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Abstract: Approaching thermodynamic limits in light harvesting requires enabling nonre-
ciprocal thermal emission. The majority of previously reported nonreciprocal thermal emitters
operate in reflection mode, following original proposals by M. Green [1] and others. In these
proposals, cascaded nonreciprocal junctions that re-direct each junction’s emission towards a
subsequent one are employed for efficient light-harvesting. Recently, simplified concepts have
been proposed in solar photovoltaics [2] and thermophotovoltaics [3], respectively, that leverage
the concept of tandem junctions to approach thermodynamic limits. In these simplified scenarios,
polarization-independent nonreciprocal response in transmission mode is required. We propose
a pattern-free heterostructure that enables such functionality, using a magneto-optical material
embedded between two dissimilar dielectric layers.

1. Introduction

Renewable energy devices that operate via light-harvesting have achieved impressive performance
in recent years. Examples include solar photovoltaic systems (PVs) [4], that convert sunlight to
electricity, and thermophotovoltaic systems (TPVs) [5-9], that convert radiant heat to electricity.
The conversion efficiency of solar PVs and TPVs is ultimately bounded by thermodynamics
[10-15]. The maximum efficiency for solar energy harvesting, e.g. solar PV and solar TPV
systems, is given by the Landsberg limit (93.3%) [16]. By engineering the spectrum of emitted
radiation by bodies other than the sun, TPV systems can approach the ultimate thermodynamic
efficiency of a Carnot engine (95% for solar irradiation) [3].

Approaching these thermodynamic limits requires violating Kirchhoff’s law of thermal
radiation. Kirchhoft’s law imposes a reciprocity constraint to the thermal emissivity of a material
that ought to be equal to its absorptivity. The performance of standard reciprocal PVs and TPVs
relies on maximizing absorption of photons at energies above the band gap of a PV junction. By
enabling nonreciprocal emission, it becomes possible to also leverage the radiation emitted by
the junction itself (arising from radiative recombination and incandescence). To approach the
Landsberg limit, cascaded configurations of junctions have been proposed, for example in the
seminal paper by M. Green [1]. In [1], a configuration of nonreciprocal junctions is proposed
such that each junction absorbs light at an angle of incidence and re-directs its own emission
towards a subsequent junction at a different angle of emission. In the limit of infinite junctions,
the Landsberg limit is reached.

Motivated by the promise of ultra-efficient light-harvesting, in recent years, nonreciprocity has
been explored significantly both fundamentally, by identifying symmetries between emission and
absorption [17, 18], but also within the context of existing magneto-optical [19-21] and Weyl
materials [22-29]. It is hence established that Kirchhoff’s law can be violated per frequency
and wavenumber. The first experimental demonstrations of nonreciprocal absorption [30]
and emission [31] has also been reported recently. Despite these advancements, however, all
previous works on nonreciprocal emission remain limited to a particular angle of emission
and absorption [26-29]. In addition, all aforementioned works report polarization-sensitive
thermal emitters, operating for either transverse electric (s-) polarization [25] or, most commonly,
transverse magnetic (p-) polarization [19, 22, 26, 32], whereas maximizing light-harvesting
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Fig. 1. Schematic of nonreciprocal tandem junctions in transmission mode for high-
efficiency photon-harvesting as proposed in [2] and [3], reaching the Landsberg and
Carnot limit for solar PVs and TPV systems, respectively. The arrows denoted
by AT and E~ symbolise ideal absorption from the top and ideal emission to the
bottom, respectively, whereas the arrows denoted by A~ and E* symbolise suppressed
absorption from the bottom and suppressed emission to the top, respectively. The
energy bandgaps of the cells are decreasing from top to bottom, as indicated by colors,
and each nonreciprocal cell directs its re-emitted radiation toward the cell underneath it.

efficiency requires nonreciprocal response for any polarization. Furthermore, the majority of
previous proposals require considerable nanolithographic efforts as they rely on diffraction
gratings [19,22,24] and guided mode resonances in photonic crystals [23,33]. Finally, with the
exception of [23], all previously considered nonreciprocal thermal emitters for light-harvesting
operate in reflection mode, absorbing and emitting light towards the same half-space, as initially
envisioned in [1].

Recently, simplified configurations of series of junctions have been proposed, that do not
require multiple reflections in order to reach thermodynamic limits. These mimic the concept of
tandem solar cells, stacking PV junctions in a configuration that is more relevant in practice. As
shown in [2] and [3], a series of tandem nonreciprocal PV cells can reach the Landsberg and
Carnot thermodynamic limit, respectively, provided that each cell absorbs radiation from one side
(half-space) and emits towards the opposite side, referred to as operation in transmission mode
henceforth. Other than [2, 3], the same functionality is required for the absorber/emitter layer in
the proposal by Jafari et al. [34], which presents a simplified configuration for approaching the
Landsberg limit with solar TPV systems. The requirement for optimal operation of a thermal
emitter in transmission mode is schematically demonstrated in Fig. 1; a cell maximally absorbs
from the top (A* is maximum) while maximally emitting towards the bottom (E~ is maximum).
The only candidate for non-reciprocal semi-transparent thermal emission reported previously
is discussed in [23], nonetheless the proposed nanostructure relies on a diffraction grating and
is, thus, polarization-sensitive and lithographically complex, limiting the potential efficiency
and practicality of potential devices. In addition, the device proposed in [23] operates solely for
normal incidence.

Here, we introduce a pattern-free approach for violating Kirchhoff’s law in transmission mode,
for unpolarized light. The proposed thermal emitter/absorber is comprised of a magneto-optical
material embedded between two dissimilar dielectric layers, and presents the same degree of
nonreciprocal behavior for both linear polarizations, upon design optimization, for a broad range



of angles of incidence/emission. The presented concept is general, hence the magneto-optical
material can be either a conventional magneto-optical compound such as InAs or GaAs [19,31] or
a Weyl semimetal as considered in various recent studies [22-29]. The operation of the device is
tunable for both polarizations via in-plane rotation of the magneto-optical material or externally
applied magnetic field with respect to the plane of incidence.

2. Results and Discussion

To break reciprocity between the thermal emissivity and absorptivity of a photonic structure in
transmission mode, inversion symmetry ought to be broken about the propagation direction [17],
corresponding to —z in Fig. 2. Thereby, although even a single slab of nonreciprocal material, e.g.
a magneto-optical material or Weyl semimetal, does break reciprocity in reflection mode [26], it
does not suffice for breaking reciprocity in transmission mode. To break inversion symmetry
with respect to the propagation direction, as discussed in [33], a planar heterostructure ought
to be comprised of a minimum of three distinct layers. In [33], a photonic crystal composed
of a three-layer unit cell was proposed for optical isolation. By contrast, here, we consider a
simpler architecture of a structure made out of just three distinct layers. These layers consist of a
magneto-optical material sandwiched in between two dielectric layers. This sequence of layers,
as shown in Fig. 2, was chosen to maximize index contrast between adjacent layers.

Without loss of generality, for the numerical simulations presented below, the dielectric layers
are chosen to be silicon (Si) and silicon dioxide (SiO,) due to sufficiently different refractive
indices at the wavelength of operation (1 = 10um). These two layers have thicknesses of
ds; = 720nm and ds;0, = 425nm, respectively. The magneto-optical material sandwiched in
between the two dielectric layers is considered to be a Weyl semimetal and has a thickness
of dwsy = 630nm, however we note that the proposed concept is general and applies to
any magneto-optical material. Weyl materials as well as magneto-optical materials exhibit a
non-symmetric tensorial dielectric function containing conjugate pairs of off-diagonal tensor
elements [19,22,35]. Thereby, these materials break Lorentz reciprocity and can be used for
nonreciprocal thermal emission [19,24,27,31]. In the case of conventional magneto-optical
materials like InAs or GaAs, an externally applied magnetic field is required to induce the
nonreciprocal behavior, however Weyl semimetals possess an intrinsic magnetic field arising
from the separation between their Weyl nodes [36-39], and thus require no external bias. The
magnetic field, either externally applied or intrinsic, is indicated in Fig. 2 as b. By aligning b with
the x axis, we describe the permittivity tensor gfora Weyl semimetal in Cartesian coordinates as:
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where g4 sf , and €* € RR. The details of the calculations of the dielectric function of the

o
considered Weyl semimetal are provided in the Supplemental document, and the values for
each of the parameters in Eq. 1 are: gﬁ’ = -5.28, sl‘.i =0.41, and &% = 14.79, as in previous
reports [33].

As already discussed in the introduction, and with respect to Fig. 1, for light-harvesting
applications, the targeted functionality of the considered structure is to achieve maximal values
of A* and E~, while conversely minimizing A~ and E*. Thereby, in Fig. 3, we calculate the
differential absorption and emission in the two half spaces (substrate and superstrate), defined
as: AY(0,¢,p) — A™(0,¢,p) and E* (0, ¢, p) — E~ (6, ¢, p), where 8 is the angle of incidence
in the xz plane, ¢ is the in-plane rotation angle of the structure, and p = s, p is the polarization.
For light-harvesting as proposed in in [2,3], AT — A~ ought to be positive, while E* — E~ ought



Fig. 2. (a) Schematics of the proposed three-layer structure designed for nonreciprocal
transmission, comprising a layer of magneto-optical material embedded between two
dissimilar dielectrics. For the numerical results, we used the following materials:
Si layer with thickness dg; = 720nm, a layer of Weyl semimetal with thickness
dwsm = 630nm, and a layer of SiO, with thickness dg;p, = 425nm. The details on
the dielectric permittivity for the WSM are provided in the Supplemental document.

to be negative (Fig. 1). In panels (a) and (c) of Fig. 3 is presented the quantity A* — A~ for s—
and p—polarization, respectively, and in panels (b) and (d) the quantity E* — E~ is presented
for these polarizations. In the inset of each panel we explicitly report the sign of the respective
quantity. As shown from panels (a)-(d) and their insets, for a broad range of incidence angles
and in-plane rotation angles, A* — A~ remains positive for both polarizations while E* — E~
remains negative. As a consequence of operating in transmission mode, both the absorptivity
A* as well as the emissivity £~ have compromised values that considerably deviate from unity
(Fig. 3). This is expected as it is a direct consequence of energy balance [23]. For maximal
absorption from the upper half-space (A* in Fig. 2) and maximal emission towards the lower
half-space (E ™), energy balance equations dictate that maximal transmittance from the lower to
the upper half space (indicated as 7~ in Fig. 2) and minimal reflectance. In the Supplementary
information, we present the values of the transmittance 7. Indeed, in the angular range where
A* and E~ are maximal and opposite in sign, 7~ indeed deviates from zero.

The metric commonly used to quantify nonreciprocity is the Kirchhoff’s factor, i, which is
defined as the difference between absorption, A(8, ¢, p), and emission E (6, ¢, p), occurring in
the same half-space (denoted as + or —):

Ui :Ai(9’¢’p)_Ei(0’¢’p)' (2)

While the magnitude of 1 quantifies the degree of nonreciprocal behavior, its sign determines the
direction of the photon flow [40]. A value of = 0 indicates a reciprocal emitter, where absorption
and emission are equal. A negative value of 7 indicates that the structure is preferentially emitting,
and, conversely, a positive value of  shows that the structure absorbs more than it emits, as is
required for light-harvesting in tandem configurations as discussed above (Figs. 1, 3, relative
to [2,3]). In Figs. 4, 5, 6, we present values of 7 for a broad range of angles of incidence, 8, and
in-plane rotations of the crystal axes of the Weyl semimetal, ¢, and discuss four different modes
of operation.

In Fig. 4, we present n*, the Kirchhoff factor for incidence from the upper half-space (6
ranges from 0 to /2 with respect to Fig. 2) for p—, panel (a), and s—, panel (b), polarizations,
respectively, for the entire range of in-plane rotation angles ¢. In panels (c) and (d), we show the
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Fig. 3. Differential absorption A* — A~ (a), (c) and emission E* — E~ (b),(d), between
the two sides of the structure. The top row is for s-polarized light, while the bottom
row is for p-polarized light. The insets show the sign of the difference, highlighting the
large angular range for positive directional absorption and negative directional emission,
required for solar energy conversion applications.
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Fig. 4. Kirchhoff’s factor for p- and s-polarized light as a function of (a,b) angle of
incidence and angle of rotation. Panels (c) and (d) are cross sections from (a) and (b)
at specific angles. In (c), the Kirchhoft’s factor is evaluated at ¢ = 0, where that the
proposed structure is selectively nonreciprocal for p-polarized light only, for a broad
range of angles of incidence, see shaded areas. Analogously, in (d), the nonreciprocal
behaviour is suppressed for p-polarization, while the structure remains reciprocal for
s-polarization for a broad range of angles of incidence. At these two angles the device
operates in a polarization-selective mode.
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Fig. 5. KirchhofF’s factor for p- and s-polarizations evaluated at ¢ = 28.5°. At this
in-plane rotation angle, the Kirchhoff’s factor is equal in magnitude and sign for the two
orthogonal polarizations. This operation mode is relevant for solar energy harvesting.
Insets on the right side: same as panels a, b in Fig. 4.



operation of the device as selectively nonreciprocal for p-polarization, at ¢ = 0 and s-polarization
at ¢ = 40°, respectively (see shaded areas). First, for 6 = 0 and 6 = 7/2, n = 0 for both p—, panel
(a), and s—, panel (b), polarization and for all in-plane rotation angles (¢), as inversion symmetry
is not broken for these incidences. Indeed, from adjoint Kirchhoff’s law [17], the relationship
n(60) = —n(-0) holds, leaving r = 0 the only possible solution for a planar structure. At ¢ =0
for oblique incidence, nonreciprocity is only enabled for p— polarization; this is expected since
the electric field for p—polarization lies in the xz plane and thus couples to the off-diagonal
tensor elements of the Weyl semimetal, €, €, (Eq. 1). With respect to the coordinate system in
Fig. 2, the electric field for s—polarized light contains only a y—component, thus, in the absence
of a rotation of the Weyl semimetal about the z—axis, s-polarized light does not experience its
bi-anisotropy. This is demonstrated in panel c for ¢ = 0. By contrast, as shown in panel d, for
¢ = 40°, i is maximal for s—polarization while vanishing for p—polarization. Once the Weyl
semimetal is rotated about its optical axis, the four diagonal tensor elements in the permittivity
tensor that were initially null (Eq. 1) acquire nonzero values thus enabling nonreciprocity for
s-polarization. As shown in Fig. 5, upon appropriate selection of the rotation angle ¢, both
polarizations exhibit the same degree of nonreciprocity, i.e. 75 = 17, simultaneously.

In particular, Fig. 5 pertains to ¢ = 28.5°. As shown, at this angle of rotation, which
corresponds physically to the orientation of the intrinsic magnetic field of the Weyl semimetal (b
in Fig. 2) with respect to the coordinate system, for a large range of angles of incidence from
6 =0 to 8 = 60, the Kirchhoff factor remains positive and equal for both linear polarizations.
The Kirchhoff factor reaches a maximum of 0.19 when 6 ~ 45°. This response is required for
nonreciprocal tandem solar PVs or TPV systems as discussed in [2] and [3], as explained in the
introduction.

Other than a positive Kirchhoff factor for nonreciprocal emitters in transmission mode, as
shown in Fig. 4, for angles of in-plane rotation between 40° and 90°, the Kirchhoff factor for
p— polarization is of opposite sign to that for s—polarization. In this mode of operation, the
structure can perform as a polarization-controlled optical circulator, since information encoded
into photon flux of opposite linear polarizations will flow towards opposite preferential directions.
Specifically, s-polarized light is preferentially absorbed from the top and emitted from the bottom,
viceversa p-polarized light is preferentially absorbed from the bottom and emitted from the top.
We show an example of this behaviour in Fig. 6, where the Kirchhoff’s factor is presented for
¢ =60°.

To summarize, we presented a three-layer heterostructure that breaks Kirchhoff’s law of
thermal radiation in transmission mode, for both linear polarizations for a broad range of angles
of incidence and emission. Other than this functionality, which is relevant for light-harvesting
at thermodynamic limits [2, 3], the proposed devices can act as preferential thermal emitters
for either linear polarization or as polarization-controlled optical circulators. The devices’
parameter that defines the mode of operation is the in-plane rotation of the crystal axis of the
Weyl semimetal with respect to the coordinate system. In the case of a magneto-optical material,
this can be externally controlled via the application of a magnetic field. The structural simplicity
of the proposed devices with respect to previous considerations make them relevant for proof-of-
principle experimental demonstrations of nonreciprocity in thermal radiation, in transmission
mode. In addition, owning to the structural simplicity of the proposed design, numerous
optimised structures could be developed, exploiting, for example, Fabry-Perot resonances of the
structure, or extending the design to layered photonic crystals, for light-harvesting as well as
information-control applications.
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Fig. 6. Kirchhoff’s factor for p- and s-polarizations evaluated at ¢ = 60°. For this
in-plane rotation angle the Kirchhoff’s factor is similar in magnitude but opposite sign
for the two orthogonal polarizations, constituting the polarization-sensitive optical
circulator mode. Insets on the right side: same as panels a, b in Fig. 4.
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