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Wave retarders, including quarter- and half-wave plates, are
used in many optical systems for polarization conversion.
They are usually realized with anisotropic crystalline mate-
rials. However, much thinner and possibly also less expen-
sive wave plates can be made of micro- and nanostructures.
We present a new way to create thin-film optical retarders
based on a highly birefringent metamaterial. The wave plate
is capable of low-loss, broadband operation, which we verify
both numerically and experimentally. Owing to the remark-
able simplicity of our design, the wave plates operating on
the proposed principle can meet the requirements of large-
scale production and find widespread application in optics
and photonics.  © 2019 Optical Society of America
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In the quest for more compact optical devices, modern nano-
optics is turning to planar nanopatterned surfaces, such as
metasurfaces, for the manipulation of light. A metasurface typ-
ically consists of a single layer of subwavelength structural units
that each interact with an incoming optical field and change,
e.g., its polarization or phase. Often, metasurfaces are designed
to have spatially varying transmission and reflection character-
istics for various beam-shaping applications such as ultrathin
high-numerical-aperture lenses [1-4].

One basic optical component, the wave retarder, is particu-
larly intriguing to implement using the metasurface concept.
Conventional wave retarders, such as quarter- and half-wave
plates, are made of anisotropic crystalline materials and are
fairly thick and expensive. This is also true of, e.g., total-inter-
nal-reflection-based systems, where exceptional stability and
spectral uniformity are achieved at the cost of using multiple
components [5-8]. Nanostructured materials, on the other
hand, can be designed to have a very large degree of anisotropy,
opening up the possibility to make optical wave plates very
thin. Furthermore, such thin-film devices can be designed to
act as polarization-sensitive spatial light modulators, in which
the local optical properties depend on the transverse coordinate.
For example, there is a substantial body of work utilizing di-
electric gratings (sometimes called form-birefringent structures
in this context) to provide wave plate functionality [9-13].
These structures, if based on relatively low-refractive-index
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photoresists and glasses, often require high-aspect-ratio struc-
tures surrounded by air, which makes fabrication challenging.
While the usage of silicon with its high refractive index reduces
this problem, it prevents efficient operation at wavelengths be-
low 800 nm or so due to absorption loss. Hence, alternative
principles of optical wave retardation by nanostructures are
of great interest. Previously, also nanopatterned metal surfaces
have been demonstrated to provide wave retardation for
reflected light [14—17]. However, they cannot be used in
the usually more convenient transmission mode. Finally, vari-
ous plasmonic metasurface designs provide wave plates that are
very thin but typically operate in a narrow bandwidth and with
fairly high losses [18-21].

In this work, we present a transmissive wave plate that acts as
a highly birefringent metamaterial thin film, or a metasurface. It
is composed of periodic infinitely long, parallel metal nano-
stripes embedded in a dielectric material. The nanostripes do
not essentially affect light polarized perpendicular to the stripes,
while for orthogonal polarization, they make the metasurface
exhibit a low refractive index. This provides the required high
optical anisotropy for the wave plate. We present a simple ana-
lytical model of the proposed metamaterial film and verify our
theoretical predictions by fabricating and experimentally dem-
onstrating a quarter-wave plate based on this principle. We use a
nanofabrication method based on oblique-angle metal deposi-
tion on the sidewalls of a dielectric grating [22] to fabricate
the nanostructures required in our wave plate design. In general,
the wave-retardation principle that we propose allows the wave
plates to be thin and have low-loss broadband operation. Owing
to the design simplicity, the structures can be fabricated on large-
area substrates using fast and cost-effective methods of, e.g.,
optical-interference [23] and nanoimprint lithography [24].

The structure of the wave retarder is an array of infinitely
long metal nanostripes inside a transparent dielectric medium
(see Fig. 1). It is, essentially, a metamaterial layer of height 4.
The thickness of the metal stripes, &.,,, is fairly small compared
to their separation distance 44. The dielectric material, there-
fore, takes up most of the unit cell. This also makes the wave
plate different from wire-grid polarizers where the metal wires
take up a significant part of the unit cell. For an intuitive under-
standing, let us consider a single unit cell, comprising a central
dielectric part surrounded by metal walls. From the elementary
theory of metal waveguides, we know that for TE polarization
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Fig. 1. Structure of a metal—dielectric wave plate consisting of ver-
tical metal stripes embedded in a dielectric medium. The plates are
effectively infinite in the y direction.

(parallel to the y axis), this structure has a cutoff frequency be-
low which the electromagnetic modes are evanescent, while
above the cutoff frequency, the effective refractive index of the

3 = Ao/ 2d )P if the

metal is a perfect conductor [25]. On the other hand, for TM
polarization (along the x axis), the boundary conditions are dif-
ferent and the field is approximately transversely uniform in the
dielectric region, giving an effective refractive index 7y & 74.
With realistic metal that does not conduct perfectly, both
modes slightly penetrate into the metal, and the TM mode
is slightly concentrated on the metal surfaces due to coupling
to surface plasmon polaritons [14].

The birefringence of the structure is large if 77 is tuned to
be low. However, when approaching the cutoff condition, the
structure becomes highly reflective for TE-polarized light,
which is unacceptable (this is the regime where the structure
acts like a wire-grid polarizer). This conundrum can be solved
by slightly increasing the distance between the plates and set-
ting the height of the structure to satisfy the Fabry—Perot res-
onance condition for TE-polarized light, i.e., # = 1y/(2nrE).
If we then design the structure such that 71y = 2715, we ob-
tain a phase shift of 7z for TE polarization and 2z for TM
polarization, thus imparting a half-wave retardance. For a quar-
ter-wave plate, the required retardance is smaller, and the height
b can be reduced.

To calculate the effective refractive indices of TE and TM
waves, 77g and 77y, more accurately, we use the corresponding
characteristic equations

tan (\/ed - n%E/eOdd/2) L em -2y )
tan (\/em . nng/eOdm/2) C Vea-rdy

tan <,/ed - n?erOdd/z) ) mi 2

mode is small, being given by 71 =

tan (, fem = Ponkods, /z) Ved -y m

where £, is the wavenumber in vacuum [14]. These are valid
for the fundamental, symmetric TE and TM modes that do not
have electric-field nodes at the centers of the dielectric and
metal parts. In addition, we use them with complex-valued
refractive indices and permittivities, thereby accounting for
plasmonic absorption losses. The effective impedance of the
mode, defined as the ratio of the spatially averaged electric and
magnetic fields, is for both polarizations determined from

n
et = —, (3)
7ot
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where 774 is the impedance of vacuum, and 7 is either 71 or
nry. With both 7 and 7 known, the transmission and reflec-
tion coefficients of the structure can be calculated in terms of
the Fresnel-type transmission and reflection coefficients [26].
In general, while Eqs. (1) and (2) can be applied to multimode
structures, the definition of impedance in Eq. (3) is valid only
for one mode at a time. Even if the higher-order modes are
evanescent, they can still modify the coupling in and out of the
wave plate. Hence, for rigorous calculations, one must consider
the mode matching in the multiple mode regime, or perform a
full-wave numerical calculation to obtain the optical properties
of the structure. However, the simple single-mode calculation
presented above can still be used as a quick approximation.

To demonstrate the concept, we design a quarter-wave plate
made of glass (7 = 1.5) and silver for the operation wavelength
Ao = 790 nm. Figure 2(a) shows the birefringence nyy - 77g
for a range of values of @, and ,,. The largest values of c.a. 1.7
are obtained at small /4 and large &,. It is interesting that while
ntg & 0, we have 71y > 1.5. For the wave plate, we choose
nrMm - 715 = 0.5 to increase the transmission of the TE wave.
Figure 2(b) shows the average transmittance (7'tg + 71p)/2
of the wave plate with /= (7/2)/[ko(ntym - 71e)], which
gives the quarter-wave retardation. The transmittance is high
(over 95%) everywhere except close to the cutoff region.
This high-transmission region results from the modes existing
mostly in the glass parts and interacting only weakly with
metal. These plots imply that it is possible to make a quarter-
wave plate with either both 4, and &, being small, or both of
them being large. To make fabrication easier, we choose to
make d, and d,, large. Furthermore, we would like to pick
a point where kynrp/h = 7 to achieve a Fabry—Perot transmis-
sion resonance for the TE polarization, thus minimizing reflec-
tion losses. This condition is satisfied in the points on the
dashed line in both parts of Fig. 2.

After further optimization by full numerical calculations
(using Comsol Multiphysics software), we selected 4, =
335 nm, d4,, = 65 nm, and 4 = 330 nm. The spectrum of
the electric permittivity of silver was taken from Ref. [27].
Figure 3(a) shows the spectra of the absolute values of the trans-
mission coefficients for TE and TM polarizations. Results from
direct numerical calculations are shown by the solid line, while
the dashed line shows the results of the analytical single-mode
approximation. At the design wavelength 4, = 790 nm, the
transmission coefficients are high for both polarizations, as de-
sired. Past 4y = 900 nm, the transmission decreases because of
the onset of the TE mode cutoff. Figure 3(b) shows the spectra of
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Fig. 2. Optical properties of the silver—glass quarter-wave plate at
Ao = 790 nm for a range of values of 4, and d,,. The birefringence
n1Mm - 77E is shown in (a), while (b) shows the average transmittance,
Tog = (T'tm + T1e) /2, of the device. In both plots, the dashed
line denotes the points at which the TE mode is at the Fabry—Perot
resonance.



3104 Vol. 44, No. 12 / 15 June 2019 / Optics Letters

the phase shift between the TM and TE modes. This shows not
only that the phase shift is 7 /2 as required, but also that the wave
plate works well in a broad band from about 650 nm to 850 nm
(shown by the shaded region). This is comparable to birefrin-
gent-crystal-based zero-order wave plates. Figure 3(c) shows
the polarization states at four different wavelengths, indicating
that within this wavelength band, they are all close to
circular. The Poincaré vectors [25] for the states, containing
the normalized Stokes parameters S = (§},5,,53), are
S(4y = 650 nm) = (0.00,0.15,0.99), S(4y = 733 nm) =
(=0.01,0.10, 1.00), S(4y = 816 nm) = (0.01, -0.03, 1.00),
and  S(4y = 900 nm) = (-0.02, -0.32,0.95).  Finally,
Figs. 3(d) and 3(e) show the intensity distributions of a plane
wave passing through the wave plate, verifying that the zeroth-
order TE and TM modes are indeed the ones excited. In this
case, at the design wavelength, the refractive indices of the modes
are 7y = 1.09 and npyy = 1.61. All of these calculations were
performed at normal incidence. However, we have determined
that the phase shift stays within the 7/2 £ 0.2 rad region for
angles up to 10° (for light incident from air). Regarding other
possible deviations from the considered operation conditions,
we expect the wave plate to be stable against modest changes
in temperature and stress because the structure is very thin.
As an experimental demonstration, we fabricated the
designed quarter-wave plate. In addition to using silver as
the metal, we chose to use PMMA as the dielectric medium
in which the stripes are embedded. The choice of PMMA is
due to the fact that it provides better adhesion for silver films
compared to glass, and the dielectric constant of PMMA is very
close to that of glass. The fabrication process is outlined in
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Fig. 3. (a) Spectrum of the magnitude of the transmission coeffi-
cient of the designed quarter-wave plate. The blue and red lines cor-
respond to TE and TM polarizations, respectively. The dashed line
denotes analytical results, and the solid lines are obtained from
numerical calculations. (b) Spectrum of the phase retardation between
TM and TE polarizations Ag = arg(#y) - arg(#7g). The shaded re-
gion contains values limited by 7/2 £ 0.2 rad. (c) Ellipses of the
polarization states that appear after 45° linearly polarized light passes
through the wave plate at four different wavelengths. (d) Intensity
distribution of a TE-polarized plane wave transmitted through the
wave plate at 4g = 790 nm. The silver stripes are outlined with gray
contours. (e) Intensity distribution of a TM-polarized wave.
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Fig. 4. A glass microscope slide is cleaned in soap solution, fol-
lowed by acetone and isopropyl alcohol (IPA) cleaning in a son-
icator. Then, the slide is spin-coated with a 330 nm thick layer
of a PMMA e-beam resist (molecular weight 950k, 4% solution
by volume in anisole) [Fig. 4(a)]. The resist is patterned with the
e-beam at 100 keV (Vistec EPBGS5000pES, dose 700 pC/cm?,
current 1 nA) and developed in 1:3 methyl isobutyl ketone-IPA
solution to produce PMMA gratings with a period of 800 nm
and stripe width of 335 nm [Fig. 4(c)]. Further, a 10 nm sac-
rificial layer of aluminium (Al) is deposited at normal incidence,
and then silver (Ag) is deposited (using an e-beam evaporator) on
both sidewalls by tilting the sample [Fig. 4(d)]. This gives a
65 nm thick silver film on the side walls of the PMMA grating.
Since Ag is deposited also on top of the PMMA grating as well,
we remove it by subjecting the sample to argon (Ar) plasma
(Oxford Plasmal.ab 80Plus, RF power 50 W, pressure 20 mtorr,
etch rate 4 nm/min) at normal incidence [Fig. 4(¢)]. To remove
any re-deposited silver from the horizontal surfaces of the sam-
ple, the underlying aluminium film is etched with a type D Al
etchant solution (Transene Company Inc.). The sample is then
covered with PMMA by spin coating, which makes the period of
the grating equal to 400 nm [Fig. 4(f)]. The total size of the
structure is 200 pm x 200 pm. Figure 4(g) shows the surface
of a representative sample after metal deposition [step (d)].
The sample is tilted by 20°. We observe that the surface of silver
is smooth, showing good adhesion to PMMA. To verify that the
sidewalls are vertical, we cover the polymer grating after step (d)
with 20 nm of Ag (to avoid charging in scanning electron micros-
copy). We then mill the sample using focused ion beam milling
ata tiltangle of 52° (in the plane parallel to the stripes) to obtain a
cross-sectional view, shown in Fig. 4(h). The sidewalls are indeed
seen to be vertical. We also note that in some samples, the Al

(a) (b)
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1
L 208 2 /

Ar plasma +
etching Al

Fig. 4. Schematic and analysis of the fabrication process.
Fabrication steps: (a) spin coating of PMMA resist, (b) e-beam pat-
terning, (c) development of the exposed resist to obtain a PMMA gra-
ting and deposition of aluminium, (d) deposition of silver on the
sidewalls of PMMA, (e) plasma etch using Ar ions followed by chemi-
cal etching of Al, and (f) covering the structure by spin coating a
630 nm layer of PMMA on top of the grating. (g) Scanning electron
microscope (SEM) image of sample surface after step (d). (h) SEM
image of the sample after step (d) milled with a focused ion beam.
Inset: schematic of the imaging.
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etching damaged the silver stripes. We believe that this problem
can be alleviated by enhancing the adhesion between silver
and PMMA.

Figure 5(a) shows the magnitudes of the transmission coef-
ficients of TE- and TM-polarized light (blue and red curves,
respectively) that were measured using a xenon lamp as a white
-ight source, a broadband polarizer, and a fiber-coupled spec-
trometer (Ocean Optics USB2000+). The measured values of
|#| are slightly lower than the theoretically predicted ones, pre-
sumably due to fabrication errors. In particular, the metal sur-
face after step (e) is not perfectly flat at the metal-air interface.
Therefore, after covering the sample with PMMA, a double
periodicity of 800 nm appears, resulting in a small diffractive
loss. We indeed observed some weak diffraction orders in the
experiments predominantly for TE polarization. Also, the op-
tical properties of Ag can be different from the ones used in the
simulations, due to, e.g., grain-size and surface inhomogeneity-
related scattering losses. Figure 5(b) shows the measured phase
retardation between TM and TE polarizations. It reaches the
design value of z/2 at the wavelength of 840 nm, which is
shifted from the design wavelength of 790 nm. Besides the
shift, the phase retardation follows the theoretical prediction
well [Fig. 3(b)], including the large wavelength range of the
approximate quarter-wave retardation. This is also illustrated
by the polarization ellipses plotted in Fig. 5(c). These represent
the polarization states resulting from transmitting linearly po-
larized light through the wave plate, and even at wavelengths far
from 840 nm, a nearly circular polarization state is achieved.
The corresponding Poincaré vectors are S(1y = 650 nm) =
(0.00,0.30,0.95),  S(Ag = 733 nm) = (-0.05, 0.24,0.97),
S(4y=816nm)=(-0.12,0.06,0.99), and S(1y=900nm)=
(-0.18,-0.12,0.98). In the transmission measurements we
used linearly polarized incident light with the polarization at
an angle of 45° with respect to the grating lines. The transmit-
ted light was analyzed with another polarizer at the angles of 0°,
30°, and 90°. We used the spectra measured at these angles to
deduce the phase difference spectrum in a way described in
Ref. [11] [see Eq. (4) therein].

In conclusion, we presented a design of a transmissive wave
retarder based on a metamaterial structure with low-refractive-
index operation for TE polarization. As an experimental dem-
onstration, we fabricated and characterized a quarter-wave plate
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Fig. 5. Measured spectra of (a) || and (b) A@ = arg(rry)-
arg(#1g) of the fabricated quarter-wave plate. The shaded region in
(b) contains the phase retardations limited by 7/2 = 0.2 rad. The four
polarization ellipses in (c) show the polarization states that result from
passing 45° linearly polarized light (denoted by the dashed lines)
through the wave plate at different wavelengths.
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based on the proposed principle. Our design operates in a broad
spectral range between 650 nm and 900 nm, which can be
shifted also to other wavelengths. The possibility of incorporat-
ing the presented wave plate in a tunable achromatic wave
retarder system such as the one from Ref. [8] to miniaturize the
system is another interesting avenue for future research.
Furthermore, wave plates of this type can be fabricated on
large-area substrates using standard optical interference lithog-
raphy or nanoimprinting, which is important from the point of
view of possible mass production of the proposed wave retarders.
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