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ABSTRACT: Conventional plasmonic materials, namely, noble metals, hamper the realization of practical plasmonic
devices due to their intrinsic limitations, such as lack of capabilities to tune in real-time their optical properties, failure to
assimilate with CMOS standards, and severe degradation at increased temperatures. Transparent conducting oxide (TCO)
is a promising alternative plasmonic material throughout the near- and mid-infrared wavelengths. In addition to
compatibility with established silicon-based fabrication procedures, TCOs provide great ﬂexibility in the design and
optimization of plasmonic devices because their intrinsic optical properties can be tailored and dynamically tuned. In this
work, we experimentally demonstrate metal oxide metasurfaces operating as quarter-waveplates (QWPs) over a broad nearinfrared (NIR) range from 1.75 to 2.5 μm. We employ zinc oxide highly doped with gallium (Ga:ZnO) as the plasmonic
constituent material of the metasurfaces and fabricate arrays of orthogonal nanorod pairs. Our Ga:ZnO metasurfaces
provide a high degree of circular polarization across a broad range of two distinct optical bands in the NIR. Flexible broadband tunability of the QWP metasurfaces is achieved by the signiﬁcant shifts of their optical bands and without any
degradation in their performance after a post-annealing process up to 450 °C.
KEYWORDS: plasmonics, metal oxides, metasurface, surface plasmon resonance, quarter-waveplate, semiconductor
lat photonics is an emerging ﬁeld in nano-optics that
utilizes the concept of metasurfaces.1−3 With the advent
of metasurfaces, fabrication challenges associated with
volumetric metamaterials can be easily overcome. Metasurfaces
can push conventional optical components to the subwavelength scale, paving the way for ultracompact devices and onchip optical processing. By altering the phase of the incoming
light, metasurfaces have enabled many applications, such as 3D
holograms,4−7 ﬂat lenses,8−10 beam splitters,11,12 and waveplates,13−17 with a device thickness of only a fraction of the
wavelength. The signiﬁcant interest in advanced optical
signaling and sensors18,19 has led to the development of
metasurfaces with quarter-waveplate (QWP) functionalities,
converting linearly polarized light into circularly polarized light
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and vice versa. With noble metals, metasurfaces, which consist of
arrays of orthogonally coupled nanoantennas16,20,21 and Vshaped antennas,13 have been used to demonstrate waveplate
operation with deeply subwavelength proﬁles. In addition,
metasurfaces have been placed on a reﬂective metal mirror to
achieve high eﬃciency in the terahertz regime.22,23 Furthermore, dielectric metasurfaces have been introduced to design
QWP metasurfaces in the near-infrared (NIR) range.24
Although these metasurfaces have achieved the desired
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function, they pose integration challenges, often exhibit
considerable optical losses, and do not oﬀer switchability/
tunability of their optical properties. For practical applications,
it is more desirable to fabricate these metasurfaces with a
versatile, tunable, and CMOS-compatible material.
To date, there is a growing body of research on transparent
conducting oxides (TCOs) as an alternative material platform
for near- and mid-infrared plasmonics.25−27 TCOs (e.g.,
aluminum- or gallium-doped zinc oxide [Al:ZnO, Ga:ZnO],
tin-doped indium oxide [ITO], indium-doped cadmium oxide
[ICO]) are highly doped wide band gap semiconductors with a
plasma frequency typically in the NIR range.25,28,29 Advantages
of TCOs over noble metals include compatibility with a
conventional fabrication technique, chemical and mechanical
stabilities, and low intrinsic optical losses due to the wide band
gap and small Drude damping (γ).28,30 TCOs provide the
capability of tailoring the intrinsic plasma frequency over a wide
range due to their nonstoichiometric properties.25 The surface
plasmon resonance in various types of TCO nanostructures has
been experimentally demonstrated, which makes TCOs very
promising alternatives to noble metals for applications in the IR
spectral range.31−34 However, despite investigations of various
TCO nanostructure geometries, little attention has been paid to
control of the polarization state of light using nanoscale TCO
resonators.
In this work, we experimentally realize a TCO metasurface to
control the polarization of light in the reﬂection mode,
spanning a broad bandwidth in the NIR regime. The
metasurface is realized interleaving two orthogonal patterned
nanorod arrays made of Ga:ZnO. A similar design has been
proposed and experimentally demonstrated with silver (Ag) as
the plasmonic component to operate in the visible range.20 To
achieve the quarter-waveplate functionality, in this design, the
two perpendicular nanorods resonate at approximately equal
amplitudes and a phase diﬀerence of π/2 in orthogonal
polarizations. Compared to noble metals, TCOs have a
relatively less dispersive dielectric function, which oﬀers a
broader bandwidth of operation for TCO-based metasurfaces in
the NIR range. Additionally, through a post-annealing process,
we can control the carrier density in TCO, thus further tuning
the eﬃciency and bandwidth of the realized metasurfaces. This
method relies on controlling the oxygen vacancy formation to
adjust the free electron concentration, and it has been
demonstrated to adjust the resonance frequencies of simple
TCO geometries such as nanodisks and nanorods.32,35,36
Furthermore, we show that changing the angle of incidence
our TCO metasurfaces can provide QWP functionality in two
distinct NIR optical bands.

Figure 1. (a) Schematic view of an array of metal oxide
nanostructures forming a metasurface. θ is the angle of incidence.
The metasurface serves as a quarter-waveplate by converting a
linearly polarized light to circularly polarized light in reﬂection
mode. (b) Unit cells of plasmonic metasurfaces and the
corresponding geometrical parameters. ϕ is the direction of
polarization of incident wave. lm and wm (m = 1, 2) are the length
and width of two nanorods, respectively. Px and Py is the periodicity
in x- and y-directions. Py is ﬁxed at 750 nm, but Px is varied from
550 to 750 nm to change the coupling eﬃciency of the two
orthogonal nanorods.

phase of the scattered ﬁelds sharply varies with the frequency
around the nanorod resonance, it is possible to tailor the phase
shift between the scattered waves of two orthogonal nanorods
by slightly changing their relative lengths. In our design, we
chose the lengths of orthogonal nanorod pairs such that linearly
polarized light incident on our metasurface at an angle θ is
converted to circularly polarized light over a particular spectral
range. As illustrated in Figure 1b, the polarization angle ϕ is
deﬁned in the plane of the metasurface. To ensure a broad
bandwidth, the horizontal rods are joined into a continuous
strip and vertical rods are reduced to squares, as shown in
Figure 1a,b. We obtained the optimized dimension of each
Ga:ZnO rod through an analytical model provided in the recent
work on metasurfaces based on orthogonally aligned silver
nanorods.7,21,37 The analytical model ensures that the reﬂection
matrix of such a metasurface can be described as14,20

RESULTS AND DISCUSSION
Two orthogonal nanorods provide the array element for our
metasurface, as shown in Figure 1a. Each nanorod acts as a local
antenna when excited at the resonance by the incident light
with a particular direction, amplitude, and phase. Since the
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where f is the frequency of operation, c is the speed of light in
vacuum, μ0 is the permeability of free space, and Cint is the
interaction dyadic.37,38 From the three-axial ellipsoid quasistatic polarizability with semiaxes w/2, l/2, and t/2, the
polarizability tensor (aii, i = x,y,z) can be calculated as
π
aii = 2 wlt(εGa:ZnO − εm)/[3{εm + Li(εGa:ZnO − εm)}], where
Li is the shape factor and εm is the permittivity of the
surrounding medium of the nanorod. Considering the
fabrication limitations, we optimize the metasurface with a
constant thickness (t = 550 nm), width (w1 = 250 nm and w2 =
300 nm), and length of the horizontal nanorod (l2 = 300 nm)
but vary the length of the horizontal nanorod (l1) from 550 to
750 nm with 100 nm increments to control the bandwidth of
operation. As the length of the vertical nanorod is varied, the
periodicity in the x-direction is also varied accordingly. TCObased QWP metasurfaces require that the thickness (t = 550
nm) of the nanorods is 1 order of magnitude larger than that of
a corresponding silver metasurface due to its low magnitude of
real part of permittivity.
To fabricate the metasurface, we developed a dry-etching
technique with bilayer resistshydrogen silsesquioxane (HSQ)
for the masking layer and poly(methyl methacrylate) (PMMA)
for the sacriﬁcial layer. As shown in the schematic of the
fabrication ﬂow (Figure 2a), a 550 nm thick Ga:ZnO ﬁlm is
deposited on a glass substrate by pulsed laser deposition (PVD
Products, Inc.). On top of the deposited Ga:ZnO ﬁlm, we spincoat a 100 nm thick layer of PMMA at 4000 rpm followed by
the sample prebake at 80 °C for 5 min. Once the PMMA layer
is baked, we spin-coat a 500 nm thick layer of HSQ. The
sample is prebaked again at 80 °C for 5 min. The nanoscale
pattern of QWP is then exposed by electron beam lithography
(Vistec VB6). An exposed sample is developed in 25%
tetramethylammonium hydroxide (TMAH) for 1 min, dipped
in DI water for 30 s to rinse oﬀ the TMAH, and then dried in
gaseous nitrogen. The PMMA layer is etched by oxygen gas,
and the TCO ﬁlm is etched by chlorine gas with reactive ion
etching (RIE). Ga:ZnO ﬁlm is etched down 1.2 times faster
than HSQ, hence a 500 nm thick nanorod can be patterned
with 500 nm thick HSQ as the masking layer. When the design
of the QWP metasurface is transferred to the Ga:ZnO layer, the
sample is dipped into acetone to remove the PMMA layer with
the remaining HSQ. The ﬁeld emission scanning electron
microscope (FESEM) images in Figure 2b,c provide a diﬀerent
view of the fabricated Ga:ZnO metasurface. The shape of the
square particles becomes rounded during the etching process,
but the size of structures is maintained as the original design.
To ﬁnd the spectral range of QWP operation, it is necessary
to characterize the resonance positions in two orthogonal
polarizations because QWP functionality can be achieved from
abrupt phase variations near the resonances that induce
birefringence in anisotropic nanorod arrays. As already
demonstrated in Ag-based waveplate metasurfaces, it is
expected that the metasurface will serve as a waveplate in the
spectral range between two resonances in orthogonal polarizations. The corresponding reﬂection spectra for the
orthogonal linear polarizations (Rxx and Ryy) along the two
rods with diﬀerent periodicity in the x-direction are presented
in Figure 3a. We notice that Rxx and Ryy have two pronounced
resonant dips in the reﬂection spectra. To gain insight into the
characteristics of the reﬂection resonances for both Rxx and Ryy,
we validate the experimental spectra with numerical simulations
using a commercially available software based on the ﬁnite

Figure 2. (a) Process ﬂow for fabrication of Ga:ZnO metasurfaces
using ion reactive etching with bilayer resist. (1) Spin-coating of
PMMA and HSQ layer over Ga:ZnO ﬁlm, (2) e-beam lithography
of HSQ resist, (3) O2 RIE etch of PMMA with HSQ as the etch
mask, (4) CL2 RIE etch of Ga:ZnO with HSQ and PMMA as the
etch mask, and (5) removal of PMMA and HSQ etch mask with
acetone. (b) Top view, (c) 30° tilted view, and (d) cross-sectional
(75° tilted) view of the FESEM image of a fabricated Ga:ZnO
metasurface.

element method (COMSOL Multiphysics), as shown in Figure
3b. We extracted the optical properties of Ga:ZnO by
performing variable angle spectroscopic ellipsometry measurements (V-VASE, J.A. Woollam) on Ga:ZnO thin ﬁlms; the
extracted values are then used as the material properties in our
simulation. The metasurface is simulated as a single unit cell
with periodic boundary conditions. Ga:ZnO thin ﬁlms are
metallic for the wavelengths longer than 1.18 μm.39 Overall, the
resonance dips are weaker in the experiments than in the
simulations due to inevitable fabrication imperfections, such as
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Figure 3. (a) Experiment and (b) simulation of reﬂection spectra of Ga:ZnO metasurfaces for orthogonal linear polarizations: Rxx (solid line)
and Ryy (dashed line). (c) Cross-sectional, top-view, near-ﬁeld distributions of Ga:ZnO metasurface (Px = 750 nm) at the wavelengths of
interests: (I), (II), (III), and (IV) in reﬂection spectra (a) and (b). The intensity of the electric ﬁeld is normalized to the electric ﬁeld of the
incident wave. (d) Experimental co- and cross-polarized reﬂection spectra of metal oxide metasurface with diﬀerent angles (ϕ) of polarization
direction. The black marker indicates the wavelength where the intensity ratio is 1. Inset: Schematic image of unit cell of metasurface; ϕ is the
polarization direction of incidence and ϕ + 90° is the cross-polarization in the reference to the polarization of incidence. (e) Experimental coand cross-polarized reﬂection spectra of metal oxide metasurface with diﬀerent Px when the incident light is polarized to 45°. Highlighted area
is the wavelength range where the intensity ratio of co- and cross-polarization is 1 ± 0.1.

the rounded shape and roughness of the sidewall. In addition,
the optical properties of patterned TCOs change when
compared to the properties of thin continuous ﬁlms because
nanofabrications introduce surface traps/states that change the
carrier concentration.34 We ﬁrst explore the resonances dips in
y-polarization by mapping the near-ﬁeld distribution at the
wavelengths of 1.35 μm (shown in Figure 3c(I)) and 2.22 μm
(Figure 3c(IV)), where the strong dips are observed. The crosssectional map of the electrical ﬁeld’s z-component (Ez) at the
resonance in Figure 3c(I) shows that the ﬁelds are mostly
enhanced between the nanorod and particles. Considering the
permittivity of Ga:ZnO and the periodic arrangement of the
metasurface, we can assume that the metasurface acts as a
periodic geometrical grating; therefore, the absorption is
enhanced at the resonance shown in Figure 3c(I). This feature
is quite similar to the strong absorption of ITO nanorod arrays,
which was attributed to the guided modes of surface plasmon of
periodic arrays of nanostructures.27,40 The ﬁeld proﬁle at the
wavelength of 2.22 μm implies a localized surface plasmon
resonance (LSPR) of the square particle in the direction of ypolarization. Two resonances in Rxx labeled (II) and (III) at
1.42 and 1.73 μm also support diﬀerent modes of resonances,
as shown in near-ﬁeld distributions in Figure 3c.
The depolarization of light from anisotropic nanostructures
is strongly dependent on the angle of polarization direction (ϕ)
when the incident light is linearly polarized. As shown in the
inset of Figure 3d, the depolarization of reﬂected light from the
metasurface can be detected by polarization-selective measurements to probe the in- and out-of-plane polarization
component of the scattered light from the metasurface. From

the cross-polarized reﬂection measurement with diﬀerent angle
(ϕ) of polarization direction (Figure 3d), we see that the
intensity of cross-polarized light in reference to the polarization
direction of the incident wave reaches the maximum when the
incident light is polarized at 45° with respect to the x-axis. The
reﬂection data are measured from the design with Px = 750 nm.
The black marker shows the wavelength where the intensity
ratio of the co- and cross-polarization component is exactly 1
with diﬀerent angle (ϕ) of polarization direction, indicating
that the metasurface can function as a QWP in this spectral
range. Due to the relatively small dispersion of metal oxides, we
can achieve the QWP functionality in a broad range of
wavelengths with one angle of polarization direction when
allowing 10% margin in the degree of polarization. As shown in
Figure 3e, when the incident light is polarized to 45°, in the
wavelength range highlighted by the gray area in the plot, the
intensity ratio of the co- and cross-polarization component is 1
± 0.1 and the metasurface can serve as QWP in the highlighted
range. By increasing the periodicity of the x-direction (Px), the
bandwidth of the QWP operation becomes broader because the
resonance in polarization of the x-direction is becoming redshifted.
In addition to spectrum measurements, in order to
demonstrate the operation of a TCO metasurface as QWP,
we measured the phase diﬀerence (Δ) of the reﬂected light
using spectroscopic ellipsometry to conﬁrm the functionality.
Spectroscopic ellipsometry measurement collects the phase
diﬀerence (Δ) and the amplitude (Ψ) between two orthogonal
polarization states. As described in eq 2, we can extract Δ of
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two orthogonal polarizations (x- and y-component) from the
ellipsometry measurement
Ry
φ=
= tan(ψ )eiΔ
Rx
(2)

phase diﬀerence between the two resonances. Another method
to control the phase diﬀerence is to change the angle of
incident light. As presented in Figure 5a, the spectral range is

where Rx and Ry are the reﬂection of x- and y-polarization states
and φ is the ellipsometry parameter. Figure 4a shows the

Figure 5. (a) Experimental phase diﬀerence Δ of the Ga:ZnO
metasurface as a function of angle of incidence in the spectral range
between 1 and 2 μm. The incident light is polarized to 45° with
respect to the x-axis. Solid lines show corresponding phase
diﬀerences with respect to diﬀerent wavelengths and angles of
incidence. (b) Reﬂection in x- and y-polarization (Rxx and Ryy) at
various angles of incidence.

Figure 4. (a) Experimental and (b) simulated phase diﬀerence Δ of
reﬂected light between two orthogonal polarizations (x and y) for
18° oblique incident light. The periodicity of the unit cell in ydirection is varied from 550 to 750 nm. The incident light is
polarized to 45° with respect to the x-axis.

varied by changing the incidence angle. With increasing angle of
incidence, the phase diﬀerence between the two LSPR
resonances (III) and (IV) is reduced, whereas the phase
diﬀerence between the resonance (I) and (II) is increased, as
shown in Figure 5b. At an oblique angle of incidence, incoming
light with polarization ϕ = 45° can be decomposed into x- and
y-components with transverse magnetic (TM and TE) waves,
respectively. For the TE case (Ryy), as the incidence angle
increases gradually, a slight red shift of the reﬂection dip can be
observed, with an increased reﬂectance over the entire visible
region. In contrast to the behavior of the TE mode, the TM
case (Rxx) drives a blue shift of the two resonances (I) and
(IV); additionally, we see a strong absorption of the resonance
associated with the nonlocalized plasmon mode (I) for the
increasing angles of incidence.41 Due to the opposite direction
of resonance shifts with diﬀerent polarizations, the two
resonances (I) and (II) are getting closer so that the phase
diﬀerence eventually reaches Δ = 90° at the angle of incidence
of θ = 35°, whereas the phase diﬀerence between the two
resonances (III) and (IV) are becoming smaller due to the
increment of separation. Therefore, the TCO metasurface can
span two spectral ranges in the NIR by controlling the incident

measured Δ of our metasurface at an angle of incidence θ =
18°. As expected from the reﬂection measurement, the TCO
metasurface provides a wide range of quarter-waveplate
functionality; for the case where Px = 750 nm, the bandwidth
is around 450 nm from λ = 1.75 μm to λ = 2.20 μm. To verify
the measurement, the phase shift is calculated as the diﬀerence
of phase angle for two orthogonal polarizations, as shown in
Figure 4b. To avoid computational complexity, our simpliﬁed
simulation model does not take into account scattering eﬀects
from the roughness of the sidewalls but only provides a very
basic understanding of the operation of the quarter-waveplate.
Thus, some discrepancies with the simulations and experiment
is observed, but our ellipsometry results overall match well with
our numerical simulations on the bandwidth variation with
regards to the periodicity.
Consistent with the spectral range between two resonances
corresponding to the excitation of the LSPR in two orthogonal
polarizations, it is interesting to observe the phase variation
between resonance (I) and (II) associated with the nonlocalized surface plasmon. By properly adjusting the size of each
nanorod for detuning resonances, we are able to realize a 90°
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ing can eﬃciently reduce the carrier density and thereby
provide a means for controlling the optical properties of the
TCO materials, albeit irreversibly. As shown in eq 1, the
polarizability tensor is a function of the permittivity of the
metallic component. Thus, the operational range of the
Ga:ZnO metasurface can be readily tuned through postgrowth
annealing. Figure 7a presents the optical properties of Ga:ZnO

angle. However, it only covers a very narrow range of
wavelengths between resonances (I) and (II).
To demonstrate our metasurface functionality as a waveplate,
we measure the degree of circular polarization at λ = 1.9 and 2
μm by rotating a linear polarizer in front of a detector and
measuring the reﬂected power, as depicted in Figure 6a. We

Figure 6. (a) Schematic of the optical setup to characterize the
degree of circular polarization. Laser light is generated using an
ampliﬁed Ti:sapphire femtosecond laser in combination with an
optical parametric ampliﬁer for infrared generation. Filters 1 and 2
are infrared long-pass and band-pass ﬁlters, respectively; ﬁlter 2’s
central wavelength was selected at 1.6, 1.9, and 2.0 μm depending
on the wavelength of operation. Linear polarizer 1 deﬁnes the
polarization of incoming wave (ϕ = 45°), and linear polarizer 2 is
rotated while collecting the reﬂected power from the metasurface.
(b) State-of-polarization analysis for the reﬂected beam at λ = 1.6,
1.9, and 2.0 μm. The reﬂected beam from a bare glass is collected at
λ = 1.9 μm.

Figure 7. (a) Dielectric functions of Ga:ZnO thin ﬁlm. Ga:ZnO
ﬁlms are annealed at 300 and 450 °C. (b) Phase diﬀerence Δ of
reﬂected light from metasurface before and after annealing. Angle
of incidence is 18°, and the incident light is polarized to 45° with
respect to the x-axis. The periodicity of the unit cell in the ydirection is 750 nm.

ﬁlms annealed at diﬀerent temperatures in the nitrogen gas
ambient for 1 h. These results show the tunability of optical
properties of Ga:ZnO thin ﬁlms through the annealing process.
As a result of the decrease of intrinsic carrier density, we
observe the shift of crossover wavelength with an increasing
annealing temperature. This variation can be directly utilized to
tune the functionality of a Ga:ZnO-based QWP metasurface, as
shown in Figure 7b. We note that the operational range of the
waveplate is shifted as much as the crossover wavelength of
Ga:ZnO thin ﬁlm is shifted by the post-annealing process.

generated the infrared light using an ampliﬁed Ti:sapphire
femtosecond laser followed by an optical parametric ampliﬁer
which was tuned over the 1.6−2 μm spectral range. We chose
Px = 750 nm, which provides the broadest bandwidth. A 45°
polarized plane wave (ϕ = 45°) illuminated the metasurface,
the same angle of polarization of the reﬂected light from the
bare glass. The angle of incidence is ﬁxed to 18° to be
consistent with the ellipsometry measurement. As shown in
Figure 6b, in comparison to the phase diﬀerence at the
wavelength of 1.6 μm, where the metasurfaces cannot serve as a
QWP, a high degree of circular polarization close to unity can
be maintained at the wavelengths of 1.9 and 2 μm. These
results substantially conﬁrm the waveplate functionality of our
Ga:ZnO metasurface and demonstrate that our devices are able
to achieve a high degree of circular polarization (∼98%) in the
reﬂection mode over a broad range in the NIR.
One eﬃcient method to engineer the resonance frequency of
metal-oxide-based resonators without changing the design of
the metasurface is postgrowth annealing.32,35 Thermal anneal-

CONCLUSION
We have experimentally demonstrated a plasmonic metasurface
in the NIR using highly doped metal oxides that operates as a
quarter-waveplate in the reﬂection mode. The broad bandwidth
of QWP functionality is achieved due to slow dispersion of the
dielectric function of Ga:ZnO. The experimental results agree
well with our theoretical predictions and numerical simulations.
Our TCO metasurface can be ﬂexibly applied for a variety of
spectral ranges by simply controlling the angle of incidence or
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