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Abstract: Circularly polarized light (CPL) finds diverse applications in fields such as quantum
communications, quantum computing, circular dichroism (CD) spectroscopy, polarization
imaging, and sensing. However, conventional techniques for detecting CPL face challenges
related to equipment miniaturization, system integration, and high-speed operation. In this
study, we propose a novel design that addresses these limitations by employing a quarter
waveplate constructed from a diamond metasurface, in combination with a linear polarizer
crafted from metallic aluminum. The diamond array, with specific dimensions (a= 84 nm,
b= 52 nm), effectively transforms left-handed and right-handed circularly polarized light into two
orthogonally linearly polarized beams who have a polarization degree of approximately 0.9. The
aluminum linear polarizer then selectively permits the transmission of these transformed linearly
polarized beams.Our proposed design showcases remarkable circular dichroism performance at a
wavelength of 280 nm, concurrently maintaining high transmittance and achieving a substantial
extinction ratio of 25. Notably, the design attains an ultraviolet wavelength transmission efficiency
surpassing 80%. Moreover, our design incorporates a rotation mechanism that enables the
differentiation of linearly polarized light and singly circularly polarized light. In essence, this
innovative design introduces a fresh paradigm for ultraviolet circularly polarized light detection,
offering invaluable insights and references for applications in polarization detection, imaging,
biomedical diagnostics, and circular dichroic spectroscopy.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Circularly polarized light finds extensive applications in various fields such as quantum commu-
nication [1], optical information processing [2,3], circular dichroic spectroscopy [4,5], biological
diagnostics [6–8], polarization imaging [9,10], and sensing [11,12]. Therefore, investigating
methods to determine the rotational direction of circularly polarized light holds significant
scientific importance. In the field of biological diagnostics, many biological molecules and cells
exhibit specific circular polarization responses only under ultraviolet (UV) light, making UV
circular polarization detection useful for qualitative and quantitative analysis of these substances.
Additionally, in quantum communication [1] and optical information processing [2,3], the
manipulation and detection of UV circularly polarized light are crucial for achieving efficient
photon computing and communication systems. Therefore, researching and developing UV
circular polarization detectors have important scientific significance and practical applications.
Conventional circular polarization detection techniques rely on bulky optical components such
as polarizers, waveplates, and mechanical rotating elements, which limit device miniaturization,
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system integration, and high-speed operation. However, with the advancement of micro-nano
processing and on-chip technology, on-chip polarization detectors have become the mainstream in
the field of polarization detection [13,14]. The fundamental principle of an on-chip polarization
detector involves integrating a polarization recognition layer with a photodetector. Typically,
the polarization recognition layer consists of a metal polarization grating or a metal micro-nano
structure that exhibits distinct transmittance or reflectivity characteristics for incident light with
different polarization orientations. As a result, the detector receives varying light intensities,
leading to differences in photocurrent magnitude. Chiral organic molecules [15] and perovskites
[16] have been reported for circular polarization detection. However, chiral molecules suffer
from drawbacks such as slow response times and poor environmental stability. In comparison,
metasurface structures offer advantages in terms of fabrication simplicity and compatibility
with on-chip manufacturing techniques. Numerous circularly polarized light detectors based
on metasurfaces have been reported [17–21]. Nevertheless, these detectors primarily operate
within the visible, infrared [22], and terahertz [23] regions, with limited research on circularly
polarized light detection in the ultraviolet range. The scarcity of ultraviolet circularly polarized
light detectors hampers the advancement and practical utilization of circular polarization de-
tection within this spectral band. Therefore, exploring the application of metasurfaces for UV
circular polarization detection is of significant importance for promoting the miniaturization and
integration of UV circular polarization detection systems.

This study presents the design of a quarter-wave plate, utilizing a diamond metasurface,
and a linear polarizer constructed with metallic aluminum. The design specifically targets the
ultraviolet band, focusing on a wavelength of 280 nm. The diamond metasurface is engineered to
induce a phase difference of π/2 upon interaction with incident light. Consequently, this phase
manipulation converts incoming left-handed and right-handed circularly polarized light into
two beams of linearly polarized light that are mutually orthogonal in terms of their polarization
direction. The resulting linearly polarized light exhibits a polarization degree exceeding 0.9.
To further enhance the device’s capabilities, the linear polarizer, comprised of aluminum
metal, selectively impedes the transmission of linearly polarized light parallel to the grating
while promoting the transmission of linearly polarized light perpendicular to the grating. This
differential transmission behavior gives rise to disparate transmittance characteristics for incident
left-handed and right-handed polarized light, facilitating chiral differentiation. The proposed
device demonstrates excellent performance, with a transmittance exceeding 80% and an extinction
ratio of approximately 25. By achieving these outcomes, our work offers novel insights and
inspiration for the advancement of high-efficiency and high-extinction ratio ultraviolet circular
polarization detectors.

2. Theoretical analysis

Stomatopoda animals, such as mantis shrimp, possess remarkable visual capabilities owing to
their distinctive small-eye structure, enabling them to perceive circularly polarized vision [24,25].
Within each small eye, there exists a reticulated cell at the apex (R8) and seven reticular cells at
the base (R1-7). The R8 unit functions as a quarter wave plate (QWP), effectively transforming
circularly polarized light (CPL) into linearly polarized light (LPL). Meanwhile, the R1-7 cells,
equipped with microvilli, are oriented at a 45° angle relative to the longitudinal axis of the R8 cells,
thereby serving as linear grid polarizers (LPs). This configuration allows for the discrimination
of LPL with varying orientations, facilitating differential detection of circularly polarized light.
Inspired by this intriguing natural design, we have developed a vertically integrated double-layer
metasurface design. The proposed structure consists of a diamond nanostructure birefringent
metasurface, an aluminum-metal linear polarization nanograting, and a dielectric spacer layer
sandwiched between these components. The diamond metasurface functions as a QWP, whereas
the aluminum grating serves as an LP.
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In the context of propagation along the negative z-axis, a beam of circularly polarized light can
be represented as the superposition of two components: x-polarized light and y-polarized light,
with a phase difference of π/2. When this circularly polarized light traverses a quarter-waveplate,
the two components experience an additional phase difference of π/2. Consequently, their phase
difference becomes either 0 or π. As a result of this phase manipulation, the combined light
resulting from the two components exhibits linear polarization.

In the case of transmissive geometric phase metasurfaces, the transmission characteristics can
be described using a Jones matrix [26]:

J =
⎡⎢⎢⎢⎢⎣

tu 0

0 tv

⎤⎥⎥⎥⎥⎦ (1)

where tu and tv are the complex transmission coefficients of the incident electromagnetic wave
along the main axes u and v of the local coordinate system of the metasurface unit structure,
respectively. For a quarter-wave plate, when its fast axis u coincides with the x axis, the Jones
matrix is [27]

J∗ =
⎡⎢⎢⎢⎢⎣

1 0

0 i

⎤⎥⎥⎥⎥⎦ (2)

Define a rotation matrix:

R(θ) =
⎡⎢⎢⎢⎢⎣

cos θ − sin θ

sin θ cos θ

⎤⎥⎥⎥⎥⎦ (3)

θ is the rotation angle of the metasurface rectangular element, and the transfer matrix of the
metasurface is [28]:

T = R(θ)JR(−θ) =
⎡⎢⎢⎢⎢⎣

tucos2θ + tvsin2θ (tu − tv) sin θ cos θ

(tu − tv) sin θ cos θ tusin2θ + tvcos2θ

⎤⎥⎥⎥⎥⎦ (4)

Then, when tu = 1, tv =i and left-handed polarized light ELCP =
1√
2

⎡⎢⎢⎢⎢⎣
1

−i

⎤⎥⎥⎥⎥⎦ is incident positively,

the output electric field is [29]:

Eout = eiθ
⎡⎢⎢⎢⎢⎣

cos
(︁
θ + π

4
)︁

sin
(︁
θ + π

4
)︁ ⎤⎥⎥⎥⎥⎦ (5)

According to Eq. (5), it can be concluded that the output electric field behaves as linearly
polarized light with a polarization angle of θ + π

4 . Similarly, for right-handed polarized light

ERCP =
1√
2

⎡⎢⎢⎢⎢⎣
1

i

⎤⎥⎥⎥⎥⎦ , the polarization angle of the linearly polarized light after passing through a

quarter of a waveplate is θ − π
4 .

Based on the effective medium theory, the effective refractive indices of a grating, denoted as nx
and ny, can be determined for x-polarized light (with the electric field component perpendicular
to the grating) and y-polarized light (with the electric field component parallel to the grating),
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respectively [30]. ⎧⎪⎪⎪⎨⎪⎪⎪⎩
nx =

√︃
(n1+ik1)

2(n2+ik2)
2

f (n2+ik2)
2+(1−f )(n1+ik1)

2

ny =

√︂
f (n1 + ik1)

2 + (1 − f )(n2 + ik2)
2

(6)

Among them, f is the duty cycle of the grating, n1, and n2 are the refractive index of the grating
material and the material in the gap between the grating, and k1, and k2 are their corresponding
extinction coefficients. To simplify the calculation, the metal is regarded as a perfect conductor,
the gap material is air, that is, k1 tends to infinity, k2= 0. The effective medium can then be
simplified to ⎧⎪⎪⎨⎪⎪⎩

nx = n2(1 − f )−1/2

ny = ik1
√︁

f
(7)

It is evident that the grating exhibits an equivalent medium that is purely real for X-polarized
light. Consequently, the grating can be treated as a dielectric layer, resulting in perfect transmission
of light. However, due to the metal not being a perfect conductor, the grating experiences a
slight absorption of the incident light, albeit most of the X-polarized light is still transmitted.
In contrast, for y-polarized light, only the imaginary part is present, indicating that the grating
is equivalent to a metal film. Consequently, most of the y-polarized light is either reflected or
absorbed.

3. Structural design

Figure 1 presents a schematic diagram illustrating the element structure of a circular polarization
detector designed in this study. The structure comprises a diamond rectangular metasurface
and an aluminum wire grating, serving as a quarter wave plate (QWP) and a linear polarizer
(LP), respectively. The selection of diamond as the metasurface material is attributed to its
high refractive index (n∼2.6), capability to support Mie resonances, and low losses within the
ultraviolet band. Furthermore, established techniques exist for fabricating high-quality nanoscale
diamond structures [31,32]. Diamond films with nano-honeycomb structures can be produced by
using oxygen plasma etching with porous anodic alumina films as masks [33]. Fabrication of
MEMS devices from single crystal diamond using commercial diamond materials and standard
cleanroom processes [34]. Diamond nanopillar arrays with high density and uniformity can be
fabricated using bias-assisted reactive ion etching in a hydrogen/argon plasma [35].

Fig. 1. Schematic diagram of the element structure of a circular polarization detector.
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The diamond rectangular columns possess a thickness of h= 140 nm, while the periods Px
and Py are both set at 150 nm. The design principle of the diamond QWP aims to introduce a
phase delay of π/2 for both x-polarized and y-polarized light, which is elaborated upon in the
theoretical analysis section. Theoretical analysis reveals that two circularly polarized lights with
opposite rotations can exhibit the polarization conversion from circularly polarized to linearly
polarized. This conversion is achieved through careful design of the length (a) and width (b) of
the diamond rectangular columns. The aluminum LP features a grating width (w) of 10 nm and a
grating height of 140 nm. By appropriately selecting the grating width, selective transmission of
linearly polarized light that is perpendicular to each other in the two polarization directions is
accomplished. A fused silica layer with a thickness of 50 nm is incorporated, and the parameters
of the diamond nanopillars and aluminum gratings are optimized using the finite-difference
time-domain (FDTD) method. In our simulations, the reflectivity, transmittance, and phase of
the device are calculated utilizing the s-parameter analysis group. Periodic boundary conditions
are employed on the vertical side of the metasurface element structure, while a perfect match
layer (PML) is utilized to truncate the analog domain in the z-axis direction.

4. Analysis of the results

4.1. Design based on a quarter of a wave plate of diamond metasurface

The design process began with the development of the diamond quarter wave plate (QWP), as
depicted in Fig. 2. To streamline the design and enhance the performance of the metasurface, an
initial step involved maintaining a rotation angle of θ=0, aligning the fast axis u of the metasurface
cell with the x-axis direction. Subsequently, the optical properties of the nanopillars were fine-
tuned by systematically varying their lengths, and the corresponding complex transmission
coefficient was computed for excitation under x-polarized light. During this procedure, the fused
silica substrate was treated as a lossless dielectric material with a constant refractive index of
n= 1.45. To mitigate any substrate resonance effects, the substrate thickness was chosen to
exceed the simulation region.

Fig. 2. Schematic diagram of the element structure of a rectangular diamond metasurface.

In the case of incident x-polarized light, we conducted simulations to investigate the relationship
between the transmission coefficient (Txx) of the diamond metasurface and the size of the
nanopillars at a wavelength of 280 nm. The results of these simulations are presented in Fig. 3(a).
Encouragingly, the metasurfaces exhibited a transmission coefficient exceeding 90% across
various lengths and widths of the diamond nanopillars. This observation demonstrates the
exceptional transmission performance of the diamond metasurface specifically for x-polarized
light. The favorable performance can be attributed to the low-loss characteristics of diamond
within the ultraviolet range, which holds promise for achieving efficient and precise polarization
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control. Consequently, this opens up new prospects for the design and application of optical
devices.

Fig. 3. Variation of (a) transmittance and (b) phase with the length and width of the
metasurface under the case of x-polarized light incidence.

Figure 3(b) illustrates our further investigation into the relationship between the phase of
x-polarized light upon traversing the diamond metasurface and the dimensions of the diamond
rectangular nanocolumn. The results reveal a phase variation range spanning from -π to π,
indicating the potential for achieving comprehensive phase control by manipulating the size of
the diamond nanocolumn. This phenomenon can be ascribed to the alterations in the length and
width of the diamond rectangular column, which induce corresponding changes in the effective
refractive index of the metasurface. Consequently, the accumulated phase of the transmitted light
is adjusted accordingly.

Moreover, we conducted a comprehensive investigation of the behavior of y-polarized light
incidence and obtained results similar to those observed for x-polarized light. Remarkably, the
diamond metasurface exhibited high transmittance under y-polarized light, demonstrating its
effectiveness across different polarization states. Given the element structure’s global symmetry
along the x and y axes, the complex transmission coefficient Tyy for y-polarized light can be
accurately predicted by mirroring the amplitude pattern and phase profile of x-polarization
along the line a= b. This intrinsic symmetry allows us to anticipate the transmittance and phase
response of y-polarized light after passing through the metasurface by referencing Fig. 3, as
depicted in Fig. 4. By leveraging the phase modulation properties of the diamond metasurface,
precise control over the dimensions of the diamond nanopillar enables the attainment of the
desired phase modulation, facilitating the realization of an efficient quarter waveplate.

The phase difference φxx-φyy, which represents the phase discrepancy between x-polarized
light and y-polarized light after traversing the metasurface, is depicted in Fig. 5. Here, φxx and
φyy denote the respective phases of x-polarized light and y-polarized light. Theoretical analysis
indicates that in order to realize a quarter waveplate functionality, the phase difference φxx-φyy
should be set to π/2.

The variation range of φxx-φyy spans from 0 to 3π/2. To achieve a phase difference of π/2,
the point on Fig. 5 corresponding to such a phase difference is chosen, and the corresponding
dimensions fulfill the requirements for a 1/4 wave sheet. This determination is made based on
the data presented in Fig. 3(a) and Fig. 4(a). It is noteworthy that the majority of length and
width data points result in a metasurface transmittance exceeding 90%, with only a small number
of regions exhibiting lower efficiency. Therefore, in practical design, it is advisable to avoid
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Fig. 4. Variation of (a) transmittance and (b) phase with the length and width of the
metasurface under the case of y-polarized light incidence

Fig. 5. Phase difference after the incident of x-polarized and y-polarized light vs. diamond
length and width.

employing structural parameter combinations associated with low transmission efficiency. For
the purpose of simulation verification, we have selected the parameters a= 84 nm and b= 52 nm.

Under the condition where the angle between the long axis and the x-axis of the metasurface’s
structural element is 0, we perform simulations to examine the electric field distribution along
the z-axis resulting from left-handed and right-handed circularly polarized light interactions with
the diamond metasurface. Figure 6 illustrates a three-dimensional schematic representation of
the electric field direction.

Degree of polarization serves as a parameter for quantifying the level of alignment in the
direction of vibrational motion of a light wave, thereby reflecting the polarization characteristics
of light. When dealing with linearly polarized light, the polarization degree assumes a value
ranging from 0 to 1. A value of 0 indicates complete lack of polarization (disorder), while a
value of 1 signifies complete polarization (order). The degree of linear polarization (DoLP) is
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Fig. 6. Electric field distribution on the z-axis of (a) left-handed and (b) right-handed
polarized light passing through the diamond metasurface.

determined by:

DoLP =
E2

x − E2
y

E2
x + E2

y
(8)

A degree of polarization (DoLP) of 0.9 is computed. It is observed that the circularly polarized
light, upon passing through the metasurface, undergoes partial conversion into linearly polarized
light, with the polarization directions being mutually perpendicular. As previously analyzed, the
polarization angle of the linearly polarized light resulting from left-handed circularly polarized
(LCP) incidence is π/4, while the polarization angle of the linearly polarized light arising from
right-handed circularly polarized (RCP) incidence is -π/4. The simulation outcomes align with
the theoretical predictions. Consequently, when the fast axis u of the diamond metasurface unit
cell is inclined at an angle of −45 degrees to the x-axis, the converted linearly polarized light
obtained from LCP and RCP follows the directions of the x-axis and y-axis, respectively.

4.2. Aluminum grating linear polarizer design

A nanograting polarizer was simulated to replicate the functionalities of a linear polarizer, as
depicted in Fig. 7(a). Aluminum was chosen as the material for the designed metal grating,
which possesses a period of 50 nm and a grating height of 140 nm. The grating period aligns
with the x-axis direction, while its y-axis length is set to infinity. Transmittance simulations
were conducted for both x-polarized light and y-polarized light at various grating widths, as
illustrated in Fig. 7(b). It can be observed that, with a grating period of 50 nm, the transmittance
of both x-polarized light and y-polarized light gradually decreases as the grating width increases.
However, the transmittance of polarized light reaches 0 more rapidly compared to x-polarized
light. Notably, a substantial transmission disparity between x-polarized and y-polarized light is
evident within the grating width range of 8 nm to 20 nm.

By integrating the diamond QWP with the aluminum LP, as depicted in Fig. 1, we validated
the functionality of the device. Left-handed and right-handed polarized light were selected as the
incident light sources, and the circularly polarized detector recorded the transmitted rates of the
left-handed and right-handed polarized light, respectively. This information is presented in Fig. 8.
It is evident that our proposed circularly polarized detector is suitable not only for the simulated
wavelength of 280 nm but also exhibits periodic changes in transmittance for circularly polarized
light within the wavelength range of 250-320 nm. For left-handed circularly polarized light
(LCP), the maximum transmittance reaches 90%, whereas for right-handed circularly polarized
light (RCP), the transmittance is significantly lower than that of LCP, with a minimum value
of 3.5%. The extinction ratio is measured to be 25. These results confirm that our circularly
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Fig. 7. (a) Schematic diagram of linear polarizer structure (b) Transmittance of gratings for
x-polarized light and y-polarized light at different grating widths.

Fig. 8. Transmittance curves for left-handed and right-handed polarized light in the
250-320 nm band.

polarized detector can effectively differentiate the transmittance disparity between left-handed
and right-handed polarized light. When a beam of left-handed or right-handed polarized light is
incident on our proposed detector, it undergoes conversion to x-polarized or y-polarized light
through the diamond metasurface, and subsequently passes through the metal grating polarizer.
The transmittance is high if the light is x-polarized, and relatively low if it is y-polarized.

Furthermore, we investigated the disparity in transmittance between linearly polarized light
and left-handed circularly polarized light upon passing through the proposed device. To achieve
this, we maintained a constant polarization state of the incident light and rotated the unit by
360 degrees. A transmittance monitor was positioned beneath the aluminum LP to capture the
transmitted light. The simulation results are presented in Fig. 9.

The observation reveals that as the device undergoes a full rotation, the transmittance of
circularly polarized light remains consistently high at 90%. Conversely, the transmittance of
linearly polarized light initially decreases from 90% to 10% and subsequently rises back to
90%. This behavior stems from the fact that when circularly polarized light is transformed into
linearly polarized light upon passing through the QWP, its polarization direction consistently
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Fig. 9. Transmittance of linearly polarized light (LPL) and left-handed polarized light
(LCP) at the rotation angle of different devices.

aligns with the transmission axis of the aluminum grating throughout the rotation. Consequently,
the transmittance remains consistently high. Conversely, linearly polarized light, upon passing
through the QWP, becomes elliptically polarized light, leading to variations in transmittance
after traversing the linear polarizer. This disparity in transmittance enables the detection of both
linearly and circularly polarized light.

5. Conclusion

In conclusion, we have developed a circular polarization detector composed of a diamond
metasurface-based quarter wave plate (QWP) and an aluminum metal grating linear polarizer.
The device demonstrates significant circular dichroism at a wavelength of 280 nm, exhibiting
distinct transmittance responses for left-handed and right-handed circularly polarized light.
It achieves a remarkable extinction ratio of 25 while maintaining high transmittance, with a
maximum transmission efficiency exceeding 80% in the ultraviolet spectral range. Furthermore,
the proposed device enables discrimination between linearly and circularly polarized light by
observing changes in transmittance upon rotation. This innovative design offers a novel approach
for ultraviolet circular polarization detection and holds promise for applications such as ultraviolet
polarization detection and imaging, biomolecular diagnostics, and circular dichroic spectroscopy,
providing valuable inspiration and references for related fields.
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