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Twisted bilayer two-dimensional electronic systems give rise to many exotic phenomena and unveil
a new frontier for the study of quantum materials. In photonics, twisted two-dimensional systems cou-
pled via near-field interactions offer a platform to study localization and lasing. Here, we theoretically
propose that twisting can be an unprecedented tool to tune the performance of near-field thermopho-
tovoltaic systems. Remarkably, through twisting-induced photonic topological transitions, we achieve
significant tuning of the thermophotovoltaic energy efficiency and power. The underlying mechanism
is related to the change of the photonic isofrequency contours from elliptical to hyperbolic geometries in a
setup where the hexagonal-boron-nitride metasurface serves as the heat source and the indium-antimonide
p-n junction serves as the cell. We find that a notably high energy efficiency, nearly 53 of the Carnot
efficiency, can be achieved in our thermophotovoltaic system, while the output power can reach up to
1.1 × 104 W/m2 without requiring a large temperature difference between the source and the cell. Our
results indicate the promising future of twisted near-field thermophotovoltaics and paves the way towards
tunable, high-performance thermophotovoltaics and infrared detection.
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I. INTRODUCTION

As a solid-state renewable energy resource, thermopho-
tovoltaic (TPV) systems have shown great potential in a
wide range of applications, including solar energy utiliza-
tion and waste heat recovery [1–3]. The photovoltaic cell,
which is separated from a thermal emitter by a vacuum
gap in a TPV system, can absorb the thermal radiation
from the emitter and convert heat into electrical energy via
the photovoltaic effect [4,5]. As the power densities of far-
field TPV systems are fundamentally constrained by the
Stefan-Boltzmann law, near-field effects are explored to
break the black-body limit [6–9]. By reducing the vacuum
gap to be comparable with or smaller than the character-
istic thermal wavelength, the power densities in near-field
TPV (NTPV) systems can far exceed those in far-field sys-
tems through strong near-field coupling. The numerical
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and experimental investigations of NTPV systems have
attracted extensive attention in recent decades [10–20].

To effectively match the gap frequency of the pho-
tovoltaic cell to the emission spectrum of the emit-
ter, one can exploit the coupling of surface polaritons,
e.g., surface-plasmon polaritons [21,22], surface-phonon
polaritons (SPhPs) [23,24], and magnetoplasmon polari-
tons [25,26]. Various types of surface polaritons have been
studied extensively and have demonstrated their ability to
enhance the near-field thermal radiation and to improve
the performance of NTPV systems [10,27–33]. Moreover,
it has been shown that near-field radiative heat transfer
can be greatly enhanced by the hybridization effect of
polaritons. In particular, the surface-plasmon polaritons in
graphene can couple with the SPhPs in hexagonal boron
nitride (h-BN) films to form hybrid polaritons that assist
photon tunneling [34–36]. Recently, inspired by the pio-
neering work of Hu et al., heat transfer based on twisted
hyperbolic systems has been explored [37,38]. The emit-
ter and absorber in these systems are made by a uniaxial
hyperbolic metasurface and can support several types of
anisotropic hyperbolic polaritons. By manipulating the
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twist angle between the emitter and the absorber, topo-
logical transitions can be induced in the dispersion of
the polaritons, resulting in enhancement of the radiative
heat transfer [39,40]. Existing studies on near-field thermal
management via twist are restricted to radiative heat trans-
fer; however, a primary concern of topological transitions
with the NTPV systems is still missing.

The high performance of NTPV systems is limited due
to the challenges in creating selective thermal emitters with
large emittance for photon energies larger than the band-
gap energy of the photovoltaic cell and creating photo-
voltaic cells with perfect absorption of the above-gap ther-
mal radiation [41–43]. In our previous works, we designed
and optimized graphene-h-BN-indium-antimonide (InSb)
near-field structures to enhance the performance of NTPV
systems working in the temperature range of common
industrial waste heat (400 to 800 K) [44,45]. When a
thin h-BN flake is patterned into a metasurface struc-
ture, the two permittivities along the direction perpen-
dicular to the optical axis become anisotropic [43,46].
In-plane hyperbolicity arises in h-BN metasurfaces when
the real parts of the two permittivities have different
signs, which supports highly confined in-plane hyper-
bolic phonon polaritons. Such anisotropic polaritons give
rise to the enhancement of the photonic local density
of states (PLDOS) around the synthetic transverse opti-
cal (STO) phonon frequency and enable good near-field
matching of polaritons above the gap frequency in InSb
[43].

In this work, we theoretically propose to use the h-BN
metasurface to act as a selective near-field emitter and
narrow-band-gap InSb p-n junction with an h-BN meta-
surface as an effective TPV cell and examine the effects of
twists in both the in-plane and out-of-plane directions on
the performance of NTPV systems. By twisting the optical
axis of the h-BN metasurface to the y direction, we demon-
strate that the out-of-plane topological transitions of the
dispersion of SPhPs enables the suppression of the excita-
tion of the SPhPs, which reduces the below-gap radiative
heat transfer between the emitter and the cell [47–49].
By manipulating the twist angle between the two h-BN
metasurfaces, we show that the in-plane topological tran-
sitions further affect the output power and energy conver-
sion efficiency of the proposed system. The performance
of the proposed system is significantly enhanced with-
out maintaining a large temperature difference between
the source and the cell, which provides an achievable
solution to a technical challenge in existing experiments
[14–20]. Unlike solar cells, the NTPV systems proposed
here are designed to harvest energy for small tempera-
ture differences not far away from ambient temperature.
The applications of this type of device can be wear-
able waste heat harvesting or other portable small energy
converters instead of large-scale industrial-level energy
generators.

This work is structured as follows. In Sec. II, we
design an NTPV system and clarify the radiative heat flux
exchanged between the emitter and the cell. We study
the photon transmission coefficient to elucidate the out-of-
pane and in-plane topological transitions in the proposed
NTPV system. In Sec. III, We examine the effects of both
the in- and out-of-plane twists on the performance of the
NTPV system. We analyze the spectral distributions of
the photoinduced current density and incident heat flux.
Finally, we summarize and conclude in Sec. IV.

II. NEAR-FIELD THERMAL RADIATION AND
TWIST-INDUCED TOPOLOGICAL TRANSITION

A. Near-field thermal radiation

The proposed NTPV system is illustrated by Fig. 1(a),
where the near-field emitter with temperature Temit and
the cell with temperature Tcell are separated by a vacuum
gap with distance d. The emitter is an h-BN metasurface
with thickness tBN, which consists of a periodic array of h-
BN nanoribbons. The periodicity and stripe width of the
nanoribbons are p and w, respectively. The TPV cell is
made of an InSb p-n junction, which is coated by an h-BN
metasurface identical to that on the emitter. In this NTPV
system, in-plane hyperbolic phonon polaritons induced
by the in-plane anisotropy of the h-BN metasurface are
excited to enhance the near-field coupling between the
emitter and the cell. The optical property of the h-BN meta-
surface is described by the effective permittivity, where
the effective anisotropic permittivity tensor εeff compo-
nents are described by a modified effective-medium model
(optical axis in the z direction) [41–43]:

εeff,x =
(

1 − ξ

ε⊥
+ ξ

εc

)−1

,

εeff,y = (1 − ξ) ε⊥ + ξεair,

εeff,z = (1 − ξ) ε‖ + ξεair.

(1)

Here ξ = (p − w)/p is the filling factor; εc = [2p/(π tBN)]
ln[csc( 1

2πξ)] is a nonlocal correction parameter taking into
account the near-field coupling of adjacent ribbons and the
corresponding nonlocality [41–43]; ε⊥ and ε‖ are the in-
plane and out-of-plane permittivities of h-BN, respectively
[50–52]; and εeff is a diagonal matrix, with εeff,x, εeff,y , and
εeff,z. The validity of the modified effective-medium theory
is corroborated by the simulation of the PLDOS using a
genuine grating structure [43,51,53]. For convenience, we
define two kinds of angles: the out-of-plane twist angle ϕ

denotes the angle between the z direction and the optical
axis of h-BN and describes the rotation of the optical axis
in the y-z plane; and the in-plane twist angle θ denotes
the angle between two parallel h-BN metasurfaces and
describes the relative rotation in the x-y plane.
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The exchanged radiative heat flux between the emitter and the cell can be calculated based on fluctuational
electrodynamics [54,55]:

Qrad(Temit, Tcell, ω, �μ) = 	1(Temit, ω)

4π2

∫ 2π

0

∫ ∞

0
ζ(ω, k, φ)k dk dφ

− 	2(Tcell, ω, �μ)

4π2

∫ 2π

0

∫ ∞

0
ζ(ω, k, φ)k dk dφ. (2)

Here 	1(Temit, ω) = �ω/[exp(�ω/kBTemit) − 1] and 	2(Tcell, ω, �μ) = �ω/{exp[(�ω − �μ)/kBTcell] − 1} are the
Planck mean oscillator energies of a black body at temperature Temit and Tcell, respectively; �μ is the electrochemical
potential difference across the p-n junction for ω > ωgap, and φ is the azimuthal angle. Finally, ζ(ω, k, φ) is the pho-
ton transmission coefficient which describes the probability of photons tunneling across the vacuum gap, which can be
expressed as [48]

ζ(ω, k, φ) =
{

Tr[(I − R†
cellRcell − T†

cellTcell)D(I − R†
emitRemit − T†

emitTemit)D†], k < k0,

Tr[(R†
cell − Rcell)D(Remit − R†

emit)D
†]e−2|kz |d, k > k0.

(3)

Here k0 = ω/c is the wave-vector in vacuum with c
the speed of light in vacuum; k =

√
k2

x + k2
y and kz =√

k2
0 − k2 are the wave-vector components parallel and

perpendicular to the x-y plane in vacuum, respectively;
and kx and ky are the wave-vector components along the
x axis and y axis, respectively. Note that Tr(·) takes the
trace of a matrix; “†” denotes conjugate transpose; I is
a 2 × 2 unit matrix; D = (I − RemitRcelle2ikzd)−1 is the
Fabry-Pérot-like denominator matrix describing the mul-
tiple scattering between the two interfaces of the emitter
and the cell; and Rj and Tj (j = emit, cell) are the reflec-
tion and transmission coefficient matrices at the interface
between the emitter (cell) and the air, respectively. These
last two coefficients can be obtained using a modified 4 × 4
transfer matrix method [26,48]. The validity of this method
has been verified by some experiments based on actual
hyperbolic materials [56,57]. Detailed calculations of the
coefficients can be found in Appendix A.

The permittivities of h-BN and the proposed h-BN meta-
surfaces are presented in Fig. 1(b). As shown in the upper
panel, the in-plane permittivity ε⊥ is negative in the fre-
quency range from 1.5 × 1014 to 1.6 × 1014 rad/s; the
out-of-plane permittivity ε‖ is negative in the range of
2.58 × 1014 to 3.03 × 1014 rad/s for natural h-BN. The
negativeness of the permittivities defines two frequency
regions with strong light-matter interaction, respectively
termed as type I and type II hyperbolic regions. The rest-
strahlen effects occurring in these two regions lead to
strong reflection and suppressed transmission, which are
crucial for the enhancement of near-field thermal radiation
[44].

In the lower panel of Fig. 1(b), we observe that a signifi-
cant difference between the in-plane permittivities εeff,x and

(a) (b)

(c)

FIG. 1. (a) Schematic illustration of the NTPV system. The
near-field emitter of temperature Temit is an h-BN metasurface
based on a grating made of nanoribbons, whose periodicity and
stripe width are p and w, respectively. The cell of temperature
Tcell is an InSb p-n junction coated by a metasurface identical to
that on the emitter. The distance between the emitter and the cell
is set as d. The temperature of the h-BN metasurface attached
to the InSb cell has the same temperature as the InSb cell. The
twist angle between the main axes of the two gratings is θ . The
upper inset shows that the optical axis of h-BN is in the x-z plane
and is tilted off the z axis by an angle ϕ. The lower inset shows
a top view of the twisted hyperbolic system at a rotation angle θ

with respect to the x axis. (b) Upper panel: real parts of the in-
plane and out-of-plane permittivities of the h-BN. Lower panel:
real parts of the permittivities along the three principal axes of
the h-BN metasurface. (c) The topological transitions induced
by the out-of-plane (upper panels) and in-plane (lower panels)
twists.
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εeff,y is conspicuous when the h-BN layer is patterned into a
metasurface structure. For h-BN constructed as a metasur-
face, the STO resonance at ω = 2.78 × 1014 rad/s emerges
in the middle of the upper reststrahlen band, which origi-
nates from the strong collective near-field coupling of the
dipolar phonon polariton resonance of the individual h-
BN ribbons [43]. The emergence of the STO resonance
brings about an extra hyperbolic band (with εeff,y > 0 and
εeff,x < 0), as indicated by the red solid line in Fig. 1(b).
Because of the STO, the PLDOS on the metasurface differs
dramatically from that of the natural h-BN. As demon-
strated in Ref. [43], the h-BN thin film only exhibits one
PLDOS peak within the reststrahlen band while the meta-
surface exhibits two PLDOS peaks located on either side of
the STO frequency. Since a high PLDOS indicates strong
anisotropic phonon polaritons, which are efficient carriers
in near-field tunneling, the h-BN metasurface may serve as
a robust near-field emitter for the NTPV system.

B. Twist-induced topological transition

To demonstrate the physical mechanisms of twist-
induced topological transition in an NTPV system,
Fig. 1(c) examines the photon transmission coefficient ζ

in the kx-ky plane with fixed frequency ω. The upper and
lower panels show the out-of-plane and in-plane twist-
induced topological transitions, respectively. The bright
branches indicate high photon transmission and the dashed
lines are the numerical solution of the implicit function
about the Fabry-Pérot-like denominator matrix D, i.e.,
Tr(D−1) = 0.

With the optical axis lying in the z direction [upper panel
of Fig. 1(c)], the energy transmission coefficient exhibits
rotational symmetry in the kx-ky plane arising from the in-
plane isotropy of h-BN, which indicates the contribution of
elliptical surface phonon polaritons (ESPhPs). The ESPhPs
supported by the h-BN thin films are excited and contribute
to the photon tunneling between the emitter and the cell.
After twisting the optical axis to the y direction, the photon
transmission coefficient becomes hyperbolic due to the in-
plane anisotropy. It is demonstrated that hyperbolic surface
phonon polaritons (HSPhPs) are excited after optical axis
twisting and there is an out-of-plane twist-induced topo-
logical transition. In addition, owing to the emergence of
the new hyperbolic band through the construction of the
grating metasurface, more high-k HSPhPs can be excited
and thus enhance the photon transmission.

The lower panel of Fig. 1(c) presents another in-
plane twist-induced topological transition at resonance
frequency: when the twist angle θ between the two meta-
surfaces changes from zero to π/2, the bright branch of
the photon transmission coefficient changes markedly from
hyperbolic (open) to elliptical (closed). We also find that
there are band splitting (from 0 to π/4) and band degen-
eracy (from π/4 to π/2) due to the θ -dependent near-field

coupling. Meanwhile, the excitation of the high-k HSPhPs
is suppressed, and the low-k ESPhPs dominate the photon
tunneling, resulting in the reduction of radiative heat flux.

To show the tuning effects of the twist-induced topo-
logical transitions in the NTPV system, Fig. 2 investigates
the photon transmission coefficients as functions of angular
frequency ω and in-plane wave-vector k plane. For conve-
nience, we select three significant modes in the enhanced
transmission for these systems, respectively denoted by
modes 1©, 2©, and 3©. Figure 2(a) shows that the pho-
ton transmission is enhanced in the two hyperbolic regions
of h-BN. The enhanced transmission below the gap fre-
quency of the InSb p-n junction (mode 1©, about 1.55 ×
1014 rad/s) is due to the strong coupling of the ESPhPs
supported by the h-BN thin films of the emitter and the
cell. The high transmission above the gap frequency of
the InSb p-n junction (mode 2©, about 2.62 × 1014 rad/s,
and mode 3©, about 2.81 × 1014 rad/s) originates from the
resonant coupling between the ESPhPs in h-BN and the
electron-hole excitations in the InSb p-n junction.

As shown in Fig. 2(b), there are three salient features
of topological transition caused by the twist of the opti-
cal axis: (i) the below-gap ESPhPs (mode 1©, ≈ 1.55 ×
1014 rad/s) are significantly weakened; (ii) one above-
gap transmission mode ( 2©, ≈ 2.73 × 1014 rad/s) can be
transformed from ESPhPs to HESPhPs with reduced trans-
mission probability and wave-vector range kmax < 100k0;
and (iii) other ESPhPs (mode 3©, ≈ 2.99 × 1014 rad/s)
have emerged due to the in-plane anisotropy. Because of
the strong coupling of the emerged ESPhPs between the
emitter and the cell, the photon transmission around this
mode is much enhanced compared to the case in Fig. 2(a),
with increased transmission probability and wave-vector
range kmax ≈ 180k0. These results are consistent with Ref.
[48].

The near-field coupling between HSPhPs and emerged
ESPhPs can be enhanced by grating effects. For mode 2©
(about 2.83 × 1014 rad/s), the in-plane hyperbolic disper-
sion (εx = −47.9263 + 14.5097i, εy = 0.0003 + 0.1102i)
is formed by near-field coupling of the phonon polari-
tons in individual h-BN nanoribbons [43]. For mode
3© (about 2.96 × 1014 rad/s), there is an elliptical in-

plane dispersion with εx = −2.1815 + 0.2079i and εy =
−2.0932 + 0.0002i for the phonon polaritons. As pre-
sented in Fig. 2(c), when the h-BN thin film is patterned
into a metasurface structure (with p = 100 nm, ξ = 0.4),
the above-gap HSPhPs (mode 2©, ≈ 2.83 × 1014 rad/s)
and emerged ESPhPs (mode 3©, ≈ 2.96 × 1014 rad/s) of
the NTPV system are further hybridized and form a strong
resonant mode in the high-k region. From the viewpoint of
topological transition, we find that the resonant mode can
form a flat band in the kx − ky plane, i.e., transition modes
between ESPhPs and HSPhPs, and the PLDOS can be sig-
nificantly enhanced in the resonant (flat-band) condition.
Originating from the strong collective near-field coupling
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(a) (b) (c)
(d) (e)

A = h-BN thin film

(OPTAX: z)
A = h-BN thin film

(OPTAX: y)

A = h-BN grating

(OPTAX: y) θ = �/0 grating θ = �/4 grating θ = �/2

FIG. 2. The photon transmission coefficient ζ as functions of ω and k. (a),(b) Out-of-plane twist on the photon transmissions of
NTPV systems. (c)–(e) In-plane twist on the NTPV system based on h-BN gratings. Parameters: the thickness of both the h-BN thin
film and metasurface is tBN = 10 nm; the periodicity and the filling factor of the h-BN metasurface are p = 100 nm and ξ = 0.4,
respectively. The temperatures of the emitter and the cell are set at Temit = 450 K and Tcell = 320 K, respectively. The vacuum gap
distance is d = 20 nm.

(negative εx) of individual nanoresonators (Fabry-Pérot
polariton resonances at nanoribbons), the ESPhPs and
HSPhPs are both excited and contribute to the enhanced
transmission.

As demonstrated in Figs. 2(c)–2(e), we move to the
dependence of in-plane twist on photon transmission ζ ,
including both below the gap (ω < ωgap) and above the
gap (ω > ωgap). Because of the suppression of the HSPhPs
induced by the in-plane topological transition, the pho-
ton transmission at the coupling mode between modes
2© and 3© becomes weakened and shrinks to a narrower

wave-vector region when the twist angle θ changes from
0 to π/2. While, for mode 1©, the transmission is slightly
enhanced when θ = π/4 but suppressed for the twist angle
increasing to π/2. From the above spectral analysis, we
numerically show an enhancement of photon transmission
coefficients through the adjustment of in-plane and out-of-
plane twisting. The effects of the near-field couplings on
the NTPV systems are elaborated in the following. For fur-
ther discussion on the contribution of the three resonant
modes, please refer to Appendix B.

III. THE TOPOLOGICAL TRANSITIONS ON
NTPV SYSTEMS

Based on the detailed balance analysis, the actual elec-
tric current density Ie of the TPV cell is derived as
[58]

Ie = (Iph − I0[exp(eV/kBTcell) − 1])ηQE ≡ Ie,maxηQE, (4)

where V = �μ/e is the operating voltage of the cell [58],
Ie,max is the maximum electric current density, and ηQE
is the mean quantum efficiency [1]. Here, we consider
the ideal situation, i.e., ηQE = 100%. Also here, I0 is the
reverse saturation current density [59], whereas Iph is the
photogeneration current density, which arises from the
radiation absorption of the cell in the frequency range

above the band gap

Iph = e
∫ ∞

ωgap

Qrad (Temit, Tcell, ω, �μ)

�ω
dω. (5)

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

Pe = −IeV, (6)

and the incident radiative heat flux is given by the integral
of the radiative heat flux defined in Eq. (2):

Qinc =
∫ ∞

0
Qrad(Temit, Tcell, ω, �μ) dω

=
∫ ∞

0

dω

(2π)3 	1(Temit, ω)

∫ 2π

0

∫ ∞

0
ζ(ω, k, φ)k dk dφ

−
∫ ∞

ωgap

dω

(2π)3 	2(Tcell, ω, �μ)

×
∫ 2π

0

∫ ∞

0
ζ(ω, k, φ)k dk dφ

−
∫ ωgap

0

dω

(2π)3 	1(Tcell, ω)

×
∫ 2π

0

∫ ∞

0
ζ(ω, k, φ)k dk dφ. (7)

The integrand functions of frequency in Eqs. (5) and (7)
are defined as the spectral functions Qrad(ω) and Iph(ω),
respectively. The energy efficiency η is given by the ratio
between the output electrical power density Pe and the
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

h-BN film (OA || z)
h-BN film (OA || y)
h-BN grating (OA || y)

h-BN film (OA || z)
h-BN film (OA || y)
h-BN grating (OA || y)

h-BN film (OA || z)
h-BN film (OA || y)
h-BN grating (OA || y)

h-BN film (OA || z)
h-BN film (OA || y)
h-BN grating (OA || y)

FIG. 3. (a)–(d) Effects of out-of-plane twist on the performance of NTPV systems. (a) Radiative heat spectra Qrad(ω) and (b) pho-
toinduced current spectra Iph(ω) for the A–A–InSb NTPV systems (A = h-BN thin film or h-BN grating metasurface) as a function of
ω, where the voltage bias V is at maximum output power for each set-up. (c) Electrical power density Pe and (d) energy conversion
efficiency η/ηC in units of the Carnot efficiency (ηC) of the A–A–InSb NTPV systems as a function of voltage bias V. (e)–(h) Effects
of in-plane twist on the performance of NTPV systems: (e) Qrad(ω) and (f) Iph(ω) for the NTPV system based on h-BN gratings as a
function of ω at different twisting angles θ , where V = 0.03 V; (g) Pe and (h) η/ηC for the NTPV system based on h-BN gratings as a
function of voltage bias V at different twisting angles θ . Parameters: Temit = 450 K, Tcell = 320 K, d = 20 nm, tBN = 10 nm, p = 100
nm, and ξ = 0.4.

incident radiative heat flux Qinc [46],

η = Pe

Qinc
. (8)

Figures 3(a) and 3(b) reveal the spectral functions Qrad(ω)

and Iph(ω) of the three different NTPV systems, i.e., h-BN
film with optical axis parallel to the z axis (black line),
h-BN film with twisted optical axis parallel to the y axis
(blue line), and h-BN grating with twisted optical axis par-
allel to the y axis (red line). All three lines in Fig. 3(a)
show that the radiative heat spectrum Qrad(ω) is strength-
ened in the two hyperbolic bands of h-BN for all three
NTPV systems. But the black line shows that the incident
heat spectrum below the gap frequency of InSb is much
higher than that above it for the h-BN thin film without a
twisted optical axis. When the optical axis is twisted by
π/2 into the y direction (the two A–A–InSb NTPV sys-
tems with A = h-BN thin film and A = h-BN grating), this
high heat spectrum decreases dramatically due to the sup-
pression of ESPhPs caused by the twist of the optical axis.
A similar phenomenon has been studied in Ref. [48]. For
the system with h-BN thin film (with the optical axis in
the y direction), the incident heat spectrum above the gap
frequency ωgap is enhanced predominantly compared with
that below it, with the success attributed to the topological
transition of ESPhPs to HSPhPs and the emerged ESPhP
modes. For the NTPV system with A = h-BN metasurface,
due to the strong coupling between ESPhPs and HSPhPs,
a higher incident heat spectrum is exhibited above the
gap frequency of InSb. Consistent with the incident heat

spectrum, the photon-induced current of the system with
A = h-BN metasurface is much larger than that of the other
two systems with h-BN thin films.

Indeed, from Eq. (5), it is clear that finding only the
contribution from above the band gap, i.e., ω > ωgap, can
improve the performance of NTPV cells [60]. In contrast,
enhancement below the band gap leads to reduced energy
efficiency, since these photons are useless for energy con-
version. The high transmission region above the band gap
is mainly due to the resonant coupling between the ESPhPs
(HSPhPs) and the electron-hole excitation in the InSb
junction. The system with A = h-BN grating possesses sig-
nificantly increased above-gap incident heat spectrum and
dramatically decreased below-gap spectrum, as shown in
Figs. 3(a) and 3(b). This finally brings about the excel-
lent performance of the system with A = h-BN grating,
with the highest output power of about 1.1 × 104 W/m2

and an energy efficiency of nearly 53 of the Carnot effi-
ciency ηC [see Figs. 3(c) and 3(d)]. On the contrary, the
highest incident heat spectrum below the band gap and the
lowest heat spectrum above the band gap lead to the low-
est energy efficiency and output power of the system with
A = h-BN thin film (with optical axis in the z direction)
[see the black solid line in Figs. 3(c) and 3(d)]. The mod-
erate performance in the system with A = h-BN thin film
(with optical axis in the y direction) originates from the
enhanced above-gap incident heat spectrum and decreased
below-gap spectrum compared to that of the system with
A = h-BN thin film (with optical axis in the z direction).

Eventually, we turn to investigate the effects of the in-
plane twist on the performances of the NTPV system based
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on h-BN gratings [Figs. 3(e)–3(h)]. It is evident that the
radiative heat spectrum Qrad above the gap decreases with
larger twist angle θ [in Fig. 3(e)], so that it leads to the
reduction of the photoinduced current spectral functions
using Eq. (5) [see Fig. 3(f)], which is consistent with the
previous analysis.

At this point, it becomes transparent that the optimal
electric output power and efficiency of the NTPV system
without an in-plane twist are much better than those with
a twist. The NTPV system without a twist benefits from
the narrowband nature of photon absorption, which gives
rise to improved energy efficiency as compared with broad-
band photon absorption, as proved in Ref. [61]. Here we
have to point out that, for the below-gap heat spectrum,
the energy efficiency exhibits a nonmonotonic dependence
versus the twisting angle θ . According to Eq. (8), the
reduced power divided by the increased incident radia-
tion ultimately leads to reduced efficiency (about 49 of ηC)
for θ = π/4. Likewise, the reduction of output power and
input radiation contemporaneously produces a moderate
efficiency for θ = π/2.

IV. SUMMARY AND OUTLOOK

In this work, we propose an NTPV system based on A =
h-BN gratings where twisting triggers dramatic changes in
the optical properties. In particular, the below-absorption-
gap (wasted) radiative heat transfer can be suppressed by
twisting the optical axis of h-BN into the y axis. As a con-
sequence, the performance of the NTPV system is signif-
icantly improved. The energy efficiency can reach nearly
53% of ηC while the heat source and the photovoltaic cell
are kept at a relatively low temperature difference (130 K).
The underlying mechanism is uncovered as the topologi-
cal transitions in the near-field coupled photonic systems,
specifically, in the forms of SPhPs. Meanwhile, the output
power can also be tuned by twisting the h-BN metasurface.
Our study paves the pathway toward high-performance
TPV systems based on twisted photonics. Another possi-
ble application for this two-dimensional twisted material
system could be photodetectors, which may be considered
in the future.
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APPENDIX A: CALCULATION OF THE
REFLECTION AND TRANSMISSION

COEFFICIENTS

To calculate the photon transmission coefficient between
the near-field emitter and the cell, it is necessary to calcu-
late the reflection and transmission coefficients at different
values of the azimuth angle φ [48]. When φ is not equal to
0, the plane of incidence is tilted off the x axis by an angle
φ. Following the procedure of Ref. [48], we calculate the
reflection and transmission coefficients in the x′y ′z′ coordi-
nate system. The permittivity tensor in the x′y ′z′ coordinate
system can be expressed as

⎛
⎝εxx εxy εxz

εyx εyy εyz
εzx εzy εzz

⎞
⎠ = TzεT−1

z , (A1)

where Tz is the coordinate rotational transformation matrix
and ε is the permittivity tensor of any anisotropic material
in the xyz coordinate system. The matrix Tz is given as

Tz =
⎛
⎝ cos φ sin φ 0

− sin φ cos φ 0
0 0 1

⎞
⎠ . (A2)

If the incident wave is a transverse electric wave, the
electromagnetic fields in the medium can be written with
reference to the x′y ′z′ coordinate system as

E = S(z) exp(−iωt + iβx) (A3)

and

H = −i
√

ε0/μ0 U(z) exp(−iωt + iβx), (A4)

where S = (Sx, Sy , Sz) and H = (Ux, Uy , Uz).
In the above equations, the prime on the space variables

has been dropped for brevity and β is the wave-vector
component along the x axis. The wave-vector component

along the z axis in vacuum is kz =
√

k2
0 − β2. Substituting

Eqs. (A1), (A3), and (A4) into the Maxwell equations and
setting Kx = β/k0, we obtain the differential equations

d
dz

⎛
⎜⎝

Sx
Sy
Ux
Uy

⎞
⎟⎠ = k0M

⎛
⎜⎝

Sx
Sy
Ux
Uy

⎞
⎟⎠ , (A5)

where the coefficients matrix is given by
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M =

⎛
⎜⎜⎝

−iKxεzx/εzz −iKxεzy/εzz 0 K2
x /εzz − 1

0 0 1 0
εyzεzx/εzz − εyx εyzεzy/εzz + K2

x − εyy 0 iKxεyz/εzz
εxx − εxzεzx/εzz εxy − εxzεzy/εzz 0 −iKxεxz/εzz

⎞
⎟⎟⎠ . (A6)

Assuming U = (SxSyUxUy)
T, we have MU = qU. By

solving the equation, i.e., |M − qI| = 0, we obtain four
eigenvalues qm, m = 1, 2, 3, 4, of the matrix M and cor-
responding eigenvectors

ωm =

⎛
⎜⎝

w1,m
w2,m
w3,m
w4,m

⎞
⎟⎠ , m = 1, 2, 3, 4. (A7)

For the near-field emitter consisting of h-BN grating with
thickness tBN, the electromagnetic fields in the medium can
be described by the eigenvalues and eigenvectors of the
coefficient matrix

Sx(z) =
2∑

m=1

w1,mc+
m exp(k0qmz)

+
2∑

m=1

w1,m+2c−
m exp[−k0qm(z − tBN)], (A8)

Sy(z) =
2∑

m=1

w2,mc+
m exp(k0qmz)

+
2∑

m=1

w2,m+2c−
m exp[−k0qm(z − tBN)], (A9)

Ux(z) =
2∑

m=1

w3,mc+
m exp(k0qmz)

+
2∑

m=1

w3,m+2c−
m exp[−k0qm(z − tBN)], (A10)

Uy(z) =
2∑

m=1

w4,mc+
m exp(k0qmz)

+
2∑

m=1

w4,m+2c−
m exp[−k0qm(z − tBN)], (A11)

In the above equations, the real parts of the eigenvalues qm,
m = 1, 2, 3, 4, are positive; and c+

m and c−
m are unknowns

which can be determined by matching the boundary con-
ditions. The reflection and transmission coefficients can be
calculated by applying the tangential electric and magnetic
field components at the top and the bottom surfaces of the

grating, respectively,

⎛
⎜⎝

0
1

ikz/k0
0

⎞
⎟⎠

⎛
⎜⎝

−kz/k0 0
0 1
0 −ikz/k0
−i 0

⎞
⎟⎠

(
rsp
rss

)

= (
W1 W2X

) (
C+
C−

)
(A12)

and

(
W1Y W2

) (
C+
C−

)
=

⎛
⎜⎝

kz/k0 0
0 1
0 ikz/k0
−i 0

⎞
⎟⎠

(
tsp
tss

)
.

(A13)

Here W = (W1 W2) is the eigenvector of the matrix M;
C+ and C− are vectors composed of the unknowns; X is
a diagonal matrix with diagonal elements exp(−k0qmtBN),
m = 3, 4; and Y is a diagonal matrix with diagonal ele-
ments exp(k0qmtBN), m = 1, 2.

Likewise, when the incident wave is a transverse mag-
netic wave, the electromagnetic fields in the medium can
be written as

H = U(z) exp(−iωt + iβx) (A14)

and

E = i
√

μ0/ε0 S(z) exp(−iωt + iβx). (A15)

By substituting Eqs. (A14) and (A15) into the Maxwell
equations, the same differential equations as those in Eq.
(A5) can be obtained with exactly the same coefficient
matrix as shown in Eq. (A). One can express the fields
in the uniaxial medium in the same forms as in Eqs.
(A8)–(A11) and apply the boundary conditions at the top
and bottom surfaces of the grating, which are, respectively,
expressed as

⎛
⎜⎝

ikz/k0
0
0
1

⎞
⎟⎠

⎛
⎜⎝

−ikz/k0 0
0 i
0 kz/k0
1 0

⎞
⎟⎠

(
rpp
rps

)

= (
W1 W2X

) (
C+
C−

)
(A16)
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and

(
W1Y W2

) (
C+
C−

)
=

⎛
⎜⎝

ikz/k0 0
0 i
0 −kz/k0
1 0

⎞
⎟⎠

(
tpp
tps

)
.

(A17)

Next, we extend the above analysis to an arbitrary L-layer
structure by matching the tangential electric and magnetic
field components at each interface. Take the incidence
of a transverse magnetic wave for an example. All the
boundary conditions are

⎛
⎜⎝

ikz/k0
0
0
1

⎞
⎟⎠ +

⎛
⎜⎝

−ikz/k0 0
0 i
0 kz/k0
1 0

⎞
⎟⎠

(
rpp
rps

)

= (
W(1)1 W(1)2X(1)

) (
C+

(1)

C−
(1)

)
, (A18)

(
W(l−1)1Y(l−1) W(l−1)2

) (
C+

(l−1)

C−
(l−1)

)

= (
W(l)1Y(l) W(l)2

) (
C+

(l)
C−

(l)

)
, (A19)

and

(
W(L)1Y(L) W(L)2

) (
C+

(L)

C−
(L)

)

=

⎛
⎜⎝

ikz/k0 0
0 i
0 −kz/k0
1 0

⎞
⎟⎠

(
tpp
tps

)
, (A20)

where l = 2, 3, . . . , L. Above, W(l), X(l), and Y(l) have the
same definitions as W, X, and Y described previously. For
each l, W(l) = (

W(l)1 W(l)2
)
.

To avoid the numerical instability associated with the
inversion of the matrix, we adopt the enhanced transmit-
tance matrix approach. From Eq. (A30), one has

(
C+

(L)

C−
(L)

)
= (

W(L)1Y(L) W(L)2
)−1

(
f(L+1)

g(L+1)

)
t, (A21)

where

t =
(

tpp
tps

)
, f(L+1)

(
ikz/k0 0

0 i

)
,

g(L+1) =
(

0 −kz/k0
1 0

)
. (A22)

To ensure that the matrix to be inverted in Eq. (A21)
is numerically stable, we follow the procedure given by

Moharam et al. [62], and rewrite it as the product of two
matrices:

(
W(L)1Y(L) W(L)2

)−1 =
(

Y(L) 0
0 I

)−1 (
W(L)1 W(L)2

)−1 .

(A23)

The matrix on the right in the product is well condi-
tioned, and its inversion is numerically stable. Therefore,
Eq. (A21) can be rearranged as

(
C+

(L)

C−
(L)

)
= (

W(L)1Y(L) W(L)2
)−1

(
aL
bL

)
t, (A24)

where I is the unit matrix and
(

aL
bL

)
= (

W(L)1 W(L)2
)−1

(
f(L+1)

g(L+1)

)
. (A25)

We adopt the substitution t = a−1
L YLtL, and then Eq. (A24)

becomes

(
C+

(L)

C−
(L)

)
=

(
I

bLa−1
L Y(L)

)
tL. (A26)

Putting Eq. (A26) into Eq. (A19) for l = L, we have

(
C+

(L−1)

C−
(L−1)

)
= (

W(L−1)1Y(L−1) W(L−1)2
)−1

(
fL
gL

)
tL, (A27)

where
(

fL
gL

)
= W(L)1 + W(L)2X(L)bLa−1

L L(L). (A28)

Repeating the above procedure for all layers, we obtain

⎛
⎜⎝

ikz/k0
0
0
1

⎞
⎟⎠ +

⎛
⎜⎝

−ikz/k0 0
0 i
0 kz/k0
1 0

⎞
⎟⎠ r =

(
f1
g1

)
t1,

r =
(

rpp
rps

)
. (A29)

We can solve Eq. (A29) for rpp , rps, and t1, and then the
transmission coefficients can be calculated as

(
tpp
tps

)
= a−1

L Y(L)a−1
L−1Y(L−1) · · · a−1

1 Y−1
1 t1. (A30)

The procedure is basically the same as above for the
incidence of a transverse electrical wave.
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APPENDIX B: EFFECTS OF OUT-OF-PLANE AND
IN-PLANE TWISTS ON THE PHOTON
TRANSMISSIONS OF NTPV SYSTEMS

To better understand the underlying mechanism of the
contributions of the three modes (modes 1©, 2©, and 3©),
we present the energy transmission coefficients ζ in the kx-
ky plane, as shown in Fig. 4. In the system with A = h-BN
thin film (with the optical axis in the z direction), the pho-
ton transmission is enhanced in the two hyperbolic regions

of h-BN. The enhanced transmission below the gap fre-
quency of the InSb p-n junction (mode 1©, about 1.55 ×
1014 rad/s) is due to the strong coupling of the ESPhPs
supported by the h-BN thin films of the emitter and the
cell. The high transmission above the gap frequency of
the InSb p-n junction (mode 2©, about 2.62 × 1014 rad/s,
and mode 3©, about 2.81 × 1014 rad/s) originates from
the resonant coupling between the ESPhPs in h-BN and
the electron-hole excitations in the InSb p-n junction. As

(a) A = h-BN thin film (OPTAX: z)

(b) A = h-BN thin film (OPTAX: y)

(c) A = h-BN grating (OPTAX: y)

FIG. 4. The photon transmission coefficients of the A–A–InSb NTPV systems with (a) A = h-BN thin film (with the optical axis in
the z direction), (b) A = h-BN thin film (with the optical axis in the y direction), and (c) A = h-BN grating (with the optical axis in
the y direction). Parameters: the thickness of both the h-BN thin film and the metasurface is hBN = 10 nm; the periodicity and the
filling factor of the h-BN metasurface are p = 100 nm and ξ = 0.4, respectively. The temperature of the emitter and the cell are set at
Temit = 450 K and Tcell = 320 K, respectively. The vacuum gap distance is d = 20 nm.
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1.47 × 1014 rad/s

0

(a)

(e)

(i)

(b)

(f)

(j)

(c)

(g)

(k)

(d)

(h)

(lk)

2.84 × 1014 rad/s 2.93 × 1014 rad/s 2.96 × 1014 rad/sθ

�/4

�/2

ω

FIG. 5. Anisotropic energy transmission coefficients of the NTPV system based on h-BN gratings for different twisting angles at
different frequencies. The thickness of the h-BN metasurface is set as hBN = 10 nm. The periodicity and the filling factor of the h-
BN metasurface are p = 100 nm and ξ = 0.4, respectively. The temperature of the emitter and the cell are set at Temit = 450 K and
Tcell = 320 K, respectively. The vacuum gap distance is d = 20 nm.

confirmed by the energy transmission coefficients vary-
ing with the wave-vector components kx and ky , shown in
Fig. 4(a), the high energy transmission coefficient exhibits
rotational symmetry in the kx-ky plane for all three modes,
which is due to the in-plane isotropic nature of h-BN. It is
also noted that the photon transmission around mode 1© is
much stronger than the other two modes, the bright circular
region centered at the region and with radius far exceeding
k0, which indicates the strong coupling of ESPhPs between
the h-BN thin films.

After twisting the optical axis to the y direction,
the below-gap transmission (mode 1©, about 1.55 ×
1014 rad/s) and one above-gap transmission (mode 2©,
about 2.73 × 1014 rad/s) are both weakened, with reduced
transmission probability and wave-vector range kmax <

100k0, as shown in Fig. 2(b). This is due to the topological
transition induced by the twist of the optical axis. At mode
1© (about 1.55 × 1014 rad/s) and mode 2© (about 2.73 ×

1014 rad/s), the HSPhPs are excited and dominate the
energy transfer due to the in-plane anisotropy. Specifically,
the permittivities are ε⊥ = 7.7707 − 0.0099i and ε‖ =
−0.5455 − 0.1696j at mode 1© (about 1.55 × 1014 rad/s)
and ε⊥ = −10.8946 + 0.5172i and ε‖ = 2.7905 + 0.0006i
at mode 2©, respectively. Because of the opposite signs of
the permittivities, the dispersion of HSPhPs is satisfied,
which gives rise to the hyperbolic transmission contour
[48]. In addition, there appears another enhanced trans-
mission (mode 3©, about 2.99 × 1014 rad/s) in the type II
hyperbolic band of h-BN. For this mode, the permittivities
are ε⊥ = −0.5775 + 0.0675i and ε‖ = 2.8255 + 0.0004i,
which satisfy the dispersion of the ESPhPs. Because of

the strong coupling of the ESPhPs between the emitter
and the cell, the photon transmission around this mode is
much enhanced compared to the case in Fig. 4(a), with
increased transmission probability and wave-vector range
kmax ≈ 180k0.

From Fig. 2(c), we find that, when the h-BN thin film
is patterned into a metasurface structure (with p = 100
nm, ξ = 0.4), the above-gap transmission modes 2© (about
2.83 × 1014 rad/s) and 3© (about 2.96 × 1014 rad/s) of
the NTPV system are further enhanced and merge into
one strong resonant mode. As shown in Fig. 4(c), the
transmission contour is similar to that of the system with
A = h-BN thin film (with the optical axis in the y direc-
tion) at mode 1© (about 1.55 × 1014 rad/s). For mode 2©
(about 2.83 × 1014 rad/s), the in-plane hyperbolic disper-
sion (εx = −47.9263 + 14.5097i, εy = 0.0003 + 0.1102i)
is formed by near-field coupling of the phonon polari-
tons in individual h-BN nanoribbons [43]. Because of the
contribution of these HSPhPs, the enhanced transmission
contour at this mode exhibits strong hyperbolicity, and
more HSPhPs are excited and contribute to the energy
transfer. For 3© (about 2.96 × 1014 rad/s), the phonon
polaritons have elliptical in-plane dispersion with εx =
−2.1815 + 0.2079i, εy = −2.0932 + 0.0002i. Originating
from the strong collective near-field coupling of individual
nanoresonators, the ESPhPs are excited and contribute to
the elliptical contour of the enhanced transmission.

To demonstrate the optimization nature of the TPV
energy efficiency with twist-induced topological transi-
tion, we drew several plots of transmission with dif-
ferent in-plane twist angles, as indicated in Fig. 5. To
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characterize the topological nature of SPhPs, we show
transmission in kx-ky space with four resonant frequencies
at different in-plane twist angles. The four resonant fre-
quencies are around mode 1© (about 1.47 × 1014 rad/s),
mode 2© (about 2.83 × 1014 rad/s), mode 3© (about
2.96 × 1014 rad/s), and a resonant mode (about 2.93 ×
1014 rad/s) between mode 2© and mode 3©. For the system
with zero in-plane twist, the HSPhPs around mode 2© and
the ESPhPs around mode 3© are coupled and form a strong
resonant mode at 2.93 × 1014 rad/s. With the twist angle
changing from zero to π/2, the bright band of the pho-
ton transmission at this resonant frequency changes from
hyperbolic (open) to elliptical (closed). In the meantime,
there is band splitting when the twist angle changes from
zero to π/4 and there is band degeneracy when the twist
angle changes from π/4 to π/2. It is also noticed that
the contribution of HSPhPs with larger wave-vectors are
suppressed and the ESPhPs with lower wave-vectors dom-
inate the photon tunneling, which leads to the weakened
photon transmission above the gap frequency in Figs. 2(d)
and 2(e).
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