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Wide-angle nonreciprocal thermal radiation that deviates from Kirchhoff’s law over a broad angular range is relevant
for energy harvesting and thermal management. Although wide-angle nonreciprocity for TM-polarized waves has been
demonstrated, a comparable effect for TE polarization remains challenging due to reciprocity constraints. A TE-polarized
nonreciprocal thermal emitter composed of a Ge grating, Weyl semimetal, and a planar Ag layer is proposed. High emis-
sion and low absorption for TE polarization across the azimuthal range from 20° to 80° with nonreciprocity exceeding
0.7 can be obtained. The results indicate that the emitter maintains consistent emission despite dimensional variations,
demonstrating favorable fabrication tolerance. The TE-polarized wide-angle nonreciprocity remains stable against minor
fluctuations in temperature and axial vector. This proposed approach extends nonreciprocal thermal radiation beyond TM
polarization while providing flexibility in wide-angle emission control. It has potential in nonreciprocal radiative cooling,

thermophotovoltaics, and infrared technologies.

Keywords: TE-polarized, nonreciprocal thermal radiation, wide-angle emission, Weyl semimetals

PACS: 42.25.Ja, 44.40.4a, 78.20.Ls, 81.05.X]
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1. Introduction

Nonreciprocal thermal radiation (NTR), an emerging
technology distinct from conventional thermal emitters, of-
fers significant potential for energy harvesting and conver-
sion. According to Kirchhoff’s law, energy devices would
reradiate a portion of absorbed energy back to the Sun, result-
ing in inevitable power losses and consequent limitations on
efficiency.!!! Most thermal emitters obey this law — that the
emission and absorption remain identical — due to Lorentz
reciprocity constraints.[”! However, advances in nanophoton-
ics have enabled violation of Kirchhoff’s law, allowing inde-
pendent control over emissivity and absorptivity.!*~! Nonre-
ciprocal thermal emitters minimize radiation losses, enhancing
energy conversion efficiency and enabling novel applications
such as thermophotovoltaic devices and solar cells.[®7]

Key strategies for achieving thermal nonreciprocity in-
clude the use of magneto-optical (MO) materials, time-varying

8171 Zhu and Fan demon-

systems, and nonlinear materials.|
strated that absorptivity and emissivity can be decoupled via
the coupled-mode theory.!'8! Experimental studies have fur-
ther confirmed violations of Kirchhoff’s law, resulting in a
generalized formulation.!'*~2? In photovoltaics and advanced

thermal management, control of broadband and wide-angle ra-
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diation is crucial. Consequently, achieving broadband, wide-
angle nonreciprocity remains a significant challenge in the
field of NTR. Studies indicate that gradient epsilon-near-
zero magnetized metamaterials enable continuous asymmetric
Berreman mode excitation, 23] and broadband electromagnetic
nonreciprocity has been experimentally verified. >3]
Another promising approach involves three-dimensional
gapless topological materials, particularly magnetic Weyl
semimetals (WSMs), which exhibit unique topological elec-
tronic states and break time-reversal symmetry.?°-301 Integrat-
ing dielectric gratings with WSMs has demonstrated broad-
band and wide-angle nonreciprocal radiation.31-3?! Shi et al.
proposed WSM/dielectric multilayer thin-film structures that
excite Brewster modes, achieving ultra-broadband and asym-
metric angular emissivity.3! Liu er al. further enhanced
broadband nonreciprocal radiation by incorporating prisms
into WSM gratings.**) Additional techniques, such as MO
lattice resonance, three-layer cavity enhancement and high-
contrast gratings, and the introduction of new materials such
as graphene, have extended the angular range of NTR.[3>-38]
Despite these advances, most broadband wide-angle nonre-
ciprocity studies have focused on TM polarization. Wide-
angle nonreciprocity with TM polarization shows a signifi-

cant decline at angles greater than 60°, limiting its application
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in solar energy collection. Compared with TM polarization,
TE polarization excites no surface plasmon polaritons at the
metal interface, thereby avoiding associated absorption losses
and enabling wide-angle, broadband emission.** When in-
tegrated with high-index-contrast gratings, this configuration
maintains large fabrication tolerances while significantly re-
ducing thermal losses caused by metal absorption. Such a de-
sign shows great potential for realizing omnidirectional reso-
nant absorption. 3340411 It is desirable to extend exploration to
TE polarization to enhance the strength of NTR.

In this work, a TE-polarized wide-angle nonreciprocal
emitter with optimized azimuthal angles is presented. Asym-
metric wide-angle nonreciprocity at an incident wavelength
of 16 um is achieved. The proposed design exhibits high
TE-polarized emission and low absorption over the azimuthal
range from 20° to 80°. These findings contribute to the spec-
tral, angular, and polarization control of thermal radiation,
with potential applications in passive radiative cooling and
adaptive infrared camouflage.

2. Device design

A schematic diagram of our proposed TE-polarized wide-
angle nonreciprocal emitter is shown in Fig. 1. Owing to
its high transparency and low propagation loss in the mid-
infrared region, Ge has garnered significant attention in the
field of photonic devices. Its well-characterized optical prop-
erties further contribute to reducing uncertainties in optical
simulations.[*>*3 Consequently, the structure proposed in this
work consists of a periodic rectangular Ge grating, WSM, and
a Ag reflective layer. The thicknesses of the grating and WSM
are h and hy, respectively. The width and period of the grat-
ings are w and d, respectively. The Ag reflective layer has a
thickness of 200 nm to suppress all transmission. The angle
between the incident plane and the x—z plane is ¢, defined as
the azimuthal angle. The considered TE-polarized light makes
an angle of 6 with the normal, denoted as the angle of inci-
dence. In this work, the refractive index of Ge is 4.0. The
permittivity of Ag is taken from Ref. [8]. In addition, an ideal
magnetic WSM is considered with two Weyl nodes that have
opposite chirality. The direction of momentum separation 2b
is along the y-axis. Hence, the permittivity tensor of the WSM
is denoted as!!!-26:281

&g 0 ig,
€= 0 &4 0 . (1)
—ig, 0 &

The diagonal components & and non-diagonal components &,

of the permittivity tensor are!%°]

be?
& =—— 2
AT 2nhoey’ 2
g =y i 3)
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d b (D’

where &, and b represent the background conductivity and
the axial vector of the WSM, respectively. The axial vector
b is comparable to the external magnetic field of MO mate-
rial, breaking the symmetry of the scattering matrix. ¢ repre-
sents the bulk conductivity, which is obtained from the random
phase approximation to a two-band model with spin degener-
acy. The bulk conductivity o is calculated as!'!]

rsg 0 rsg [ 4 2 kgT 2
= 20 — =2 — |1+ —
o= ao(3) a5 (B

& -G(2
+89/0 G(é)zfé(f)édé}, 4)

where r, = e /4meohve, Q = h (@ +it7") /ER(T), and & =
E./Ep(T) are the effective fine structure constant, the com-
plex frequency normalized by the chemical potential, and the
normalized cutoff energy, respectively. vg, g, kg, and ! are
the Fermi velocity, the number of Weyl points, the Boltzmann
constant, and the scattering rate, respectively. Weyl nodes sep-

arated in momentum space are plotted in Fig. 1.

\ £D 4
4 4

Fig. 1. Schematic diagram of the TE-polarized wide-angle nonrecip-
rocal emitter. The cyan and orange electronic energy band structures
indicate the momentum separation of paired Weyl nodes separated by
2b in the ky direction.

The chemical potential Er (T') of the WSM is sensitive to

temperature, which is represented by
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where Er (0) = 0.163 eV. The parameters adopted in this study
are taken from Refs. [11]and [26]: b=2x 10 m~', &, = 6.2,
vE=0.83x10° m- s, g =2, Eg =0.15 eV, T = 1000 fs,
T =300 K and & = 3. The selected parameters are simi-
lar to the published results for Co3Sn,S,./**! Here, the TE-
polarized absorptivity o (¢,0,1), emissivity & (¢,0,1) and
nonreciprocity 1 (¢, 0,4 ) can be determined by the following

equations:2%->7]

o5 (¢i,0,A) = 1 —Rss (¢1,61,A) — Ry (¢1,6,4),  (6)
& ((pi,ei,k) =1—Rg ((Pr,er,l) _Rps ((Pr,era)“% @)
T]((P,O,)y):85((/)1,9“}1,)—(15(([)1761,},). (®)

Ry (¢i,6;,4) and R/, (¢r,6:,4) denote the reflectivity at
symmetric incident angles, which can be obtained by rigor-
ous coupled-wave analysis (RCWA).[*! Here, s and p denote
TE and TM polarization, respectively, 6; = 6; and ¢, = @; + 7.
Here, the parameter 1 is a dimensionless quantity, theoreti-
cally bounded between —1 and 1. Physically, n = 0 corre-
sponds to the fulfillment of Kirchhoff’s law, indicating that the
structure operates in a reciprocal state. A nonzero value of 1
indicates that reciprocity in the emission—absorption process is
broken, meaning the emissive capability at that specific inci-
dent direction or wavelength does not equal the absorptive ca-
pability under identical illumination conditions. Specifically,
n > 0 indicates that emissivity exceeds absorptivity in that di-
rection whereas 1) < 0 implies that absorptivity is greater than
emissivity. Based on the value of 7, tailored thermal emit-
ters can be designed, and the structure can be applied to vari-
ous thermal photonic applications, including radiative cooling.
Following parameter optimization by RCWA, the geometrical
parameters are h; = 0.9 um, hp = 0.5 um, d = 5.5 pum and
w/d = 0.6.

3. Results and discussion

The absorption and emission spectra at an azimuthal an-
gle of 42° were calculated and are shown in Fig. 2. It can
be seen that the emitter exhibits nonreciprocal absorption and
emission over a wide angular range around the incident light
at a wavelength of 16 pm. This asymmetric emission and ab-
sorption become more pronounced at larger incident angles.
Therefore, an incident angle of 76° is considered here. In
this case, the emissivity, absorptivity and nonreciprocity are
plotted in Fig. 3. At ¢ = 42° and 6 = 76°, the device shows
high radiation and low absorption within the wide wavelength
range from 15.5 to 16.5 um. In Fig. 3(a), the nonreciprocity
exceeds 0.6 in a 0.3 um wide wavelength range. NTR over a
wide angular range can be achieved at an incident wavelength
of 16 um, as shown in Fig. 3(b). Further analysis shows that
the absorption and radiation spectra almost separate and the
nonreciprocity surpasses 0.6 within the 38.4° angular range.

(a) 16.5 09

a
©

Wavelength (um)

B . 0.0
—80 —40 0 40 80 —80 —40 0 40 80

Angle of incidence (°) Angle of incidence (°)

Fig. 2. Asymmetric wide-angle (a) absorption and (b) emission spectra
plotted at ¢ = 42°.
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Fig. 3. (a) Absorptivity ¢, emissivity € and nonreciprocity 1 versus wave-
length with ¢ = 42° and 6 = 76°. (b) Absorptivity «, emissivity € and nonre-
ciprocity 1 as a function of the incident angle with ¢ =42° and A = 16 pm.

Thereby, the proposed emitter can violate the conven-
tional Kirchhoff’s law of thermal radiation in a wide angu-
lar range. TE-polarized wide-angle nonreciprocity reaches up
to 82%. This wide-angle behavior arises because the nonre-
ciprocity, induced by the intrinsic topological properties of
WSMs, is not confined to small angles of incidence. More-
over, the high-refractive-index Ge grating supports strongly
confined guided-mode resonances (GMRs), where the high
degree of modal field overlap enhances the coupling strength
and leads to improved angular tolerance. The Ag layer breaks
the structural symmetry via the direction-dependent reflection
phase, and cooperates with the nonreciprocal scattering from
the grating—WSM layer, collectively resulting in a pronounced
nonreciprocal response across a wide angular range.[>33%! This
strong nonreciprocity stems from the anomalous Hall effect
associated with Weyl nodes, which is converted into off-
diagonal complex components of the dielectric tensor through
the transverse conductivity oy,. The presence of nonzero oy,
gives rise to nonvanishing off-diagonal elements in the di-
electric tensor, thereby generating a pronounced nonreciprocal
response. [26-28]

To better explain the mechanism behind the broadband
nonreciprocity, the electric field distribution is analyzed at dif-
ferent incident angles, as shown in Fig. 4. Under the condi-
tions of A = 16 um and ¢ =42°, the distribution of the electric
field component |E,|* is simulated at incident angles of 20°,
40°, 60°, and 80° and their corresponding opposite (negative)
angles. Most electric field power is distributed at the interface
between the Ge layer and the air, as well as dissipating into
the air, which leads to low absorption by the proposed struc-
ture. Obviously, there are huge differences in the electric field
distributions between opposite angles, which is an important

094206-3
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reason for the nonreciprocity. As the angle of incidence grad-
ually increases, this difference gradually increases too. The
nonreciprocity also undergoes the same change, which is con-
sistent with the results shown in Fig. 3(b). Figure 5 shows
the reflectivity, emissivity, and transmissivity spectra of the
proposed structure, where the emissivity equals the absorption
rate in the opposite direction to incidence. A distinct reflection

Min I
1B, [©

(a) 0=20° |E,||(®) 0 = 40°

0=-20° |E,[|(D

dip is observed at the resonance wavelength of A = 16 pum,
accompanied by a peak in emissivity and near-zero transmit-
tance. These features indicate that incident light at the reso-
nance couples into lower-order waveguide modes through the
periodic grating and dissipates within the Ge layer, exhibiting
distinct critical coupling behavior that directly demonstrates
the existence of GMR.

| Max
0 = 80° | Ey|

6 = 60°

1Bl |@

Fig. 4. The electric field distribution \Ey|2 diagram of the wide-angle nonreciprocal emitter with incident angles of (a) 20°, (b) 40°, (c) 60°,
(d) 80°, (e) —20°, (f) —40°, (g) —60° and (h) —80° for A = 16 pm and ¢ = 42°.

1.0
Reflectivity
—— Emissivity
0.8 = = Transmissivity,

Efficiency

15.6 15.8 16.0 16.2 16.4
Wavelength (pm)

Fig. 5. The reflectivity, emissivity and transmissivity spectra when
@ =42° and 6 = 76° for TE polarization.

As is well known, the strong nonreciprocity of TE po-
larization is attributed to the contribution of the azimuthal
angle.[%] Therefore, we now analyze in detail the effect of az-
imuthal angle on TE-polarized wide-angle performance. The
incident angle 0 ranges from 0° to 89°, and the azimuthal an-
gle ¢ ranges from 0° to 360°. The dependence of the emis-
sivity, absorptivity, and nonreciprocity on the azimuthal angle
is plotted in Fig. 6 for A = 16 um. As expected, TE po-
larization has no nonreciprocity observed in the plane with

@ 0

1

180

5(9010’)‘) (b) 0

¢ = 0. The emitter exhibits wide-angle high emission and
low absorption for TE polarization over the azimuth angle
range from 20° to 80°, which indicates the excellent robust-
ness of the proposed emitter. The nonreciprocity is calculated
in Fig. 6(c). Within the range of azimuthal angle from 30° to
60°, TE-polarized wide-angle nonreciprocity over 70% can be
achieved. Compared with previous wide-angle nonreciprocal
thermal radiators,31=3%] this proposed design effectively im-
plements wide-angle nonreciprocity operation in the case of
TE polarization. With respect to practical scenarios, the im-
pact of geometrical size fluctuations on the emissivity is con-
sidered in Fig. 7. The absorption decreases slightly over the
wide angular range when the thickness %, of the Ge grating in-
creases from 0.85 wm to 0.95 um. The absorption shows good
stability over the wide angular range when the thickness /4, of
the WSM increases from 0.45 um to 0.55 um. In addition,
as the period d varies from 4.1 pum to 6.7 um, the absorption
shows a similar variation pattern to that seen with variation of
thickness h,. Wide-angle nonreciprocal emitters with excel-
lent fabrication tolerances will be attractive in thermal man-
agement and energy applications.

n(,0,\)

O‘(‘P!e’)‘) (C) 0
1 0.9

-0.9

Fig. 6. (a)—(c) The dependence of emissivity £(¢,0,A4), absorptivity a(¢,6,1) and nonreciprocity n(¢,0,A) on the azimuthal angle at
A = 16 um, respectively. The incident angle 6 ranges from 0° to 89° and the azimuthal angle ¢ ranges from 0° to 360°.
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0.9 (b)1.3 0.9 (c)8.0 0.9
. 6.7
E Bl
0.5 = 05 = 0.5
< =
5.4
0. 0.3 4.1
—80 —40 0 0 0

0
Angle of incidence (°)

40
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T80 —40 0
Angle of incidence (°)

40 80 —80 —40 O 40 80
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Fig. 7. The wide-angle asymmetric absorption carries fluctuations in the geometrical parameters (a) 4y, (b) i and (c) d for A = 16 um and @ = 42°.

Table 1. Comparison of recent nonreciprocal devices.

Reference Structure Polarization n 6 (°)
[27] Si grating + WSM + Ag ™ > 0.94 20-80
[32] Ge-WS grating + Ag ™ >0.9 36-64.5
™ ~1
[33] Multilayered WSM + dielectric TE ~0 16-88
[34] WSM grating + Ag ™ >09 40-80
[35] SiO,-InAs grating + Ag cavity ™ >0.8 0-89
[36] Dielectric + WSM + dielectric ™ > 0.98 0-90
. . . . ™ >0.92 38
[37] SiO; grating + dielectric + WSM TE < 0.94 20270
[38] Ag grating + WSM + graphene + dielectric ™ >0.8 39-80
This work Ge grating + WSM + Ag TE >0.8 44.4-82.8
097 0-97 by The following procedure was adopted for the fabrica-
e "‘\,\ RN tion of the proposed structure. In this plan, a Si wafer is
0.6 2 0.6 5 \ . . .
= \.\ < e \\‘ selected as the substrate and a Ag layer is deposited via
< < A A . . .
s 03 S T=280 K s 03 = 105100 m—l‘ electron beam evaporation or magnetron sputtering, as il-
—;: gggﬁ 72" —b=2.00x10° m~! lustrated in Fig. 9(a).[*8°1 Subsequently, a WSM layer is
o - N ~mb=205x107 m grown on the Ag reflective layer using molecular beam epi-
0 30 60 90 0 30 60 90

Angle of incidence (°) Angle of incidence (°)

Fig. 8. Dependence of wide-angle nonreciprocity on (a) temperature
and (b) axial vectors of WSMs at A = 16 um, 8 = 76° and ¢ = 42°.

The nonreciprocal thermal emission structures reported
recently 31381 are summarized in Table 1, including key pa-
rameters such as the supported polarization, nonreciproc-
ity, and angular range. It can be seen that most high-
performance nonreciprocal emitters are in works involving
TM polarization and exhibit extremely low nonreciprocity in
TE polarization. 33! Although nonreciprocity in TE polariza-
tion was achieved in Ref. [37], the structure is relatively com-
plex. In contrast, the structure proposed in this work has a
nonreciprocal emission rate greater than 0.8 in TE polarization
with a wide angular range of 44.4° to 82.8°, which is compa-
rable to reported TM-polarized devices.

In previous reports, the permittivity of WSMs was sen-
sitive to temperature.'!>26] The axial vector can be altered by
external magnetic excitation,*”] and the axial vector directly
affects the non-diagonal component. Therefore, the effect of
temperature and axial vector on nonreciprocity is considered
in Fig. 8. The effect of temperature change has an unremark-
able impact on TE-polarized wide-angle nonreciprocity. Sim-
ilar to the scenario of temperature, wide-angle nonreciprocity
shows favorable stability in the case of a slight increase in the
axial vector, as shown in Fig. 8(b).

taxy or radiofrequency magnetron sputtering, correspond-
ing to Fig. 9(b).5">?1 Figure 9(c) shows the deposition of
a sufficiently thick Ge layer onto the WSM via thermal
evaporation.!>3 The photoresist is then spin-coated onto the
Ge surface, resulting in the multilayer structure presented in
Fig. 9(d). Through photolithography and development, a mask
with the desired duty cycle is formed, as shown in Fig. 9(e).
Figure 9(f) illustrates the reactive ion etching process to form
a Ge layer with the desired thickness.[>*! Finally, the mask
is removed, yielding the target grating structure depicted in
Fig. 9(g).

The surface morphology of the grating can be examined
using atomic force microscopy to verify the geometric size
and configuration of the periodic structure. Focused ion beam
cross-sectioning combined with scanning electron microscopy
can be employed to inspect the cross-sectional profile, allow-
ing precise measurement of layer thickness, grating verticality,
duty cycle, and interfacial adhesion quality.!>>! Repeated mea-
surements can be performed and averaged to ensure consis-
tency between the fabricated device parameters and simulated
counterparts. The emissivity of the structure can be measured
by Fourier-transform infrared spectroscopy, while the absorp-
tivity can be characterized using a J. A. Woollam IR-VASE
ellipsometer. The overall nonreciprocity can be determined

through subsequent computational analysis.!>!
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A
<8

\//

Photoresist
Ge

\\/
& i

m Substrate

=

4

Fig. 9. Manufacturing process of a wide-angle nonreciprocal WSM emitter.
Utilizing magnetron sputtering to deposit (a) Ag layers and (b) WSM layers.
(c) The Ge layer on the WSM layer can be prepared using thermal evaporation.
(d) Spin-coating of photoresist on the Ge layer, followed by then exposure and
development to obtain (e). (f) Reactive ion etching to obtain the Ge grating
structure and removal of the residual photoresist to obtain (g) a wide-angle
nonreciprocal WSM emitter.

4. Conclusion

In conclusion, a TE-polarized wide-angle nonreciprocal
thermal emitter with strong nonreciprocity across a broad
range of azimuthal and incident angles is presented. The pro-
posed emitter exhibits excellent fabrication tolerance and re-
mains robust against variations in temperature and the axial
vector of WSMs. Compared with previous approaches, the
proposed design breaks the limitation of wide-angle nonre-
ciprocity on TM polarization. It contributes to the technol-
ogy of energy harvesting, showing potential for use in medical
sensing, directional thermal camouflage, and thermal manage-
ment.
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