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Due to the scarcity of circular polarization light sources, linear-to-circular polarization conversion is

required to generate circularly polarized light for a variety of applications. Despite significant past efforts,

broadband linear-to-circular polarization conversion remains elusive particularly in the terahertz and

midinfrared frequency ranges. Here we propose a novel mechanism based on coupled mode theory, and

experimentally demonstrate at terahertz frequencies that highly efficient (power conversion efficiency
approaching unity) and ultrabroadband (fractional bandwidth up to 80%) linear-to-circular polarization
conversion can be accomplished by the judicious design of birefringent metasurfaces. The underlying
mechanism operates in the frequency range between well separated resonances, and relies upon the phase

response of these resonances away from the resonant frequencies, as well as the balance of the resonant and

nonresonant channels. This mechanism is applicable for any operating frequencies from microwave to

visible. The present Letter potentially opens a wide range of opportunities in wireless communications,

spectroscopy, and emergent quantum materials research where circularly polarized light is desired.
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The polarization state is one of the intrinsic properties of
light and circularly polarized light finds a wide range of
applications such as circular dichroism spectroscopy [1], all
optical magnetic recording [2], sensing [3], materials char-
acterization [4,5], and wireless communications [6]. Typical
coherent light sources are linearly polarized, making linear-
to-circular polarization conversion the practical way to
generate circularly polarized light. Wave plates based on a
single birefringent material plate are narrow band; stacking
multiple birefringent plates with carefully arranged thick-
nesses and orientations can expand the operational band-
width [7,8], but the design and fabrication become more
complex. Although achromatic polarization conversion can
be realized by using total internal reflection in prisms such
as Fresnel rhombs [9], the bulky size makes it difficult to
miniaturize and integrate in optical systems. These issues
pose further challenges to the broadband modulation of
circular polarization states, e.g., for circular dichroism
spectroscopy, where linear-to-circular polarization conver-
sion is a prerequisite. Particularly at terahertz (THz) frequen-
cies, photoelastic modulators [10] conventionally used in the
optical regime are infeasible as the increasing wavelengths
require the prohibitively high electromechanical driving of
the photoelastic materials to induce sufficiently large bire-
fringence and phase delay between the two orthogonal linear
polarization components.

Metamaterials and metasurfaces have demonstrated
exotic properties in controlling light propagation as well
as the amplitude, phase, and polarization state [11]. Chiral
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metamaterials may function as circular polarizers [12,13],
but at least half of the incident power is lost. A variety of
anisotropic metamaterials and metasurfaces have enabled
linear-to-circular polarization conversion [14-22], with
issues remaining such as limited bandwidth, high insertion
losses, and angle dispersion. Form birefringence in sub-
wavelength gratings has also received significant attention
during the past two decades to expand the operational
bandwidth [23-25]; however, shortcomings such as the
requirements of thick structures and high values of refrac-
tive index have prevented them from wider applications.
In this Letter, we first theoretically propose a novel
mechanism based on coupled mode theory to enable
ultrabroadband linear-to-circular polarization conversion.
In simulations and experiments, we validate this mecha-
nism by the judicious design of resonances in birefringent
reflective metasurfaces that can tailor the off-resonance
phase dispersion to achieve arbitrary and constant phase
difference between the two orthogonal linear polarization
components. We present two metasurface structures oper-
ating either under normal incidence or at 45° incidence
angle, experimentally demonstrating the fractional band-
width of 3 dB axial ratio as broad as 62% and 80%,
respectively, with conversion efficiencies approaching
unity. We further show that the proposed approach is
generally applicable from microwave to visible by simply
scaling the metasurface structure.

Assuming nondispersive refractive indices, the narrow
band operation of a single-plate birefringent wave plate is
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essentially due to the linear phase dispersion with different
slopes for the extraordinary and ordinary waves. The
relative phase delay is proportional to frequency and
therefore specific values of phase delay (e.g., for half-
wave and quarter-wave plates) can be only obtained at
some discrete frequencies, unless using birefringent mate-
rials with appropriate dispersion (which are difficult to
find) to compensate such a frequency dependence. This
issue can be potentially circumvented by deliberately
introducing resonances to tailor the phase dispersion.
Assuming a reflective surface with birefringent structures,
for one linear polarization field component (e.g., E|,
consistent with the notation in the following simulations
and experiments), it is nonresonant and its frequency-
dependent reflection coefficient can be simply described as

?L = rL(I/)ei(pL(U) = ei(bLV+¢O>, (1)

where r| is the amplitude reflectivity and has been
assumed to be unity [see Fig. 1(a)], v is frequency, b, is
a constant representing the nonresonant linear phase
dispersion, and ¢, is frequency independent and deter-
mined by the nature of the surface. Obviously ¢ has a
trivial linear dispersion as shown in Fig. 1(b). For the
orthogonal linear polarization field component (E)), the
surface supports one or more resonant modes, and here we
assume two well-separated resonant modes at vy and v,
(i.e., their coupling is negligible). The reflection coefficient
can be described using coupled mode theory [26-28]:

Fi(v) =r (v)e'®1)
di d3 ) b
= (7o +— +— elIv.
( —iv—v)+r —iv-1)+n
(2)

Here 7, is the complex reflection coefficient of the
nonresonant channel, b is also a constant similarly defined

asin b, and d jandy; (j = 1, 2) are the complex coupling
coefficient and decay rate, respectively, of the two resonant
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FIG. 1. (a) Amplitude reflectivity and (b) phase spectra along
with the (wrapped) phase difference A¢ = ¢ — ¢ of a hypo-
thetical reflective surface with birefringent properties following
Egs. (1) and (2) and using a set of parameters (based on the unit
of THz for frequency): 7,, = 0.98¢®97 g, = 0.36 + i0.025,
d, =036 —i0.045, v; =05, v, = 1.5, y; =0.1, y, = 0.08,
by =08, b, =22, and ¢y = 7.

modes. The choice of parameters in Eq. (2) allows
two underdamped resonances represented by the dips of
r in Fig. 1(a) and the corresponding strongly nonlinear
dispersion of ¢, in Fig. 1(b). We find that the first
resonance at 0.5 THz lifts the phase dispersion curve with
an amount determined by the properties of the resonance.
Importantly, the right-side tail of the first resonance and the
left-side tail of the second resonance (at 1.5 THz) enforce a
close-to-linear phase dispersion at off-resonance frequen-
cies between the two resonances. The slope of ¢ is
determined by the properties of and the separation between
the two resonances, and it can be smaller or greater than, or
equal to the slope of ¢ as we desire. In the latter case the
relative phase delay A¢ = ¢ — ¢, will be a constant but
can be tuned to an arbitrary value at frequencies between
the two resonances. The simultaneous high amplitude
reflectivity and desired phase dispersion at off-resonance
frequencies, as shown in Fig. 1, will allow us to accomplish
broadband linear-to-circular polarization conversion.

One approach to realize underdamped resonances is
using a Fabry-Pérot-like cavity in metal-dielectric-metal
metasurfaces [29-34]. In Fig. 2(a) we illustrate the sche-
matic of the unit cell of a metasurface structure used in our
demonstration, consisting of a rectangular silicon pillar
(L =110 pm, w = 16 um, h = 44 um) created directly on
a high-resistivity silicon substrate, with 10-nm-thick tita-
nium and 200-nm-thick gold films coated on the top surface
and on the rest of substrate surface, but not on the sidewall
of the pillar. The complementary bilayer metallic structure
is periodic with a square lattice (P = 100 um), as shown in
Figs. 2(b) and 2(c) for the scanning electron microscopy
(SEM) images of a fabricated sample (see Supplemental
Material for sample preparation [35]). The considerations
of using such a metasurface structure include the following:
(i) it provides a desirable birefringent background reflec-
tion as inferred by by # b, ; (ii) E, interacts only very
weakly with the cut-wire resonators, and it is mostly
reflected directly by the ground plane with a close-to-linear
phase dispersion; and (iii) for E, both the resonator array
and the ground plane (with slots) are expected to exhibit
significant reflection thereby forming a Fabry-Pérot-like
cavity, and the low loss in the high-resistivity silicon pillars
enables underdamped resonances. Such a metasurface
will fulfill the requirements of the proposed concept of
broadband linear-to-circular polarization conversion based
on the coupled mode theory.

The metasurface geometric parameters are determined
through full-wave numerical simulations (see Supplemental
Material [35]), with amplitude reflectivity and phase spectra
shown in Figs. 2(d) and 2(e), respectively, for both the
parallel and perpendicular field components. The fabricated
metasurface sample with these geometric parameters
(P =100 ym, L=110pm, w = 16 ym, and h = 44 um)
is characterized using THz time-domain spectroscopy (THz-
TDS) [36,37] under normal incidence, with a gold mirror on
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FIG. 2. (a) Schematic of the unit cell of a metasurface structure
to realize broadband linear-to-circular polarization conversion.
Inset: displacing the metallic structures from the dielectric pillar
to reveal the structural details. (b) SEM micrograph of a
fabricated metasurface sample, and (c) its false color close-up
view. The normally incident THz radiation E is linearly polarized
at 45° with respect to the major principal axis. (d) Numerically
simulated amplitude reflectivity and (e) phase spectra for the
parallel (rj and ¢)) and perpendicular (r; and ¢,) field
components, along with their phase difference A¢. (f) Experi-
mentally measured amplitude reflectivity and (g) phase spectra
and their difference.

a similar substrate used as the reference (see the
Supplemental Material for measurements and data analysis
[35]). The experimental results are shown in Figs. 2(f)
and 2(g), exhibiting excellent agreement with the numerical
simulations.

For E|, the first Fabry-Pérot resonance is at ~0.6 THz
and mainly determined by the values of L and P (see the
Supplemental Material for interference model calculations
[35]), as indicated by the strongly nonlinear dispersion
of ¢ shown in Figs. 2(e) and 2(g), although in Figs. 2(d)
and 2(f) the amplitude reflectivity r| exhibits only a
negligible resonant dip at this frequency. The second
Fabry-Pérot resonance occurs at ~1.5 THz as indicated
by the significant resonant reflection dip and strongly
nonlinear phase dispersion. The value of w mainly deter-
mines the birefringent phase dispersion and % determines
the phase difference (see the Supplemental Material [35]).
Both simulations and experiments show high amplitude
reflectivity and nearly constant A¢p = —z/2 over a broad

off-resonance frequency range between the two Fabry-
Pérot resonances, thanks to the linear and parallel
dispersion of ¢ and ¢, in accordance with the coupled
mode analysis. The simulated and measured complex
reflection coefficients can be used to retrieve the circular
polarization states when the incident THz waves are
linearly polarized at 45° with respect to the metasurface
major principal axis as indicated in Fig. 2(b). We find in
Fig. 3(a) that the reflection shows almost purely right-
handed circular polarization with experimental power
conversion efficiency mostly Rp > 90% (and R; ~0)
except the resonant dip at the high frequency end. In
Fig. 3(b) we plot the experimentally obtained axial ratio of
the reflected THz waves, which is less than 3 dB from 0.73
to 1.39 THz, corresponding to a 3 dB fractional bandwidth
FBW = 62%. In another fabricated metasurface device
with L = 120 ym, we accomplish a 3 dB FBW = 71%
(see the Supplemental Material [35]). It is straightforward
that simply rotating the metasurface or the incident linear
polarization by 90° will result in the broadband conversion
to left-handed circular polarization.

The presented metasurface structure is mechanically
robust and simple to fabricate. Due to the metasurface
structure design and fabrication procedure, however, the
ground plane contains rectangular slots, which introduce the
undesirable features in the spectra of r| as shown in Fig. 2,
caused by various plasmonic modes from either individual
or array of slots. This issue, although not severe, can be
circumvented by using a continuous ground plane, as
schematically illustrated in Fig. 4(a). It consists of a
rectangular dielectric pillar formed by standard photolithog-
raphy methods using SU-8 photoresist, sitting on a continu-
ous gold reflector and coated with 3-nm-thick titanium and
220-nm-thick gold films on its top surface but not on its
sidewall. Under normal incidence, the performance improve-
ment is validated by numerical simulations with results
shown in the Supplemental Material [35]. Compared with
the structure in Fig. 2, this structure has additional material
loss since SU-8, being a polymer, has more loss as compared
to single crystalline silicon in the THz wavelength range.

The normal incidence is not a necessary requirement for
the coupled mode theory and the proposed metasurface
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FIG. 3. (a) The retrieved circular polarization states from

experimentally measured reflection data when the normally
incident THz waves are linearly polarized at 45° with respect to
the metasurface major principal axis. (b) Axial ratio of the reflected
THz waves calculated from experimental measurements.
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FIG. 4. (a) Schematic of the unit cell of a metasurface structure

for broadband linear-to-circular polarization conversion at 45°
incidence angle. Inset: displacing the metallic structures to reveal
the unit cell details. (b) Experimentally measured amplitude
reflectivity and (c) phase spectra for the parallel (r| and ¢)) and
perpendicular (r; and ¢, ) field components, along with their
phase difference A¢. (d) The retrieved circular polarization states
when the incident THz waves are linearly polarized at 45° with
respect to the plane of incidence. (e) Axial ratio of the reflected
THz waves.

structures. Indeed, oblique incidence (e.g., at 45° incidence
angle) is more convenient for some practical applications
when using reflective metasurfaces. We have numerically
verified that both metasurface structures shown in
Figs. 2(a) and 4(a) can operate at 45° incidence angle
when their geometric dimensions are appropriately tuned
(see the Supplemental Material [35]). In experiments, we
have fabricated the metasurface structure shown in Fig. 4(a)
(also see SEM images in the Supplemental Material [35]
for a fabricated sample), with P = 140 ym, L = 170 um,
w =22 ym, and h = 48 um. The reflection properties of
the metasurface sample are characterized using THz-TDS
at a 45° incidence angle, where the plane of incidence is
perpendicular to the metasurface major principal axis, as
schematically illustrated in Fig. 4(a).

The experimental measurements (and numerical simu-
lations) show that 7| exhibits an underdamped Fabry-
Pérot resonance at 0.5 THz [see Figs. 4(b) and 4(c)].
The second Fabry-Pérot resonance near 1.44 THz, on the
other hand, exhibits overdamped characteristics with a
small Lorentzian phase dispersion [see ¢ in Fig. 4(c)]
due to the increasing loss within the SU-8 pillars (typical

loss tangent between 0.05-0.10, here we use 0.07 in
simulations) [38]. This change of characteristics in the
second resonance, however, seems to have minimal
effects on retaining the parallel linear phase dispersion
and thereby constant phase difference A¢ = —xz/2, as
shown in Fig. 4(c) for the phase spectra measured in
experiments. This suggests that, when using coupled mode
theory, the first underdamped resonance plays the most
important role in our case, and there is some design
freedom in choosing the characteristics of resonances in
realizing and even further broadening the broadband linear-
to-circular polarization conversion. The retrieved circular
polarization states are shown in Fig. 4(d) when the incident
THz waves are linearly polarized at 45° with respect to the
plane of incidence, revealing almost purely right-handed
circular polarization with power conversion efficiency
near unity. In Fig. 4(e) we find that the obtained axial
ratio is less than 3 dB from 0.61 to 1.43 THz, correspond-
ing to a remarkably broad 3 dB FBW = 80%.

The off-resonance operation of the presented metasurfaces
makes them scalable to operate at any relevant frequencies
ranging from microwave to visible. Numerical simulations
have been performed to validate this scalability at near-
infrared and visible wavelengths despite the increase of
metallic losses, using the same metasurface structure shown
in Fig. 4(a) with geometric parameters scaled to P =
200 nm, L =230nm, w=40nm, and /4 = 100 nm,
which are all feasible for standard nano-fabrication. The
thickness of the gold films is 30 nm, and the complex
permittivity can be derived from Drude model [39], but
here it is taken from Johnson and Christy [40]. The
dielectric pillar is made of silicon dioxide with dielectric
function taken from Malitson [41]. The simulated amplitude
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FIG. 5. (a) Numerically simulated amplitude reflectivity and
(b) phase spectra along with the phase difference A¢ of a
reflective metasurface under 45° incidence angle and operating
at near-infrared and visible wavelengths. (c) The retrieved
circular polarization states when the incident light is linearly
polarized at 45° with respect to the plane of incidence. (d) Axial
ratio of the reflected light showing a 3 dB fractional bandwidth
of 75%.
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reflectivity and phase spectra are shown in Figs. 5(a)
and 5(b), respectively. For Ej, the first Fabry-Pérot reso-
nance occurs at A = 1450 nm, which is a very robust
underdamped resonance. The second Fabry-Pérot resonance
seems to occur at A = 570 nm, exhibiting a small Lorenzian-
type phase dispersion due to the increasing metallic loss.
Between the two resonances, the amplitude reflectivity is
high for both field components, and their phase dispersion is
close to linear and parallel with each other, providing a
nearly constant phase difference A¢p = —z/2. The circular
polarization states of the reflected light are retrieved and
shown in Fig. 5(c), revealing a linear-to-circular polarization
power conversion efficiency Rp mostly between 85% and
90% (and R; ~0), and accomplishing a 3 dB fractional
bandwidth of 75% (from A = 1278 nm to 584 nm) as shown
in Fig. 5(d).

In summary, based on coupled mode theory, we have
proposed and experimentally demonstrated off-resonance
reflective metasurfaces accomplishing linear-to-circular
polarization conversion in the THz frequency range with
near-unity power conversion efficiencies and over a full
octave bandwidth. We present two metasurface designs
operating either under normal incidence or at 45° incidence
angle, making such broadband reflective metasurface
quarter-wave plates suitable for practical applications.
The off-resonance operation overcomes the loss issues
associated with typical resonant metasurfaces, thereby
scalable to operate at other wavelengths ranging from
microwave to visible. The accomplished remarkable band-
width (FBW ~ 80%) is much broader than previous
demonstrations using anisotropic gap-plasmon resonators
(FBW ~ 20%) [18] and L-shaped resonators with a back
reflector (FBW ~ 30%) [22], which exploited a different
mechanism with resonant eigenmodes for both orthogonal
field components. Other constant A¢ values can also be
realized by tailoring the metasurface structure, including
A¢ = x for ultrabroadband linear polarization rotation of
90° [32]. We expect that this work will stimulate the study
of emergent quantum materials such as topological insula-
tors and Weyl and Dirac semimetals [4,5] where circularly
polarized high-intensity low-energy THz and midinfrared
photons are ideal to investigate their rich physics. The
capability of generating broadband circularly polarized
THz waves is also highly desirable in free space THz
wireless secure communications [6,42] and potentially
enables THz circular dichroism spectroscopy which is of
great importance in biochemistry [43,44].
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