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Abstract: Metamaterial-based quarter-wave plates (QWPs) have emerged as promising candidates
for advanced polarization control in a variety of optical applications, owing to their unique properties,
such as ultra-thin profiles and tailored spectral responses. We design an ultra-thin, high-efficiency,
and broadband QWP in transmission mode based on a TiO2/Au grating structure. We show that
multiple reflections and the near-field effects associated with the integration of these devices pose
challenges that must be considered when combining multiple metamaterials. We present insights
that facilitate improved design methodology and the optimization of integrated metamaterial QWPs
and other metadevices. Our results contribute to the development of miniaturized and high-density
advanced lightwave and polarization control devices in optical systems.
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1. Introduction

The polarization degree of freedom has played a critical role in advanced sciences
and technologies [1] involving weak to strong intensities of light. Recent research that
considers the light polarization includes high-efficiency polarization locking [2], gener-
alized polarization transformations [1], full-Stokes polarization perfect absorption [3],
frequency tunable polarization conversion [4], and enhanced broadband nonlinear optical
processes [5], to name a few. Metamaterials have garnered significant interest in the field
due to their extraordinary properties and versatile applications, which stem from their
ability to manipulate light in ways that are unattainable with conventional materials [6,7].
One metamaterial-based optical device is the quarter-wave plate (QWP), which is an indis-
pensable tool for polarization control and manipulation [8–10]. QWPs work by introducing
a phase shift between the orthogonal components of an incident lightwave, effectively
transforming linearly polarized light into circularly polarized light or vice versa.

Recent advances in nanofabrication techniques and material science have enabled
the construction of innovative metamaterial-based optical devices [11,12]. This progress
has given rise to the design and fabrication of ultra-thin, sub-wavelength QWPs [13–18],
emphasizing the ongoing trend towards device miniaturization and integration [19–32].
Such miniaturization and incorporation of metamaterials present exciting prospects in
classical and quantum optical information systems (e.g., imaging, sensing, communica-
tions, and cryptography). This is made possible by the extensive degrees of freedom that
metamaterials provide [26–31,33–36].

As the integration of metamaterials into optical systems undergoes size reductions and
neighboring structures approach the near-field region, their interaction with electromag-
netic fields becomes increasingly intricate. Controlling near-field interactions within the
unit cells has enabled novel metamaterials and optical phenomena, such as classical analog
of electromagnetically induced transparency [37], coupled plasmonic metamaterials [38],
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and, more recently, chiral perfect absorbers with strong near-field enhancement [3]. While
metamaterials are recognized for their inherent near-field effects [39–47], the precise extent
of this effective region and its consequential impact on adjacent structures remain a less
explored domain. Unless accounted for within a metadevice, coupling among neighboring
metamaterials or optical components can trigger unwanted energy transfer. Thus, to better
understand the consequences of cascading metamaterials for future integration, a com-
prehensive analysis of how near-field effects [26–28,48,49] and multiple reflections [50,51]
affect the performance of the metamaterial is essential. This will ensure appropriate integra-
tion into optical designs and to understand potential complications arising from multiple
reflections between devices.

To understand some of the complications when integrating metamaterials into a single
device, we present an analysis of a grating structure design for a metamaterial QWP, defin-
ing its effective length due to near-field effects and its performance in a cascaded system.

The paper is organized as follows. In Section 2, we provide an overview of the theoret-
ical framework utilized to design a grating structure-based QWP. We discuss the principles
of birefringence in the context of grating structures and outline the key considerations for
designing our metamaterial QWP. Furthermore, we introduce a specific design, detailing
the materials and parameters employed. Then, we present the simulation results obtained
using COMSOL Multiphysics software and analyze the performance of the designed grat-
ing structure as a QWP. In Section 3, we analyze the near-field performance of the grating
structure, highlighting the effective length required for QWP operation. Then, we demon-
strate how cascading these structures can give rise to multiple reflections, which necessitate
careful consideration during the design process. The impact of these near-field effects and
multiple reflections on the overall performance of the optical system is analyzed. Our anal-
yses provide insights for multilayer metamaterial and metaoptic [26–32] designs toward
not only better integration into optical devices but also intriguing optical phenomena [52]
emerging from such integrations.

2. QWP Design and Analysis

The ability of a QWP hinges on its capacity to induce an exact phase shift, which is
contingent on the birefringence of the structure. Grating structures have been extensively
studied in the literature [53–57]. Building upon this, we design a grating-based QWP. Given
that our grating structure is translationally invariant along the Y direction, we utilize 2D
simulations for our analysis. In grating-based metamaterials, birefringence originates from
the anisotropic optical response, which is induced by the orientation of the layers in the
grating structure [54,58].

To determine a starting point for the frequency domain solver in the COMSOL simula-
tions (Figure 1), we employed the Maxwell–Garnett equations, which have been demon-
strated to effectively characterize grating structures [26,53]. The equations using the coordi-
nate system shown in Figure 1 are as follows:

εz =
εmεd

(1− N)εm + Nεd
,

εy = Nεm + (1− N)εd,

N =
hm

hm + hd
,

(1)

where εm and εd are the relative permittivities of the metal and dielectric materials, respec-
tively, and hm and hd denote the heights of the respective metal and dielectric materials
within the unit cell. The use of εz and εy was due to the X propagating wave and the
orientation of the layers as shown in Figure 1.
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Figure 1. The 2D design with the grating structure embedded in silicon dioxide. In the simulation,
periodic boundaries are implemented at the top and bottom, while scattering boundaries are estab-
lished on the left and right sides. Perfectly matched layers (PMLs) are positioned before the input
and after the output to effectively mitigate any boundary-induced reflections that could compromise
the data collection. The input is 150 nm before the grating and the output is located at 150 nm from
the back side of the grating. The unit cell is 175 nm in the Z direction, with the gold taking 50 nm of
the unit cell, and the titanium dioxide occupies the remaining 125 nm. The grating is 100 nm wide in
the X direction.

In order to effectively assess a cascaded metamaterial system, our primary objective
is to design a transmission-based QWP having a bandwidth centered around an 800 nm
wavelength [59], optimized for a normally incident uniform plane wave. The transmission-
based design along with the normally incident plane wave will allow for a seamless
integration of the structure into a cascaded system. To achieve better agreement with the
Maxwell–Garnet equation, the unit cell and feature sizes are minimized while staying
within the practical limitations of contemporary fabrication techniques [56,60–64]. We
do not exceed a depth-to-height ratio of 2:1, and the minimum feature height is set to
50 nm. Using the Maxwell–Garnett equations as a starting point and using COMSOL to
finalize the design give the finalized grating a depth of 100 nm and a metal height of 50 nm.
In the selection of materials, gold and silver emerge as strong candidates due to their
advantageous permittivities (i.e., relatively low losses) at the desired 800 nm wavelength.
However, the inclination of silver to oxidize led us to choose gold [65] as a more stable
option. For the dielectric material, titanium dioxide [56] was selected. The grating structure
is embedded in silicon dioxide [66]. We incorporated the relative electric permittivities
of the chosen materials as given in Table 1. The design culminates in the configuration
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depicted in Figure 1 with a total unit cell height of 175 nm. Of this, 50 nm is occupied by
gold, with the remaining 125 nm being titanium dioxide.

Table 1. Complex relative electric permittivities (εr) of SiO2, TiO2, and Au at the simulation wave-
length limits and the targeted wavelength of 800 nm. The associated references detail the full material
parameters employed throughout the wavelength sweeps in the simulations.

εr 700 nm 800 nm 950 nm

SiO2 [66] 2.1382− i0.004383 2.1339− i0.0038174 2.1299− i0.0032015
TiO2 [56] 5.5945− i8.04× 10−10 5.4814 5.3777
Au [65] −13.753− i1.9109 −20.277− i2.0711 −31.585− i2.7288

In order to effectively evaluate the performance of the proposed QWP design, we
employ the Stokes parameters. These parameters provide a comprehensive characterization
of our electromagnetic field propagating in the X-direction, taking into account the phase
difference, ∆φ = φz − φy, between the two orthogonal field components. They are given
as [50,67–69]

S0 = |Ey|2 + |Ez|2,

S1 = |Ey|2 − |Ez|2,

S2 = 2|Ey||Ez|cos(∆φ),

S3 = 2|Ey||Ez|sin(∆φ),

(2)

where Ej is the j’th component of the electric field, and we use +jωt convention consistent
with COMSOL.

The Stokes parameters allow us to discern the proficiency of QWP in transforming
linearly polarized light into circularly polarized light. One of the vital metrics for this
characterization is ellipticity (χ), defined as [69]

χ =
S3

S0
. (3)

The ellipticity metric provides an understanding of the degree of circularity in the wave
polarization, with 1 representing a perfect left-handed circular polarization, −1 indicating
a perfect right-handed circular polarization, and zero denoting a linear polarization. For
our grating structure, we assume it performs an appropriate QWP operation if |χ| at the
output is greater than 0.99 [69–71].

Having established the theoretical framework for evaluating the performance of our
quarter-wave plate design, we now turn our attention to its empirical performance metrics.
The succeeding Figure 2 presents a comprehensive view of the QWP performance, display-
ing the transmission, phase shift, and ellipticity from 700 nm to 950 nm. Accompanying
this, the complex permittivities of the materials utilized at these wavelength limits are
specified in Table 1. These figures are critical, as they provide clear evidence of the ability
of QWP to convert linearly polarized light into circularly polarized light, a crucial measure
of the device’s utility.

This QWP design exceeds the |χ| figure of merit (FOM) of 0.99 from 711 nm to 910 nm,
having a bandwidth of approximately 200 nm as shown in Figure 2. We described a
subwavelength QWP operating on a transmission basis. However, while the individual
performance of this QWP is promising, it represents just one component in a more complex
system. When we consider these devices as part of an integrated assembly, additional
complexities emerge. With metamaterials, especially those that rely on strong resonance, the
consideration of near-field effects along with multiple reflections between devices becomes
increasingly necessary due to the potential impact on performance of the integrated device.
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Figure 2. Performance of the grating structure shown in Figure 1 as a QWP. The input uses a normally
incident uniform plane wave with a 45-degree angle of polarization and is simulated over the wave-
lengths from 700 nm to 950 nm. Presented is the (a) transmittance, reflectance and absorbance of the
45-degree input over the wavelengths. (b) The transmittance split into Y and Z polarizations. (c) The
phase difference between the Z and Y polarizations. (d) Ellipticity with respect to wavelength.

3. Near-Field Effects and Cascading Behaviors

As optical systems move towards the high-density integration of optical structures
with sub-wavelength separations, the interactions of the individual components as well as
their interactions within a system need to be known. To design a practical metamaterial for
use within a compact optical system, we present an analysis process that showcases why
this thorough analysis should be performed for all metamaterial designs. To illustrate our
point, we use the grating structure depicted in Figure 1, shown to perform well as a QWP.
We perform a near-field analysis, finding the effective length that the QWP operation takes.
We also cascade the grating structure, using the effective length as a guide and observe any
unique interactions in the system. We should note that the cascaded analysis of two QWPs
is to understand the characteristics of the QWP designed and not to design a half-wave
plate (HWP). A single device as a HWP would need redesigning, adhering to the current
manufacturing standards.

To validate the grating structure’s efficacy as a QWP under a normally incident
uniform plane wave, we examined its output to ensure it produces a uniform plane wave
to minimize coupling and maintains a π/2 phase difference. For the output of the grating
structure to be defined as a uniform plane wave, the variances of its field magnitude and
phase must approach zero. Deviations in field magnitude or phase can potentially impact
device effectiveness when considering an integrated system. Similar analyses may be
devised for structured light, oblique incidence, waveguide modes, etc.

To appropriately simulate and analyze the output characteristics of the designed
grating structure shown in Figure 1, modifications were made in which data lines with
appropriate meshing were placed every nanometer after the back side of the grating. Using
an 800 nm normally incident uniform plane wave with a 45-degree polarization angle, the
output results shown in Figure 3 were collected. Figure 3 shows the mean and variance
of the field magnitude and phase as a function of distance from the output of the grating
structure. From the average field magnitudes, it can be seen that the grating structure has
near-field effects, such as producing an X component (i.e., longitudinal cross-polarization)
and a spike in the Z component. The field enhancement seen in the Z and X components of
the output field magnitude can be mainly attributed to the sharp corners of the metallic
portion of the grating [72,73], which can be reduced by increasing the radius of curvature at
the corners [72]. This may decrease both the effective length of the QWP and Ohmic losses.
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Figure 3. Near- field analysis of the output of the grating structure using the same physical design as
shown in Figure 1. The input is an 800 nm normally incident uniform plane wave with a 45-degree angle
of polarization where the input is 150 nm before the grating. The output is sampled every nanometer
until 150 nm of travel from the back side of the grating. This diagram displays the (a) mean and
(b) variance of the electric field magnitude with respect to the distance from the output of the grating
structure, showing that the X component dissipates within 100 nm and the variance of each of the
components approaches zero. The (c) mean and the (d) variance of the radian phase components of the
electric field polarizations indicate that the Y and Z polarizations have a variance that approaches zero,
while the X polarization’s phase contains some variance throughout the measured distance.

While the grating structure is shown to convert some of the input into the X-polarization
at the output of the grating structure, the field’s mean magnitude of the X component
approaches zero within 100 nm, becoming two orders of magnitude less than either of the
other polarizations. The variance of the X-polarization’s phase persists throughout the
measured distance. As the X component approaches zero, the non-uniformity it contributes
can be considered negligible at the 100 nm distance from the output of the grating structure.
With the X component of the field magnitude approaching zero and the variance of the
Y and Z polarizations field magnitudes and phase also approaching zero, the output of
the grating structure can be considered a uniform plane wave after 100 nm at the 800 nm
wavelength. Since there are no resonant spikes within the bandwidth (Figure 2a), the
same analysis was performed at the edge cases of the bandwidth (i.e., 711 nm and 910 nm
wavelengths) to confirm that the grating structure produced a uniform plane wave at
100 nm after the back side of the grating throughout the bandwidth. These results show
that the effective length of the QWP in Figure 1 can be determined to be approximately
200 nm. This includes a 100 nm thick grating structure followed by 100 nm thick silicon
dioxide layer on the right side of the grating for the field to stabilize. Due to the near-field
effects, clearly shown in Figure 3, the QWP operation is not considered complete until after
traveling 100 nm past the output side of the grating.

While it is well known that metamaterials have near-field effects, the effective length of
the device is not considered in most works. However, for the appropriate incorporation of a
designed metamaterial into a highly dense optical system with sub-wavelength separations,
the near-field effects become important.

To analyze how the QWP performs in a cascaded structure, we use the effective length
of the QWP found and put two of them consecutively back to back as shown in Figure 4,
which illustrates both the geometry and the resultant distributions of the field magnitudes
at the near-field. This cascade will lead to the two gratings having a separation of 100 nm,
with the rest of the design parameters the same as in Figure 1. Also, the output port will
be at 100 nm from the back side of the second grating, simulating two effective QWPs
back to back. For the two consecutive QWPs as shown in Figure 4 to perform an effective
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HWP operation, the final output should be a uniform plane wave and reproduce linearly
polarized light with the correct rotation. To determine the two QWPs’ effectiveness as a
HWP, we will use the degree of linear polarization (DoLP) and the polarization conversion
ratio (PCR). To determine the linearity of the output polarization, we use the DoLP derived
from the Stokes parameters in Equation (2), defined as [74–76]

DoLP =

√(
S1

S0

)2
+

(
S2

S0

)2
, (4)

where the DoLP can range from 1, representing a perfect linear polarization, to zero, indi-
cating no linear polarization [76]. DoLP = 0.94 may be considered appropriate for a HWP
operation [76]. The PCR is determined by the polarization input and expected polarization
output. For our system shown in Figure 4, the input has a 45-degree polarization with
respect to the Y and Z axes. For a HWP operation with our setup, this should lead to a
90-degree rotation. For our system, the PCR is defined as follows [77–79]:

PCR =
|t− π

4
|2

|t− π
4
|2 + |t+ π

4
|2 , (5)

where |t+ π
4
| corresponds to the transmission coefficient magnitude that aligns with the

positive π/4 polarization angle of the input and |t− π
4
| corresponds to the expected 90-degree

conversion of the output to a negative π/4 polarization angle. The PCR FOM that we
would like the cascaded system to achieve is 0.98 [71,79]. Using the DoLP and PCR, the
effectiveness of the two QWPs cascaded is shown in Figure 5. Analyzing the performance
of the cascaded QWP system, it can be seen that the DoLP meets the targeted FOM from
700 nm to 880 nm with a majority of that range achieving >0.98. While the two QWPs
provide linearly polarized light over this range, the PCR only achieves a value of >0.94.
While the cascaded QWPs do not achieve the desired PCR at 800 nm (i.e., center of the
operating bandwidth for the original QWP, see Figure 2d), the desired PCR is achieved
from 712 nm to 778 nm.

To better understand the impact of the cascaded devices, a near-field analysis was
performed, where data were collected every nanometer for 150 nm after the second grating
as shown in Figure 6. The near-field results showed that the cascaded QWPs still produced
a uniform plane wave at the expected 100 nm after the second grating. From the output
characteristics of the individual QWP, the observed magnitude of the Z component of
the electric field from the cascaded QWPs deviated notably from expectations. While a
slight reduction in the Z component was evident from the analysis presented in Figure 3,
multiple reflections appear to have considerably influenced the Z component, resulting in
a noticeable deviation from the ideal 90-degree polarization rotation at 800 nm (Figure 5d).

While the observed results for the phase shift and transmittance diverge slightly from
what was expected from cascading two QWPs, the deviations can be attributed to near-field
effects and multiple reflections between the grating structures. For our designed grating
structure, we have the Y and Z polarizations, which have different effective refractive
indices, ny and nz, respectively, and the refractive index of the surrounding media, which
will be written as n1. In the absence of losses, the transmission coefficient for the Y-
polarization can be written as the following [50]:

ty = |ty|e
−jtan−1

(
n2

1+n2
y

2n1ny
sinφy
cosφy

)
. (6)

Similarly, for the Z-polarization

tz = |tz|e
−jtan−1

(
n2

1+n2
z

2n1nz
sinφz
cosφz

)
. (7)
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Figure 4. Two cascaded gratings embedded in silicon dioxide using the the same grating design
shown in Figure 1. The gratings are separated by 100 nm due to the effective length found for the
grating structure. The magnitudes of the field components are presented at the 800 nm wavelength
illustrating the near-field distributions. Vanishing fields on both sides of the geometry are due to the
PML and scattering boundary conditions.
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Figure 5. Performance of the 2D cascaded QWP design in Figure 4 from 700 nm to 950 nm wavelength.
The output port is placed at 100 nm from the back side of the second grating to simulate two cascaded
effective QWPs. (a) Transmittance, reflectance, and absorbance of the 45-degree polarization input
over the wavelengths. (b) The phase difference between the Z and Y polarizations. (c) Degree of
linear polarization and (d) polarization conversion ratio with respect to wavelength.
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Figure 6. The near-field output of the cascaded QWPs in Figure 4. The simulation follows the analysis
process presented in Figure 3 with an 800 nm normally incident uniform plane wave. This diagram
displays the (a) mean and (b) variance of the electric field magnitude with respect to the distance
from the output of the second grating structure, showing that the X component dissipates within
100 nm similar to Figure 3, highlighting that the effective length of the QWP remains 100 nm. The
(c) mean and the (d) variance of the radian phase components of the electric field polarizations. The
output of the cascaded system is shown to be a uniform plane wave, as the Y and Z polarizations
have a phase and magnitude variance that approaches zero.

Equations (6) and (7) show that the phase difference between the polarizations is not
commensurate with the length due to the refractive index difference of the surrounding
medium that results in multiple reflections. Note that when multiple reflections are not
present, from Equations (6) and (7), we recover the phase difference ∆φ = φz − φy, which
is linearly proportional to the length. This relationship becomes more complicated when
dealing with lossy and inhomogeneous metamaterials and can involve additionally evanes-
cent coupling [26–28] and polarization-dependent meta-atom resonances. However, these
equations already indicate that putting two of the designed QWPs in series, as shown
in Figure 4, will not necessarily produce an ideal π phase shift due to the introduction
of more interfaces for multiple reflections. Similarly, the dependence of the transmission
coefficient magnitudes |ty| and |tz| on ny and nz introduces asymmetry in the transmitted
field magnitudes like in Figure 6a.

To further show how multiple reflections impact the performance of the cascaded
gratings as a HWP, a sweep of separation distances was performed as illustrated in Figure 7.
For this simulation, the effective length of the QWP was not adhered to, and the distance
between the two gratings was varied from 25 nm to 600 nm. The output of the simulation
was measured at 150 nm from the back side of the second grating, ensuring the measured
output was a uniform plane wave for each simulation. The input of the simulation was an
800 nm 45-degree polarization angle uniform plane wave for every simulation. Figure 8
shows the performance of the cascaded gratings in Figure 7 with respect to separation dis-
tance. A periodic pattern emerged on each of the figures, showing one of the characteristics
of multiple reflections between devices. There are two transmittance peaks in Figure 8a,
one at the 218 nm separation and one at the 489 nm separation. At these two peaks, the
phase shift between the two orthogonal polarizations (i.e., −0.99π) is equal to twice the
phase shift of a single QWP in Figure 2. This shows that a separation distance between the
two gratings can be found, in which the effects of multiple reflections are mitigated and the
expected phase shift can be observed. Throughout the sweep of separation distances, the
DoLP remained above the desired FOM of 0.94. The output polarization was again unable
to achieve the full 90-degree rotation (i.e., PCR = 1), but the desired PCR (i.e., >0.98) was
achieved at specific separation distances, highlighting the need for an in-depth analysis
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of metamaterial structures which presents the performance impact and considerations
required for integrating into a larger system.

Figure 7. 2D cascaded grating separation simulation schematic following the same design in Figure 4,
with varying separation distance between the gratings. Both the input and output ports are 150 nm
away from the grating surfaces.
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Figure 8. The simulation results for the physical design in Figure 7 at 800 nm with an input of
a normally incident uniform plane wave with a 45-degree polarization angle. Displayed are the
(a) transmittance, reflectance, and absorbance of the 45-degree input, (b) the phase difference between
the Z and Y polarizations, (c) degree of linear polarization, and (d) polarization conversion ratio with
respect to separation distance.

4. Discussion

In this paper, we designed a broadband transmission-based QWP optimized for use
around 800 nm. Our QWP stands out for its ultra-thin, broad bandwidth, and transmission-
based features, further bolstered by its simple 2D design. A study of its near-field behavior
gave rise to an effective length of the device. This notion is significant, as it suggests
that a metamaterial’s dimensions should not only be determined by the device’s physical
parameters but also by the length required to achieve the desired output. A further analysis
was conducted of the designed QWP as part of a cascaded system, highlighting how
multiple reflections dramatically increased the loss of the Z component. This had an
important effect on the output angle of the cascaded system to never be able to fully achieve
the 90-degree rotation expected from cascaded QWPs.

While metamaterials and metadevices have shown to have potential to miniaturize and
revolutionize optical systems, the increased complexity of electromagnetic field interactions
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as these structures approach the near-field region poses a limitation that must be considered.
We explored how this can lead to unwanted energy transfer, causing alterations to the
transmittance and phase response of the cascaded QWP. Near-field effects are inherent
to many metamaterial designs, yet the extent and implications of these effects often go
unaddressed in standard design considerations. In the realm of high-density optical
assemblies with components separated by sub-wavelength distances, it becomes paramount
to grasp the potential interactions between these components. While simulations remain
indispensable for every optical system, a prior understanding of device constraints within
compact configurations can streamline the design process similar to large scale electronic
circuit design. Such comprehension enhances the contributions of individual devices,
facilitating the evolution of practical, high-density metamaterial optics. Comprehensive
insight into metamaterial properties, inter-device interactions, and near-field dynamics
will be pivotal for the advancement of future optical system designs and applications. A
promising avenue for future research may involve leveraging auxiliary fields [80,81] to
modulate these inter-device interactions and near-field effects, paving the way for dynamic
and reconfigurable metadevices.
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