is located at a distance d, which
is of the order of or smaller than the thermal wavelength
A = 27 he kg Temit from the emitter, the thermal radiation
can be significantly enhanced due to energy transfer via
evanescent waves [23]. The enhanced thermal radiation
leads to increased photocurrent and output electric power.
The thermal-radiation-induced electric current density is
written as [1,58]

I, = ]ph - IO[GXp(V/Vcell) - 1]9 (15)

where V' = Apu/e is the voltage bias across the TPV cell
and Ve = kpTcen/e is the voltage that measures the tem-
perature of the cell [1]. [, and /y are called the pho-
toinduced current density and reverse saturation current
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density, respectively. Here, for the sake of simplicity, we
consider only the radiative recombination and ignore the
nonradiative recombination. Readers can refer to Ref. [59]
for a detailed study on the effect of nonradiative recom-
bination on the performance of NTPV cells. The reverse
saturation current density (also termed the dark current
density) is determined by the diffusion of minority carriers
in the InSb p-» junction, which is given by

ion (L [P 1 [Dn
0 ! NA Te ND Th '

Here, n; = «/N.N, exp[—(Eqap/2kpTcen)] is the intrinsic
carrier concentration, which depends on the temperature
of the cell, Ty [54]. N. and N, are the temperature-
dependent effective densities of carriers in the con-
duction and valence bands, respectively, given by Ref.
[54] N, = 8 x 102 x T2 (cm™3) and N, = 1.4 x 1015 x

cell

(16)

ngﬁ (cm™3), where the temperature T, is in units of
kelvins. Ny and Np are the doping densities in the p and
n regions, respectively. We adopt the values Ny = Np =
10 (cm™3). D, = 186 cm?/s and D), = 5.21 cm?/s are
the diffusion coefficients of the electrons and holes, respec-
tively [41]. 7, and 1}, are the electron-hole pair recombina-
tion time in the » and p regions, respectively. We choose
T =1, =1/(5x 1072 cm®s™") n?, as used in Ref. [54].
A more careful treatment of the carrier recombination time
may include the near-field-induced enhancement of radia-
tive carrier recombination since the near-field effect leads
to a substantial increase of the local photon density of
states, which should be considered in future studies.

Following Refs. [24] and [60], the photoinduced current
density is given by

(17

/oo Prag (Temit, Teen, @, Ap)
]ph =e da),
o hw

8ap

where the radiative heat flux spectrum P4 is defined by
Eq. (7) in Sec. II A. Here, we assume that all incident
photons are absorbed, and each photon with an energy
greater than the band gap creates one electron-hole pair;
i.e., we assume 100% quantum efficiency, which is a
widely adopted approximation in the literature [24,60].
Better treatment can be adopted in future studies, while we
focus on the near-field radiation effects due to #-BN and
graphene structures in this work.

The output electric power density P, is defined as the
product of the net electric current density and the voltage
bias,

P, =—-L7V, (18)
and the energy efficiency 7 is given by the ratio between
the output electric power density P, and incident radiative

heat flux Qjxc,

N Qinc ’

where the incident radiative heat flux is given by

n (19)

* dw
Qinc :/ 472 Gl (Temitaw) E ‘/.kdké‘j (a), k)
0 -
J

4m?

gap

Dgap de
- /0 0} (Tceu,a»jz / kdkg, (@, ).

* dw
_/ —@2 (Tcellaw: AM)Z/kdkC](a),k)
“ j

(20)

I11. RESULTS AND DISCUSSIONS
A. Performance of the designed NTPV systems

We first examine the optimal performances of the four
types of near-field TPV cells [61]. Figure 2 shows the opti-
mal output power and energy efficiency at various vacuum
gaps for the four different setups, respectively denoted as
h-BN-InSb (bulk 4-BN as the emitter and uncovered InSb
cell as the receiver), ~-BN-G-InSb (bulk #-BN as the emit-
ter and graphene-covered InSb cell as the receiver), FBN-
G-InSb (graphene-4-BN heterostructure film as the emitter
and uncovered InSb cell as the receiver), and FBN-G-G-
InSb (graphene-4-BN heterostructure film as the emitter
and graphene-covered InSb cell as the receiver). Through-
out this paper, the energy efficiency is in units of the Carnot
efficiency,

e2y)

The output power density and energy efficiency are opti-
mized for various physical parameters, including the
temperatures of the cell and/or the emitter, the chemical
potential of graphene, and the voltage bias across the InSb
p-n junction. The optimization is achieved independently
for the four different setups. More details of the optimiza-
tion can be found in Appendix A. The analysis in Appendix
A shows that setting g = 1.0 eV, Ay, =20 nm, and
Teent = 320 K provides roughly optimal performance, both
in terms of power and efficiency, for the NTPV systems
considered in this work. Therefore, these parameters are
kept as those constants in the main text.

Figures 2(a) and 2(b) give the optimal output power and
energy efficiency when the temperatures of the cell and
the emitter are set as Tomiy = 450 K and T,y = 320 K.
These figures demonstrate some interesting features. First,
the optimal output power varies strongly with the vacuum
gap d. As d goes below 1 um, the output power increases
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FIG. 2. Optimal performances of the four NTPV devices.
(a),(b) Optimal (a) output power density P, and (b) energy effi-
ciency in units of the Carnot efficiency (n/n¢) as functions of the
vacuum gap d. The temperatures of the emitter and the cell are
set as Temit = 450 K and T = 320 K, respectively. (c),(d) Opti-
mal (c) output power density P, and (d) energy efficiency in units
of the Carnot efficiency (1/n¢) as functions of the emitter tem-
perature Tope with d = 20 nm and Ty = 320 K. For all these
figures, the chemical potential of graphene is set as ;; = 1.0 eV.
The chemical potential difference across the InSb p-n junction
A is optimized independently for each configuration.

dramatically with decreasing d. The best configuration for
optimal output power also varies with the vacuum gap
d. Close to 1 um, the configurations with a graphene-
h-BN heterostructure as the emitter have the best output
power, while for d < 50 nm, the output power of the /-
BN-G-InSb configuration is also competitive. The energy
efficiency also has intriguing features. Most importantly, as
shown in Fig. 2(b), the optimal energy efficiency is signifi-
cantly enhanced for d < 100 nm. Dramatically improved
energy efficiency at d = 20 nm and n = 17%n¢ for the
FBN-G-InSb configuration is much larger than the energy
efficiency at d = 1000 nm and n ~ 0.5%nc. The A-BN-G-
InSb configuration also yields appealing energy efficiency.
These results demonstrate that graphene, 4-BN, and their
heterostructure can significantly improve the performance
of the TPV cell in the near-field radiation regime.

We study the optimized performance at various temper-
atures of the thermal emitter Tey;; in Figs. 2(c) and 2(d).
From these figures, we find the following features: the
primitive #-BN-InSb setup has poor energy efficiency and
output power. With a graphene-covered InSb p-» junction,
the A-BN-G-InSb setup has much better energy efficiency
and output power. The FBN-G-G-InSb setup achieves the
very large output power but with limited energy effi-
ciency, while the FBN-G-InSb setup has the highest energy

(a) ’ (b) ’ Real(oy,) — g =02eV
= 0.
5 Typel Typell g i
—~ — 1y = 0.6 eV
Sl — g =10V
At
—~ 0 ‘ﬁ
m .
E/—] -==py=02eV
~ - g =04 eV
2 | —Re(eLunx) ---ng=06eV
—Re(e)18x) =106V
-3 e ——
0 1 2 3 4 10
w (10 Hz) w (10" Hz)
FIG. 3. (a) Real part of the dielectric function & of #2-BN. The

two shaded areas represent type I and type II hyperbolic regions
of h-BN, respectively. (b) The optical conductivity of graphene
o, when the temperature of the graphene sheet is set as 7, =
450 K.

efficiency and appealing output power. The best output
power comes from the 4-BN-G-InSb and the FBN-G-G-
InSb setups. The overall best performance comes from the
h-BN-G-InSb (if high output power is preferred) and the
FBN-G-InSb (if high energy efficiency is preferred) setups.

We now elaborate on the microscopic physical mecha-
nisms that give rise to the different characteristics of the
four different setups. To achieve such a goal, we first
review the optical properties of the bulk #-BN and the
graphene. We plot the real part of the relative dielec-
tric functions of the #-BN and the optical conductivity of
graphene in Figs. 3(a) and 3(b), respectively. The nega-
tiveness of the dielectric functions of the A-BN for the
polarizations parallel and perpendicular to the ¢ axis (k-
BN is a van der Waals crystal consisting of stacked planar
hexagonal boron-nitride sheets along the ¢ axis) defines
two frequency regions with strong light-matter interac-
tion. These two regions are termed type I and type II
hyperbolic regions, respectively, in the literature [62]. The
type 1 hyperbolic region ranges from 1.5 x 10'* to 1.6 x
10'* rad/s, which is due to the coupling between pho-
tons and the optical phonons with displacements along
the ¢ axis. The type II hyperbolic region ranges from
2.58 x 10'* to 3.03 x 10'* rad/s due to the strong cou-
pling between the photons and the optical phonons with
displacements perpendicular to the ¢ axis. These two
hyperbolic regions have different optical properties (e.g.,
polarization-dependent light propagations) and different
isofrequency surfaces [62]. The negativeness of the dielec-
tric function leads to strong reflection and suppressed
transmission (often denoted as reststrahlen effects). Such
reststrahlen effects are crucial for the enhancement of
near-field thermal radiation, because near-field radiation
effects are essentially caused by the evanescent propaga-
tion of total reflected beams. The reststrahlen effects give
rise to frequency ranges with the total reflection for all
wave vectors and thus strongly increase the wave-vector
space and the number of states with total reflection pho-
tons. It has been shown that the reststrahlen effects can
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lead to orders-of-magnitude enhancement of the near-field
thermal radiation flux [33-38].

Although both reststrahlen bands contribute to the
enhancement of near-field radiative energy transfer, it
is important to bear in mind that only the higher-
frequency reststrahlen band is relevant to energy con-
version from thermal radiation to electricity, whereas
the lower-frequency reststrahlen band only contributes to
wasted (unabsorbed) thermal radiation because the fre-
quency is below the band-gap frequency of the InSb p-n
junction, wggp,.

In contrast to the sharp-resonance nature of the opti-
cal properties of 4-BN, the optical conductivity of the
graphene sheet has a broadband feature [63], indicat-
ing the broadband dispersion of the graphene plasmons.
Figure 3(b) indicates enhanced light-matter interaction
with increasing chemical potential. Because of the con-
ical nature of graphene electronic dispersion, the optical
properties are identical for positive and negative chem-
ical potentials. In this work, we consider only positive
chemical potentials for simplicity.

We now examine the tunnel coupling between the emit-
ter and the absorber by studying the photon transmission
coefficient

(k) =) glwk) <2 (22)

J=5p

for the four configurations, using Eq. (8). The photon
transmission coefficient as a function of frequency w and
parallel-to-interface wave vector k is shown in Fig. 4 for
the four devices at the optimal condition (i.e., with the vac-
uum gap d = 20 nm). The bright regions in these figures
represent high photon transmission.

Physically, the high transmission regions correspond to
the propagating photonic modes or resonant polaritonic
modes due to the evanescently coupled emitter-absorber
system. Indeed, as shown in Fig. 4, the high photon trans-
mission regions include the photon propagation region
above the light line and the resonance regions below the
light line. The former does not include the reststrahlen
bands where photon transmission above the light line is
suppressed due to the negative dielectric function, which
is a common feature for the four devices. The resonance
transmission below the light line, which reflects the nature
of evanescent coupling between the emitter and absorber,
has distinct features for the four devices. The primitive A-
BN-InSb device only exhibits enhanced transmission due
to the two reststrahlen bands. We find that the type II rest-
strahlen band has stronger transmission enhancement [see
Fig. 4(a)], because this band is above the band-gap fre-
quency of InSb and the evanescent waves in this band can
couple resonantly with the electron-hole excitations in the
InSb p-n junction.

k/ko k/ko

FIG. 4. Photon transmission coefficient ¢ (w, k) for (a) h-BN-
InSb cell, (b) ~2-BN-G-InSb cell, (c) FBN-G-InSb cell, and (d)
FBN-G-G-InSb cell. The vacuum gap is d = 20 nm. The chemi-
cal potential of graphene is 1, = 1.0 V. Note that the horizontal
axis ranges are different for these figures.

When a graphene monolayer is attached to the surface of
the InSb junction, the transmission enhancement becomes
prominent for larger frequency and wave-vector regions.
Because graphene plasmons have a broad frequency band,
they can resonantly couple with both the type I and type II
reststrahlen bands. These couplings are responsible for the
prominent enhancement of the photon transmission in the
two reststrahlen bands, as shown in Fig. 4(b). When both
the emitter and the absorber are covered by graphene, the
evanescent couplings between the emitter and the absorber
become more evident. As shown in Fig. 4(d), the high-
transmission regions demonstrate the existence of SPPs
and SPPPs. The SPPs have two branches, which are due
to the evanescent coupling between the two closely spaced
graphene layers. Their mutual coupling splits the disper-
sion of the SPPs. This feature persists to the band-gap
frequency of InSb. Above the band gap, the optical prop-
erties of the absorber are dominated by the electron-hole
excitation in the InSb junction. The high transmission
region above the band gap is mainly due to the reso-
nant coupling between the SPPPs and the electron-hole
excitation in the InSb junction. The graphene-#-BN het-
erostructure acts as an efficient near-field thermal emitter
due to the SPPPs, which originate from the coupling and
hybridization between the SPPs in graphene and the SPhPs
in 2-BN. Figure 4(c) shows that when the absorber is not
covered by graphene, only the SPPP effects above the InSb
band gap emerge in the transmission spectrum, because the
absorber has no optical absorption below the band gap.

From the above analysis, it becomes clear how the
graphene, #-BN, and their heterostructure affect the near-
field energy transfer between the emitter and absorber. We
now analyze the consequences of the near-field coupling
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FIG. 5. Photon emission spectra Pp,q4(w) for (a) the #-BN-InSb

device, (b) the ~-BN-G-InSb device, (¢) the FBN-G-InSb device,
and (d) the FBN-G-G-InSb device at the maximum output power
conditions. The temperatures of the emitter and the cell are kept
at Temit = 450 K and T = 320 K, respectively. The vacuum
gap is d =20 nm and the chemical potential of graphene is
set as ;g = 1.0 eV. The A-BN film thickness is /gjm = 20 nm
for (c¢) and (d), whereas g, = 10000 nm for (a) and (b). The
chemical potential difference across the InSb p-n junction Ap
is optimized independently for maximum output power for each
configuration.

between the emitter and absorber on the performance
of the NTPV cells. To achieve this goal, we study the
emission spectra Ppq(w) defined in Eq. (7) for the four
devices. In Fig. 5(a), we plot the emission spectra for the
emitter and the cell for the #-BN-InSb device. The differ-
ence between the two emission spectra gives the net heat
exchange flux spectrum. The figure exhibits evidently radi-
ation enhancement at the two reststrahlen bands and the
vicinity regions.

Adding graphene to the absorber (i.e., the #-BN-G-InSb
device) leads to dramatically enhanced radiative energy
transfer both below and above the band gap, as shown in
Fig. 5(b) (note that the vertical axes for the four figures
have different scales). In contrast, when a graphene-4-BN
heterostructure is used as the emitter while a bare InSb
junction is used as the absorber (i.e., the FBN-G-InSb
device), the enhancement of radiative energy transfer is
mainly above the band gap [see Fig. 5(c)]. Such a dif-
ference can be understood from the photon transmission
spectra in Figs. 4(b) and 4(c). Also, as shown by these
figures, the enhancement of photon transmission for the
h-BN-G-InSb device is focused on the two reststrahlen
bands, while the enhancement of transmission for the
FBN-G-G-InSb device has a broadband feature due to the

broadband dispersion of the SPPPs. These characteristics
provide a natural explanation of the spectral features in
the photon emission in Figs. 5(b) and 5(d). When both the
emitter and the absorber are covered with graphene layers,
the photon transmissions below and above the band gap
are both enhanced. We emphasize that the enhancement
of photon emission above the band gap leads to improved
output power. In contrast, the enhancement below the band
gap leads to reduced energy efficiency, since these photons
are useless for energy conversion.

Another feature of the results in Fig. 5 is that the below-
band-gap absorption is reduced when compared between
Figs. 5(a) and 5(c) [and similarly between Figs. 5(b) and
5(d)]. This feature is due to the fact that thin films of 2-BN
with 20-nm thickness are used in the setups in Figs. 5(c)
and 5(d), whereas much thicker 4#-BN films with 10 000-
nm thickness are used in the setups in Figs. 5(a) and 5(b).
The thin #-BN films have much weaker reststrahlen effects
compared with the thick #-BN films. Therefore, the near-
field thermal radiation in the type I and type II reststrahlen
bands are much reduced for the setups in Figs. 5(c) and
5(d). However, since the type II reststrahlen band has
stronger coupling with graphene plasmons, the reduction
in thermal radiation for the type II reststrahlen band is
smaller than that for the type I reststrahlen band. Detailed
analysis can be found in Appendix B based on the photon
transmission coefficients.

We present the photoinduced current spectra and the
incident radiative heat spectra for the four devices in Fig. 6.
The narrowband nature of the photoinduced current for the
h-BN-G-InSb device and the primitive 4#-BN-InSb device
is clearly shown, while the photoinduced currents for the
other two devices exhibit broadband spectra. The incident

(a) (b)
8 L hBNaSh T hBNaS  —FBN-Gnsh
o . — hBN.Gansy | S 61 ——hBN-GAnSb  —LFBN-G-G-InSb
| Wey " I Weg
o 6f ——FBN-G-InSb = =8
- ' ——FBN-G-G-InSb !
< 1 = 4+ '
@ 4 : 9 .
= ' S 37 !
= ! ) '
=2 2 ,
< <3 |
0 —F S 0
23 2.8 33 3.8 0 1 2 3 4
w (10" Hz) w (10 Hz)
FIG. 6. (a)Photoinduced current spectra I, (@) and (b) incident

radiative heat spectra Qjn.(w) at the maximum electric power
density for the four configurations. The temperatures of the emit-
ter and the cell are kept at Temir = 450 K and Ty = 320 K,
respectively. The vacuum gap is d = 20 nm and the chemical
potential of graphene is set as i, = 1.0 €V. The 4-BN film thick-
ness is hgm = 20 nm for (¢) and (d), whereas /gy, = 10000 nm
for (a) and (b). The chemical potential difference across the
InSb p-n junction Ap is optimized independently for maximum
output power for each configuration.
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radiative heat spectra illustrate clearly the spectral distribu-
tions of the absorbed heat flux for the four devices, which
are consistent with the previous analysis.

At this point, it becomes transparent that the FBN-G-
InSb and the A-BN-G-InSb devices have better energy
efficiency, while the FBN-G-G-InSb and the #-BN-G-InSb
devices have better output power. The #-BN-G-InSb ben-
efits from the narrowband nature of photon absorption,
which gives rise to improved energy efficiency as com-
pared with broadband photon absorption, as proved in Ref.
[42]. In general, those devices are promising for heat-
to-electricity energy conversion in the common industry
waste-heat regime.

IV. CONCLUSIONS

We investigate the energy efficiency and output power
of four different NTPV systems, denoted as the /-BN-
InSb device, the A-BN-G-InSb device, the FBN-G-InSb
device, and the FBN-G-G-InSb device, where the SPhPs
in A-BN and graphene plasmons as well as their cou-
plings play viable roles in improving the energy effi-
ciency and power of those NTPV systems. It is found
that the highest output electric power density of 7.6 x
10* W/m? is achieved in the FBN-G-G-InSb device, where
the graphene-4-BN heterostructure serves as the emitter
and the graphene-covered InSb p-n junction serves as the
absorber. In contrast, the highest energy efficiency, 34%
of the Carnot efficiency, can be realized in the FBN-G-
InSb device where the heterostructure serves as the emitter
and the bare InSb p-r junction serves as the absorber.
Combined with the fact of the experimental availability
of the h-BN-graphene heterostructure and the state-of-
the-art doping of graphene [52,53], #-BN-graphene—based
NTPV systems are appealing for future high-performance
heat-to-electricity conversion.

Through those designs, the performance of the NTPV
systems can be comparable with the state-of-the-art ther-
moelectric systems working in the same temperature
range. For instance, the state-of-the-art output power den-
sity of thermoelectric generators is realized in Ref. [64]
with a power factor (PF) PF =2.5 x 10° W/m? for a
device working between two baths with temperatures 7;, =
873 K and 7. = 330 K. In comparison, the FBN-G-G-InSb
device gives PF = 1.1 x 10° W/m? under the same condi-
tion. The state-of-the-art device efficiency of thermoelec-
tric generators is given in Ref. [65], where n = 27%n for
a thermoelectric generator working between two thermal
reservoirs with temperatures 7, = 773 K and 7, = 300 K.
The corresponding device figure of merit is Zgey T = 1.34.
In comparison, the FBN-G-InSb device gives n = 42%n¢
with a very high device figure of merit of Zs., 7T = 3.4
under the same temperature bias. These comparisons indi-
cate that the NTPV systems studied in this work have
competitive performances and thus provide an appealing

pathway toward high-efficiency waste-heat-to-electricity
conversion.
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APPENDIX A: PERFORMANCES OF THE NTPV
SYSTEMS WITH DIFFERENT GRAPHENE
CHEMICAL POTENTIALS, CELL
TEMPERATURE, AND A-BN FILM THICKNESS

To optimize the performances of the NTPV systems,
we tune the chemical potential of the graphene layers, the
temperature of the InSb cell, and the thickness of the /-
BN films. In this section, we first study the effects of the
chemical potential of the graphene layers on the near-field
radiation flux, output power, and energy efficiency.

As shown in Fig. 7, the photoinduced current spec-
trum In(w) has quite different features for the three
NTPV devices with graphene when the chemical potentials
of the graphene layers are varied. The chemical poten-
tial of graphene can be tuned by doping the graphene

—— h-BN-G-InSb
—— FBN-G-InSb
—— FBN-G-G-InSb |

23 2.8 33 3.8
w (10" Hz)
(d)
e fe = 1.0 ¢V
<4
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FIG. 7. Effect of the chemical potential of graphene on the
photoinduced current spectra for the #-BN-G-InSb cell, FBN-
G-InSb cell, and FBN-G-G-InSb cell at (a) u, =02 eV,
(b) g =04 ¢V, (c) ug =0.6 eV, and (d) g = 1.0 eV. The
temperatures of the emitter and the cell are kept at Tepiy = 450 K
and Teen = 320 K, respectively. The vacuum gap is d = 20 nm.
The 4-BN film thickness is Ag,, = 20 nm for (c) and (d), whereas
hgim = 10000 nm for (a) and (b).
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FIG. 8. Effect of the chemical potential of graphene on the

performances for the #2-BN-G-InSb cell, FBN-G-InSb cell, and
FBN-G-G-InSb cell at (a) pu, =0.2 eV, (b) u, =04 eV,
(c) ug =0.6 eV, and (d) uy = 1.0 eV. The temperatures of the
emitter and the cell are kept at T = 450 K and T = 320 K,
respectively. The vacuum gap is d = 20 nm. The A-BN film
thickness is /g = 20 nm for (c) and (d), whereas hg, =
10000 nm for (a) and (b).

layers [52,53]. As the chemical potential of graphene
g increases, the photoinduced current spectrum becomes
more and more broadband for the FBN-G-G-InSb and
FBN-G-InSb devices. This feature is consistent with the
optical properties of graphene (as shown in Fig. 3) and
the photon transmission coefficient (as shown in Fig. 4).
In contrast, the photoinduced current spectrum /,n(w) of
the #-BN-G-InSb device remains to be narrowband, which
is focused in the type II reststrahlen band. In this device,
the thermal radiation from the A-BN emitter, which is
mainly focused in the two reststrahlen bands, is resonantly
enhanced by the broadband graphene SPPs in both the type
I and type II reststrahlen bands [as shown in Fig. 5(b)].
However, only the type II reststrahlen band contributes to
the photoinduced current. Increasing the graphene chemi-
cal potential strongly enhances the photoinduced current.
The narrowband nature is more preferable for higher
energy efficiency, as studied in Ref. [42], making /#-BN-
G-InSb an attractive device for both energy efficiency
and output power. For the FBN-G-G-InSb device (the red
curve), the rise of a spike below the type II reststrahlen
band with increasing (. is due to one branch of the
SPPPs that gradually rise to the edge of the type II rest-
strahlen band, because the group velocities of graphene
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FIG. 9. Effect of the #-BN film thickness on the performances
for the FBN-G-InSb cell and FBN-G-G-InSb cell at (a) Agm =
20 nm, (b) hgm = 40 nm, (¢) Agm = 60 nm, and (d) hsm =
100 nm. The temperatures of the emitter and the cell are kept
at Temit = 450 K and T = 320 K, respectively. The vacuum
gap is d =20 nm and the chemical potential of graphene is
ne =1.0eV.

plasmons become larger when the chemical potential
increases (see Appendix B for details). Overall, increasing
the graphene chemical potential can significantly improve
the energy efficiency and output power for the three NTPV
devices with graphene, as shown in Fig. 8. We consider
g = 1.0 eV in the main text as a large chemical potential
that can be obtained in genuine doped graphene [52,53].

The effect of the #-BN film thickness on the perfor-
mances of the FBN-G-InSb and FBN-G-G-InSb cells are
also examined. Figure 9 shows the output power density
and energy efficiency of these two NTPV systems for sev-
eral 4A-BN film thicknesses. It is found from the figure
that the performance of the two NTPV systems is slightly
reduced for increasing 4-BN film thickness. We thus set
the thickness as /g, = 20 nm in the main text.

To achieve the optimal performance of the NTPV sys-
tems, it is also important to tune the temperature of the
InSb cell T¢. The temperature of the InSb cell affects
quite a number of physical parameters, including the band
gap of the InSb cell, the carrier density, the reverse satu-
ration current (i.e., the dark current), and the open-circuit
voltage, to name just a few important quantities. To study
the effects of the temperature of the InSb cell, we plot
the band-gap frequency of the InSb cell, wg,p; the fraction
of useful heat flux (i.e., the exchanged heat flux carried

044038-10



ENHANCING THERMOPHOTOVOLTAIC...

PHYS. REV. APPLIED 12, 044038 (2019)

P

2.8

= . 0.8 1
L g
== wro,L S o6 /
S 24 : /
~ A g 04

2 3 =

3,0 22 [« 02 /

h-BN-InSb  —— FBN-G-InSb

—— h-BN-G-InSb —— FBN-G-G-InSb.

300 320 340 360 380 400 300 320 340 360 380 400

Teen (K) Teen (K)
(c) (d)
12 - 6
——h-BN-InSb
&0 — ——h-BN-G-InSb
B = ——FBN-G-InSb
2 8¢ g 4 ——FBN-G-G-InSb
<: ™~
) =
= 4t 1 =2
< w
0 0
300 320 340 360 380 400 300 320 340 360 380 400
Teen (K) Teen (K)
FIG. 10. (a) Band-gap frequency wg,, of the InSb cell,

(b) reverse saturation current density /y, (c) open-circuit volt-
age V,., and (d) absorption fractions of incident radiation
P /Pyy. at optimal electric power density as functions of the
cell temperature T. The temperature of the emitter is kept at
Temit = 450 K. The vacuum gap is d = 20 nm and the chemical
potential of graphene is 1y = 1.0 V. The 4-BN film thickness is
hgim = 20 nm for (¢) and (d), whereas /g, = 10000 nm for (a)

and (b).

by photons with frequency higher than wy,,); the reverse
saturation current /y; and the open-circuit voltage V. as
functions of the temperature of the InSb cell 7. in Fig. 10.
From Fig. 10(a), one can see that the band-gap frequency
of the InSb cell, wgap, decreases with increasing temper-
ature Tey. It is important to ensure that the band-gap
frequency of the InSb cell is lower than the TO phonon
frequency wro  of the #-BN, so that the enhanced near-
field thermal radiation in and around the type II reststrahlen
band can be fully exploited for the thermophotovoltaic
energy conversion. In the main text, we choose Tt to be
320 K to ensure this optimization.

The above consideration is also partly reflected in
Fig. 10(b), where the fraction of useful heat flux is plot-
ted as a function of the temperature of the InSb cell. It is
seen that this fraction increases with increasing tempera-
ture of the InSb cell. Particularly, a visible increase of the
fraction of useful heat flux is found around T, = 310 K,
where the band-gap frequency of the InSb cell starts to be
smaller than the TO phonon frequency wro, . of the #-BN.

On the other hand, the reverse saturation current density
Iy increases strongly with the InSb cell temperature 7,
as shown in Fig. 10(c). This leads to substantially reduced
electric current and open-circuit voltage [see Fig. 10(d)]
and, hence, reduced output power and energy efficiency.
The dramatic increase of the reverse saturation current
density is mainly due to the exponential increase of the

carrier density in the p-n junction due to thermal activation
across the band gap [see the discussion around Eq. (16)].
Both the increase of the temperature and the reduction
of the InSb band gap contribute to the increase of the
carrier density. As a consequence, the open-circuit volt-
ages, V., decrease with increasing temperature Tcejj, Since
Voe = Veent 10g ([ph/]O + l)

To balance these effects, a moderate temperature of the
cell has to be adopted. In the main text, we choose the tem-
perature of the InSb cell to be 320 K, which is an optimized
value by considering the aforementioned effects. This tem-
perature is also a reasonable value in genuine application
scenarios for heat-to-electricity conversion using common
industry waste heat.

APPENDIX B: UNDERSTANDING THERMAL
RADIATION AROUND THE TYPE-I
RESTSTRAHLEN BAND AND THE EFFECTS OF
GRAPHENE DOPING ON THE PHOTOCURRENT

In this section, we first use the transmission spectra to
understand the thermal radiation around the type I rest-
strahlen band in Fig. 5. One notable feature in Fig. 5 is that
the setups FBN-G-InSb [shown in Fig. 5(c)] and FBN-G-
G-InSb [shown in Fig. 5(d)] have much reduced thermal
radiation around the type I reststrahlen band, when com-
pared with the setups #-BN-InSb [shown in Fig. 5(a)] and
h-BN-G-InSb [shown in Fig. 5(b)]. To understand this fea-
ture, we plot in Fig. 11 the transmission spectra around
the type I reststrahlen region for the four setups. From the
figure, one can see that the transmission around the type
I reststrahlen region is much reduced in Figs. 11(c) and
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FIG. 11. Transmission spectra around the type I reststrahlen

band for (a) the A-BN-InSB setup, (b) #-BN-G-InSb setup,
(c) FBN-G-InSb setup, (d) FBN-G-G-InSb setup. The vacuum
gap is d = 20 nm and the chemical potential of graphene is
g = 1.0 eV. The 4-BN film thickness is sgim = 20 nm for (c)
and (d), whereas &g, = 10000 nm for (a) and (b).
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FIG. 12. Transmission spectra around the type II reststrahlen
band for (a) 2-BN-InSB setup, (b) #-BN-G-InSb setup, (c) FBN-
G-InSb setup, (d) FBN-G-G-InSb setup. The vacuum gap is d =
20 nm and the chemical potential of graphene is g, = 1.0 eV.
The A-BN film thickness is 4g, = 20 nm for (c¢) and (d), whereas
hgim = 10000 nm for (a) and (b).

11(d) compared with Figs. 11(a) and 11(b). This prop-
erty, however, is not due to the attachment of graphene
on 2#-BN (in fact, we find that the attachment of graphene
always enhances the thermal radiation, as shown in this
work as well as in Ref. [24]), but is due to the fact
that #-BN thin films of 20-nm thickness are used in the
setups of Figs. 11(c) and 11(d), whereas in the setups
of Figs. 11(a) and 11(b), much thicker (10000-nm) A-
BN films are used as thermal emitters. The 20-nm A#-BN
thin films have much weaker reststrahlen effects and hence
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FIG. 13. Transmission spectra around the type II reststrahlen
band for (a) #-BN-InSB setup, (b) #-BN-G-InSb setup, (c) FBN-
G-InSb setup, (d) FBN-G-G-InSb setup. The vacuum gap is d =
20 nm and the chemical potential of graphene is g, = 1.0 eV.
The 4-BN film thickness is 4g,, = 20 nm for (c) and (d), whereas
hgim = 10000 nm for (a) and (b).

much reduced near-field transmission below the light line.
Although adding graphene on top of the thermal emit-
ters can improve the photon transmission, the net effect is
still considerably reduced photon transmission around the
type I reststrahlen region. This observation explains the
reduced thermal radiation around the type I reststrahlen
region in Figs. 5(c) and 5(d). In fact, similar features
can be observed for the type II reststrahlen region in
Figs. 5(c) and 5(d), which, however, is a weaker reduc-
tion of thermal radiation compared to that in the type I
region. This feature may result from the fact that the type
I reststrahlen band has stronger coupling with graphene
plasmons, which enhances the near-field thermal radiation
and partly compensates the decrease due to the reduced
reststrahlen effects.

We now study the photon transmission spectra to
understand the photocurrent spectra in Fig. 7 for various
graphene doping levels (i.e., electron chemical potential
ig). The photocurrent increase or decrease is a reflection
of the above-band-gap thermal flux increase or decrease.
These two quantities are approximately proportional to
each other, as indicated by Eq. (17). Therefore, the main
features in Fig. 7 reflect that for the #-BN-G-InSb device,
the photon transmission is focused in the type II rest-
strahlen region, while the thermal flux increases with
tg. For the FBN-G-InSb device, the thermal flux spec-
trum becomes broader with increase ., while the peak
value decreases. Finally, for the FBN-G-G-InSb device,
it has similar spectral features as the FBN-G-InSb device
for the type II region and above, but with an emerging
peak slightly below the type II reststrahlen region. We

100 200 300
k/ko

=
107

0 100 200 300 ) 100 200 300
k/ko k/ko

FIG. 14. Transmission spectra around the type II reststrahlen
band for (a) #-BN-InSB setup, (b) #-BN-G-InSb setup, (c) FBN-
G-InSb setup, (d) FBN-G-G-InSb setup. The vacuum gap is d =
20 nm and the chemical potential of graphene is u, = 1.0 eV.
The A-BN film thickness is 4g, = 20 nm for (c¢) and (d), whereas
haim = 10000 nm for (a) and (b).
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now explain these features using the photon transmission
spectra in Figs. 12—14.

Figure 12 corresponds to the 2-BN-G-InSb device. One
can see that the enhancement of the photon transmis-
sion is always confined to the type II region and nearby.
The wave-vector regions with high photon transmission
increase substantially with increasing chemical potential
iLg, Which, after integration over the wave vector, leads to
enhanced thermal radiation flux. Therefore, the feature in
Fig. 7 for the #1-BN-G-InSb device is well understood.

Figure 13 corresponds to the FBN-G-InSb device. The
high transmission curve represents the contribution from
the SPPPs. The dispersion of the SPPs becomes stronger
(i.e., the group velocity becomes larger) when the graphene
chemical potential u, increases, which is a significant fea-
ture of the graphene SPPs [63] (i.e., the group velocity of
graphene plasmons becomes larger when the ratio between
the energy and the chemical potential u, decreases). As a
consequence, the frequency region with enhanced thermal
radiation becomes broader with increasing 1., which leads
to broader thermal radiation and absorption spectra. This
explains the main feature of the photocurrent spectra for
the FBN-G-InSb device.

Figure 14 corresponds to the FBN-G-G-InSb device.
The main feature is similar to Fig. 13. However, there is
another SPPP branch emerging from the low-frequency
region that approaches the the above-band-gap absorption
region. This SPPP branch emerges due to the near-field
coupling between the SPPs in the two graphene sheets (i.e.,
the sheet on the emitter and the sheet on the absorber).
Such coupling splits the two SPP branches (one from the
sheet on the emitter, while the other one from the sheet on
the absorber) and leads to a higher-frequency SPP branch
and a lower-frequency SPP branch. These SPP branches
hybridize with #-BN phonons and become SPPPs, which
are then limited to the frequency region below the type
II reststrahlen region. The higher-frequency SPPP branch
approaches the band-gap frequency wg,, at smaller and
smaller wave vector as the chemical potential 1, increases,
which is because the group velocity of graphene plas-
mons becomes larger with increasing 1,. When such a
SPPP branch approaches wg,p, at wave vectors smaller than
approximately 400k, it will contribute to the near-field
radiation. Otherwise, the evanescent-wave decay is too
strong, and the photon cannot propagate across the 20-nm
vacuum gap. Therefore, the contribution from such a SPPP
branch becomes stronger at large chemical potential g,
leading to the emergence of a large spike right below the
type I reststrahlen region.
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