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Polarization vortices of thermal emission

Ye Zhang11', Qiang Wang1*1', Meng Xiaoz'3*, Tao Liuz, Fan Zhong4, Zhenxin Lai',

Shining Zhu', Hui Liu"**

Polarization vortices, crucial constituents of singular optics, manifest as vortices of polarization states around
singularities. Recent progress has linked polarization vortices with bound states in the continuum (BICs) in optical
waves. However, this association has not been explored in the realm of thermal emission, which holds the poten-
tial for generating arbitrary polarizations in a single thermal emitter. Here, we implement a polarization vortex
thermal emitter (PVTE) based on BICs in a photonic crystal slab (PCS), allowing for the generation of various polar-
ization states simultaneously along different directions. Using a custom-designed polarized angle-resolved ther-
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mal emission spectrometer (PARTES), we experimentally confirm polarization vortices of thermal emission
originating from BICs with different charges and types. The proposed PVTEs present effective strategies for con-
trolling thermal emission and show promising applications in infrared optical technology.

INTRODUCTION

In recent years, there has been notable strides in manipulating ther-
mal emission through artificial metamaterials (1-3). Diverse ther-
mal emitters (4, 5), each having unique characteristics, have been
developed for applications in radiative cooling (6-9), energy har-
vesting (10), infrared sensing (11), and thermal camouflage (12, 13).
The manipulation of thermal emission can target its spectrum (14-
16), angular selectivity (17, 18), dynamical control (12, 13), near-field
heat transfer (19, 20), nonreciprocal effect (21-23), and polarization
(24-30). Notably, controlling polarization in thermal emission of-
fers distinct capabilities with broad applications. For instance, ther-
mal emission from antennas and gratings can achieve nearly pure
linear polarization (24, 27, 28) to enhance energy efficiency (31-33).
Recent breakthroughs have demonstrated the generation of circu-
larly polarized thermal emission with achiral or chiral metamateri-
als (25, 26, 29, 30), leading to advancements in chiral-selective
detection. Nolen et al. (34) experimentally demonstrated arbitrary
single or dual polarized thermal emission by pointwise design of the
thermal metasurface. However, in most reported studies to date,
thermal emission control is primarily achieved through local reso-
nance modes in real-space, with each structure capable of radiating
only a limited number of polarized thermal emission modes. Ex-
panding the range of polarized thermal emissions typically requires
the design and fabrication of multiple distinct structures. At present,
no methods exist for the continuous tuning of an infinite number of
thermal emission modes within a single periodic structure, making
it challenging to flexibly achieve arbitrary linear polarizations within
a single emitter. In addition, polarization vortices (35, 36), techniques
for flexible polarization control, have been successfully applied in
various fields since their discovery. However, they have not yet been
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explored in thermal emission, which could enable a single thermal
emitter to provide versatile polarizations, thus facilitating the inte-
gration of fully polarization-controlled thermal emission.

In recent research endeavors, the fascination with bound states
in the continuum (BICs) has surged, propelled by their extraordi-
nary capability to manipulate optical waves (37-41). BICs are char-
acterized as localized states that coexist with a continuous spectrum
of extending waves (42-45). Researchers have explored their various
applications (46), including lasing (47, 48), enhancing nonlinear ef-
fects (49), and refining light-matter interactions (50). Notably, BICs
in photonic crystal slabs (PCSs) often exhibit nontrivial topological
charges accompanied by polarization vortices, which has been ex-
plored both theoretically (51) and experimentally (52). The unique
attributes of these polarization vortices have widespread applica-
tions in governing the polarization of outgoing optical waves (53—
58), such as vortex lasers (59, 60) and vortex beams (61). Despite
aforementioned substantial progress, the generation of vortex ther-
mal emission through BICs remains an unexplored frontier.

In this work, we demonstrate a polarization vortex thermal emit-
ter (PVTE) using BICs in a PCS. Unlike previous designs, which were
limited to specific polarizations for one emitter, the PVTE herein can
offer controllable diverse polarizations along different emission direc-
tions. More precisely, arbitrary linearly polarized emissions could be
achieved from a single PVTE by encircling BICs in momentum space.
We use a self-developed polarized angle-resolved thermal emission
spectrometer (PARTES) system to calibrate the polarization vortex.
In experimental observations, we identify polarization vortices of
thermal emission originating from BICs, characterized by different
topological charges that include both symmetry-protected and acci-
dental BICs. The PVTE exhibits potential applications in various sce-
narios for on-chip integration, such as microinfrared sensing and
microthermal imaging.

RESULTS

Design and simulation

To achieve the PVTE, we used a PCS with a square lattice and a pe-
riod of A =5 pm in Fig. 1A. A germanium (Ge) slab, with a thick-
ness of hg. = 1.6 pm, is deposited on a gold (Au) layer with a
thickness of ha, = 0.2 pm. Subsequently, an array of cylindrical air
holes, with a diameter of D = 3 pm and a height of hg, (equivalent
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Fig. 1. PVTE realized with BICs in a PCS. (A) Schematic of the designed PCS illustrating the generation of different linearly polarized thermal emissions in distinct direc-

tions. (B) Simulated band structure of the PCS along the I'-X and I'-M directions. The i

nset depicts the first Brillouin zone. (C) Calculated Q factor of the four bands, with

the BICs of interest indicated by arrows. (D and E) Polarization vortices of BIC-1 and BIC-2 in momentum space, characterized by topological charges —1 and +1, respec-

tively. The color representation signifies the angle of linear polarization relative to the

to the thickness of the Ge slab), is etched on the Ge slab. In this PCS,
the uniform Au layer can effectively block thermal emission from
the substrate, ensuring the thermal emission predominantly arises
from the guided resonance modes of the PCS. Simulated band dis-
persions along high symmetric directions are shown in Fig. 1B,
which belong to the infrared regime (from 18 to 26 THz). In this
range, Ge is approximated as a lossless dielectric material with a re-
fractive index of n = 4.06, while Au is modeled with the lossless
Drude model (neglecting ohmic loss for simplification). Notably,
the four bands in Fig. 1B are all above the light cone, allowing for
radiation to free space.

The system under consideration exhibits C4y point group sym-
metry, where the states of two nondegenerate bands—specifically
the first and fourth bands at the I" point—represent BICs with diver-
gent Q factors in Fig. 1C. These BICs, identified as BIC-1 and BIC-2,
are commonly referred to symmetry-protected BICs (43). In addi-
tion, there are accidental BICs (44) along the high symmetric direc-
tions, as indicated by the peaks in the Q factors. The electric field
distributions of the targeted BICs exhibit the corresponding sym-
metry representations of the Cyy group (see fig. S1). Later on, we will
investigate the BIC on the third band along the I'-X direction, marked
by the purple arrow and labeled as BIC-3.

The characterization of polarization vortices associated with BICs
hinges upon their distinctive topological charges. The topological
charge of a BIC is formally defined as

q (1)

Here, ¢(k) represents the angle of the polarization vector that
radiated into the surrounding air (the direction of the long axis in

1
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horizontal line, and specific polarization vectors are denoted by white arrows.

the case of elliptical polarization), and C is a closed loop that encir-
cles the BIC in the counterclockwise direction. Because of the up-
down symmetry and C, symmetry of PCS, the modes are linearly
polarized near the I point (62). We set the far-field domain in
COMSOL to calculate ¢p(k), and the simulated results are visualized
with color maps in Fig. 1 (D and E). White arrows are used to em-
phasize specific polarization vectors. In accordance with Eq. 1, the
topological charges of BIC-1 and BIC-2 are conclusively determined
as —1 and +1, corresponding to a total accumulated winding angle
of —2m and 42, respectively. From the perspective of group theory,
the allowed charges under C4, symmetry correspond to different ir-
reducible representations (63), thereby manifesting distinct polar-
ization vortices (see fig. S2). Because of topological protection, the
polarization vortices exhibit strong robustness to variations in struc-
tural parameters (see fig. S3).

Experimental setup and measurement

To calibrate the emission field concerning both angle and polariza-
tion, we used an enhanced in-house PARTES in Fig. 2A, enabling
both polarization and angular resolution for thermal emission com-
pared to the system in our previous work (64). The heating stage
(Linkam FTIR 600) holds the temperature of the sample (see the
scanning electron microscopy image in Fig. 2B) at 100°C. The inset
highlights a two-axis rotation stage in combination with the heating
stage, enabling precise control over the emission direction. Rotation
angles, 0 and ¢, are defined with respect to the y axis and z axis, re-
spectively. The emitted field traverses a mid-infrared linear polarizer
(Thorlabs, WP25H-Z) before reaching a Fourier transform infrared
(FTIR) spectrometer (Bruker Vertex 70). The linear polarizer
dictates the polarization direction, and the FTIR facilitates the
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Fig. 2. Unpolarized measurement of the PVTE. (A) Experimental setup of PARTES, featuring a heating stage integrated with a two-dimensional rotating stage, a mid-
infrared linear polarizer, and an FTIR. (B) Scanning electron microscopy image depicting the fabricated PCS. (C) Measured band structure along M-I"-X direction, with two
BICs indicated by arrows. (D) Dispersion of the first and fourth bands in the momentum space, with gray spheres denoting extracted data from measured thermal emis-
sion. Colored surfaces represent simulated dispersion, with color indicating the Q factor. a.u., arbitrary units.

calibration of thermal emission spectra in the mid-infrared range,
featuring a spectral resolution of 1 cm™.

We initially excluded the polarizer (temporarily) and conducted
measurements of angle-resolved emission spectra encompassing all
polarization states along the M-I"-X direction. As shown in Fig. 2C,
the thermal emission intensity (after subtracting the emission of a
Ge slab), highlighted by vibrant colors, occurs prominently around
the resonance modes of the PCS, as indicated by the dashed lines.
Notably, the emission intensity from the fourth band is relatively
subdued compared to that from other bands, being more evident
upon closer examination. The color map displays darkness for fre-
quencies away from the resonance modes, indicating a clear back-
ground. Arrows pinpoint the positions of two BICs located on the
first and fourth bands, where the signals appear comparatively
weaker than those of neighboring states. All the above experimental
results align well with the simulations (see fig. S4).

When isolating the resonance modes, the peaks of the emission
spectra allow us to extract the mode dispersions in k-space. Through
further tuning (6 and ¢), we conducted measurements of thermal
emission in the two-dimension momentum space (see fig. S5) and
extracted the peaks near the first and fourth bands. The measured
dispersions are illustrated in Fig. 2D, with each gray sphere indicat-
ing the central frequency of a peak, and the simulated dispersions
are presented with colored surfaces for comparison, where the color
represents the Q factor of the resonance mode. As the thermal emis-
sion weakens when approaching the BICs, particularly the I" point,
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identifying peaks becomes challenging; hence, the experimental
data near this region are omitted. Nevertheless, the gray spheres al-
most perfectly match well with the surfaces, indicating a high degree
of agreement. The measured Q factor also increase as approaching
the BICs (see fig. S6). Note here that, to realize an effective thermal
emitter, we are not aiming at the states with highest Q factor. In-
stead, the maximum thermal flux is achieved when the radiative loss
matches the intrinsic material loss (65).

Polarization vortices of symmetry-protected BICs

To further characterize the polarization states around the BICs, a
mid-infrared linear polarizer positioned at an angle « to the horizon-
tal line was reintroduced between the thermal emitter and the FTIR
during the measurement of angle-resolved spectra. The polarization-
dependent thermal emission spectra are presented for o = 0° (left)
and 90° (right), with ¢ = 0° and 45° in Fig. 3 (A and B). Simulated
dispersions are included with dashed lines for reference. These ther-
mal emission spectra allow for the determination of polarization
states. For example, in Fig. 3A, the intensities of the first and fourth
bands at o = 0° are considerably higher than those at a = 90°, indi-
cating that the polarization vectors of the first and fourth bands
align approximately along the x direction. However, because of the
absence of phase information in the spectra, there remains uncer-
tainty in determining the exact polarization direction—whether it
lies in the first or fourth quarter. To resolve this ambiguity, we
conducted measurements for two sets of orthogonal polarization
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Fig. 3. Measured polarization vortices of symmetry-protected BICs. (A and B) Measured thermal emission spectra with two different polarizations (a = 0° and o = 90°)
along @ = 0° and ¢ = 45° directions. The insets indicate the directions that ¢ angles correspond to. (C and D) Measured polarization angles versus azimuthal angles
that encircle the BICs. Dots with error bars represent experimental data, and solid lines depict simulated results. Insets illustrate the loop used for identifying the

polarization vortices.

directions. In experiments, a values were set to 0° and 90° and 45°
and 135° (see fig. S7), and the orthogonal pairs were used to identify
the linear polarization of the state and the error bar (see fig. S8).
We chose a loop (satisfying k2 + kj = 0.12) that encloses the BIC
in the counterclockwise direction, defined as azimuthal angle p, and
plotted the corresponding polarization angle ¢ in Fig. 3 (C and D).
As the PCS here exhibits C4 symmetry, we have measured the ther-
mal emission from 0° to 90°, and others were determined according
to C4 symmetry. The dots with error bars represent measured polar-
ization angles, while the blue lines depict simulated results that con-
tinuously evolve within the range of 0-2x. The simulated results
exhibit almost straight lines, indicating that polarization angles near
the I" point can be approximated by ¢p(k) = arg(k, ¥ iky) for the first
and fourth bands. Here, the “¥” represents the charge (winding) of
the polarization vortex, with values of —1 and +1 for the first and
fourth bands, respectively. The experimental data match well with
the theoretical angles, confirming the experimental observation of
the PVTE. For other BICs with different representations of Cqy, such
as A, and B,, the polarization vortices with different polarization dis-
tribution (52, 66) of the thermal emission can be similarly mapped out.

Polarization vortex of an accidental BIC

Besides the symmetry-protected BICs located at the I point, this
PCS also features a single-resonance BIC (designated as BIC-3 in
Fig. 1B) at k, = 0.17 in the third band. This accidental BIC has a to-
pological charge of +1 and remains robust due to the C, symmetry,
exhibiting slight shifts under variations in the structural parameters
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(see fig. S9). As BIC-3 carries a nonzero charge, a corresponding
polarization vortex is expected to surround it. The second and third
bands are doubly degenerate at the I point, belonging to the E rep-
resentation of the Cyy point group. This degeneracy is lifted and
splits into one A-mode (x-polarized) and one B-mode (y-polarized)
along the I'-X direction, resulting in a minor bandgap as shown
in Fig. 4A. Although this small bandgap remains imperceptible in
unpolarized spectra due to the finite bandwidth of thermal emis-
sion, polarization-dependent spectra provides a means to differenti-
ate the two bands by tuning the parameter o.

As required by the corresponding symmetry representation, the
emission spectra are E,-dominated and E,-dominated for the sec-
ond and third bands, corresponding to a = 0° and a = 90° as dis-
played in Fig. 4B, respectively. It is evident that there is one dark
mode at k, = 0.17 in the left, as marked by the purple arrow, while
no dark mode is observed in the right. This dark mode indicates the
position of the accidental BIC. We extracted the peak intensities of
the measured emission at « = 0° and 90°, shown with black and red
open circles in Fig. 4C. Because of unavoidable environmental noise
(e.g., thermal emission from the surrounding air), the intensity does
not reach exactly zero at BIC-3. The behaviors of measured data are
quite similar to the simulated intensities (red and black lines), with
the lowest value occurring at k, = 0.17.

After determining the polarization states along the I'-X line, we
measured the polarization vectors of the thermal emission around
the BIC-3, as plotted in Fig. 4D, tracing the loop of wave vectors de-
picted in the inset. The dots with error bars represent the measured
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Fig. 4. Polarization vortex of an accidental BIC. (A) Dispersion of the second and third bands near BIC-3 under consideration. Color indicates the Q factor. (B) Measured
thermal emission spectra with orthogonal polarizations (a = 0° and o = 90°). Dashed lines represent the simulated dispersions. (C) Measured intensities (open circles) for
the second and third bands with two «. Dashed lines indicate simulated results. (D) Measured polarization angles versus azimuthal angles encircling the BICs. Dots with
error bars represent experimental data, and solid lines depict simulated results. The inset illustrates the loop for measuring the polarization vortex.

data, while the solid blue lines denote the simulated results. In simu-
lations, polarization states are in general elliptically polarized with
very small ellipticity (almost linearly polarized) (62), and the direc-
tion of the long axis of the elliptical polarization changes rapidly versus
the azimuthal angles p around 0° and 180°. Because of the mini-gap
between the second and third bands, distinguishing elliptical states be-
comes challenging in experiments. States away from the symmetry
line, as measured in experiments, tend to display linear polariza-
tions, with a gradual shift in the polarization angles. The close match
between the dots and the line confirms that the topological charge of
BIC-3 is +1, accompanied by a polarization vortex similar to those
of I"-BICs but at controllable different radiation directions.

DISCUSSION

Our device offers notable enhancements in flexibility, scalability, and
ease of fabrication while providing distinct advantages in robust and
continuous polarization control of thermal emission compared to ex-
isting works. Furthermore, in scenarios involving broken C, sym-
metry, the PVTE has the potential to produce all-polarized emissions,
spanning the entire Poincaré sphere (53). Our work paves the way for
extensive exploration in the realm of thermal emission combined
with BICs. Future investigations could delve into high-order BICs, the
evolutionary patterns of BICs, and the emergence of multiple BICs,
providing valuable insights for manipulating thermal emission.

Zhang et al., Sci. Adv. 11, eadx6252 (2025) 19 September 2025

In summary, we realize a PVTE based on BICs in a PCS. By en-
circling BICs in momentum space, arbitrary linear polarizations can
be generated from a single PVTE. Using a self-developed PARTES,
we experimentally measure the polarization vortices of thermal
emission originating from BICs. This PVTE can accommodate mul-
tiple polarization vortices for various types and charges of BICs, en-
abling broadband frequency and polarization selection in the infrared
region. Without the need for external infrared laser sources, our
PVTE holds promise for direct integration into on-chip applications,
such as microthermal imaging, microinfrared sensing, on-chip in-
formation encryption, and related domains. Our work presents ad-
ditional pathways for controlling thermal emission and may offer
valuable insights for designing advanced thermal emitters.

MATERIALS AND METHODS

Fabrication of PCSs

The PCSs investigated in this work were fabricated using ultraviolet
lithography and electron beam evaporation techniques. A 200-nm-
thick gold (Au) layer was deposited on a silicon substrate through
electron beam evaporation. The designed patterns were subsequent-
ly transferred from a chromium (Cr) mask to a spin-coated photo-
resist film (RPN-1150) with a thickness sufficient for the subsequent
steps using ultraviolet lithography. Germanium (Ge) was then de-
posited via vacuum evaporation, and any remaining photoresist was
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removed with N-methyl-pyrrolidone. To achieve sufficiently pro-
nounced thermal emission, the samples had size of 2 cm by 2 cm,
totaling 16 million unit cells.

Details about the home-made PARTES

The PARTES setup comprised a heating stage (Linkam, FTIR 600)
integrated with a self-developed rotation stage, a mid-infrared linear
polarizer (Thorlabs, WP25H-Z), and an FTIR spectrometer (Bruker,
Vertex 70). This system facilitated precise calibration of angle and
polarization resolutions in the study of thermal emission. The heat-
ing stage maintained the sample temperature at a constant 100°C
with a high precision of 0.1°C. The rotation stage, consisting of a
motorized rotator (an accuracy of 0.1°) and a manual rotator (an
accuracy of 1°), provided a wide rotation range in two planes. Posi-
tioned in front of the FTIR, the mid-infrared linear polarizer, with
its polarization orientation represented by the angle a relative to
the horizontal line, was adjusted to discern the polarization state of
thermal emission. Emission spectra were captured using the FTIR
spectrometer, offering a spectral resolution of 1 cm™". To minimize
system noise, a liquid nitrogen-cooled mercury cadmium telluride
(MCT) detector was used, and simultaneous nitrogen purging was
conducted in a closed experimental system. Furthermore, the PARTES
measurement system can also measure the circularly polarized thermal
emission when integrated with a wave plate.

Polarization analysis

In this work, we use BICs in the momentum space to generate polar-
ization vortices of thermal emission. Therefore, it is essential to
convert the measured physical quantities between real space and
momentum space.

As shown in fig. S5, the emission angle @ corresponds to the di-
rection of the in-plane wave vector kj in momentum space. At a
fixed emission angle @, the orientation of the polarizer o (0°/45°/90°/
135°) is defined relative to the direction of wave vector kj, as illus-
trated in fig. S8. Accordingly, to reconstruct the polarization states
in momentum space, both ¢ and a must be considered together.
Moreover, since the measured thermal emission intensity is a scalar
quantity, it cannot fully capture the vector nature of polarization
when projected into momentum space. To ensure the reliability of
polarization reconstruction, we consider the result valid only when
consistent polarization states are obtained using two orthogonal po-
larizer bases, i.e., a = 0° and 90° and a = 45° and 135°.

Given that the intensity of thermal emission is a scalar value, we
inferred the direction of the electric field by using the measured in-
tensity of thermal emission (I), emission angle (¢), and the polar-
ization orientation (o), expressed as

E,= £ I [cos(g+0;) -E,+sin(g+0;) -, ] ()

Here, i indicates the index of angle o = [0°, 45°, 90°, 135°], and
€, and € are the basic vectors in the k,-k, plane. Thus, for the or-
thogonal sets of «, the possible synthesized polarization vectors can

be described as
(£, +8,4F,~E wF,+E 4, E, o)

For a specific polarization, one identical vector can be obtained
by the two orthogonal sets. Comparing the four composite vectors,
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we chose the two with the smallest difference, considering them to be
the closest to the actual values—such as §1 p in fig. S8A and §2 4 in
fig. S8B. The representation of the polarization state of thermal emis-
sion was determined by the average vector of § 15 and §2 1> and the
difference between them was defined as the error bar in experiments.
The overlap between different resonant modes has a more pro-
nounced effect on the extraction of the polarization angle as it influ-
ences the accuracy of the emission intensity extraction. The details of
how we extract the polarization direction is presented in section S7
(see egs. S2 to S4). Such a scheme is based on the measurement of the
peak emission intensity on four polarization angles (o). As the spec-
tra of thermal emission broadens, extracting emission intensity for
one band becomes influenced by other nearby bands, leading to con-
siderably larger error than the other factors in our measurement.

Supplementary Materials
This PDF file includes:
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Supplementary Text

Tables S1and S2
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