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Abstract: Plasmonic metamaterials enable extraordinary manipulation of key constitutive
properties of light at a subwavelength scale and thus have attracted significant interest. Here,
we report a simple and convenient nanofabrication method for a novel meta-device by glancing
deposition of gold into anodic aluminum oxide templates on glass substrates. A methodology
with the assistance of ellipsometric measurements to examine the anisotropy and optical
activity properties is presented. A tunable polarization conversion in both transmission and
reflection is demonstrated. Specifically, giant broadband circular dichroism for reflection at
visible wavelengths is experimentally realized by oblique incidence, due to the extrinsic chirality
resulting from the mutual orientation of the metamaterials and the incident beam. This work paves
the way for practical applications for large-area, low-cost polarization modulators, polarization
imaging, displays, and bio-sensing.
© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1.

Introduction

Metamaterials consisting of subwavelength metallic/dielectric nanostructures have received
increasing attention due to their unprecedented ability to manipulate light [1]. They have shown
great promise for a wide variety of practical applications, such as optical communication [2,3],
bio-sensing [4,5], imaging [6,7], data storage [8,9], displays [10–13], invisibility cloaking [14,15],
and photovoltaics [16,17]. An important feature of metamaterials is the strong light-matter
interaction and the possibility of introducing strong optical anisotropy (i.e., a phenomenon that is
observed when the speed of light in a medium depends on the polarization plane of the incident
electromagnetic wave), which is sensitive to the angle of incidence and polarization state of the
incoming light, making them attractive candidates for polarization optics [18–23]. Meanwhile,
optical activity, that is, the ability to rotate the polarization state of light, is a fascinating physical
phenomenon. In particular, circular dichroism (CD), which originates from the asymmetric
interaction of a system to left and right circularly polarized light, is of great importance for chiral
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biosensing [24–27], disease diagnosis [28], super-resolution imaging [29], nanorobotics [30], and
drug development [31]. However, CD has quite a weak optical signature in natural materials. To
overcome this challenge, the traditional way is to develop plasmonic nanostructures with a chiral
shape such as twisters [32,33], gammadions [34], and helices [35] with subwavelength resolutions,
in order to significantly boost the CD signals. Using the tunable mechanism of phase change
materials under external stimuli is one of the important ways to achieve dynamic chirality [36].
However, for those well-defined nanostructures, they are usually demanding e-beam lithography
(EBL) and focusing ion beam (FIB), and laser precision engineering such as microlens arrays
(MLA) lithography and femtosecond two-photon polymerization (2PP) lithography [37,38],
which are costly and time-consuming, limiting the practical applications especially when large
area or high throughput are needed. Therefore, novel plasmonic metamaterials with a high CD
response in the visible light and a fast and scalable fabrication method remain urgently necessary.
Recently, alternative fabrication methods have been developed. For instance, an aligned
lithography technique has been used to make a twisted stack of achiral structures that exhibit
optical activity [39]. However, lithography facilities with high-resolution alignment and delicate
operations are required. Another example is a polystyrene sphere template assisted glancing angle
deposition method that has been developed to fabricate 3D nanocrescent arrays [40]. However,
the process is complicated and the circular dichroism (CD) signals are relatively low. Anodic
aluminum oxide (AAO) templates have opened a new route of producing large-area metamaterials
in a simple and efficient way, with the advantages of excellent chemical, thermal and mechanical
stabilities. Moreover, the geometries of the AAOs can easily be varied in a wide range by
changing the anodization conditions, and the nanopores can easily be filled with various metallic
and dielectric materials. However, most previous work on the fabrication of the AAO membranes
was performed using thick (∼ mm) Al foils, followed by etching away the remaining Al, leaving
a fragile, unsupported AAO membrane poorly suited for optical metamaterial device fabrication
[41–45]. Therefore, it is essential to develop a method for the fabrication of AAO-embedded
metamaterials with high CD signals directly on a glass or quartz substrate.
Here, we report an industrially applicable nanofabrication method for producing AAOembedded Au metamaterials with strong optical anisotropy in visible light on glass substrates,
through a combination of a low-cost anodization process of AAO membranes and a rapid
and efficient glancing angle thermal deposition. Unlike the typical chiral media, we present
experimental and numerical results showing that a non-chiral sample can produce giant CD at
oblique incident angles. The largest CD of 0.75 is obtained at a wavelength of 430 nm with
an incident angle of 70°. To demonstrate the polarization conversion effect, we also show that
the output polarization ellipse can be finely tuned by varying the angle of incident linearly
polarized light. This method could be exploited for developing novel high efficiency polarization
modulators, polarization imaging systems, and biosensors.
2.

Results and discussion

A schematic diagram of the nanofabrication method using oblique angle deposition, which is
also known as glancing angle deposition (GLAD), is shown in Fig. 1. This method offers
the opportunity to create complex nanoarchitectures over large areas in a fast manner. The
Au is thermally deposited into transparent substrate-supported anodic aluminum oxide (AAO)
templates, with a glancing angle of α = 30°, while rotating the substrate at 6 rpm for durations
ranging from 300 s to 400 s, as depicted in Figs. 1(a) and 1(b). The deposition rate of Au is 0.1
nm/s. Specifically, a portion of the Au atoms penetrate into the AAO nanohole and fall onto the
inside walls, acting as seeds on to which the subsequent incoming atoms nucleate and grow in
an inverted conical manner, owing to the amplified shadowing effect. For the fabrication of the
AAO template, an Al film 200 nm thick is deposited on a substrate by magnetron sputtering. The
substrate is comprised of a thick ITO-coated glass slide with a 5 nm thick adhesive layer of Ti
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Fig. 1. Fabrication scheme. (a) Schematic illustration of glancing angle deposition by
thermal evaporation. The angle between the normal of the substrate and the incoming
flux is α. During the deposition, the substrates spins along the direction of the red arrow.
(b) Schematic side view of a uniform array of anodic aluminum oxide (AAO) templates
embedded gold irregular nanostructures on glass substrates. (c) Schematic side view of a
single unit cell. The cylindrical Al2 O3 nanohole is grown on a glass substrate, covered and
half filled with gold. The diameter, height and lattice constant of the nanohole are 80 nm,
300 nm and 113 nm, respectively.

and a 2 nm thick Au layer. The highly uniform, large-area, quasi-hexagonal AAO template was
produced by anodization in oxalic acid at 40 V. A thorough description of AAO can be found in
our previous work [46]. The resulting nano-inverted conical Au assembly is strongly anisotropic,
as shown in the scanning electron microscopic images in Figs. 2(a) and 2(b), which show a top
and a cross-sectional view, respectively. Based on the SEM images, a schematic geometry of a
single unit cell is proposed in Fig. 1(c), which consists of a cylindrical aluminum oxide nanohole,
a superimposed coaxial gold nanoaperture, and an inverted gold nanocone situated inside. The
average diameter, height, and spacing of the AAO pores are estimated to be 80 nm, 300 nm, and
133 nm, respectively (by ImageJ analysis software). The thickness of the gold nanoaperture and
the height of the inverted gold nanocone in the AAO pore are denoted by t1 and t2 . The long axis
and short axis of the top of the inverted gold nanocone are defined as a and b. Unless otherwise
stated, t1 =33 ± 5 nm, t2 =178 ± 10 nm, a=70 ± 10 nm, and b=42 ± 10 nm in all calculations.
We investigated the spectral response of the meta-device at different wavelengths ranging
from 400 nm to 820 nm using a reflection-transmission ellipsometer (J. A. Woollam VASE),
shown in Fig. 2(c). The transmission and reflection spectra as well as ellipsometric parameters

Research Article

Vol. 28, No. 20 / 28 September 2020 / Optics Express 29516

Fig. 2. Metamaterials and optical setup. (a) Scanning electron microscopy (SEM) top view
of the fabricated metamaterials. (b) SEM side view of the fabricated metamaterials. The
stage angle is 54°. (c) Schematic illustration of the optical measurement setup. The linear
polarizer (LP1) and quarter-wave plate (QWP1) are used to produce any desired state of
polarization of the incident beam. The output beam can be subsequently analyzed by means
of an analyzer consisting of a rotating quarter-wave plate (QWP2) and a linear polarizer
(LP2). (d) Schematic illustration of the top view of the sample at oblique incident light.
Note that k is the wave vector of the incident light, n is the sample normal, and b is the
direction of the symmetry axis (i.e., the direction of the short axis of the nanocone).

(Ψ, Ψps , Ψsp ) and (∆, ∆ps , ∆sp ) were recorded for angles of incidence from 20° to 70° in 5°
increments in the 400 - 820 nm wavelength range every 5 nm. Figure 3(a) illustrates the measured
transmittance spectra of the meta-device. As seen in Fig. 3(a), for wavelengths ranging from
400 nm to 820 nm, there is one peak at 500 nm for both p- and s- polarized excitations, originating
from the localized plasmonic resonance. We also observe that at a small angle of incidence,
for instance 20°, the p- and s- curves are almost the same, indicating nearly no anisotropicity
of the system. However, as the angle of incidence (AOI) increases, the s-polarized spectrum
tends to be flatter than the p-polarized spectrum, while the resonance peak of p polarization is
blue shifted, indicating the occurrence of anisotropy of the system at larger AOI. To gain further
insight, we plot the 2D maps of the measured transmittance as a function of wavelength and
angle of incidence under p- and s- excitation, respectively [Figs. 3(d) and 3(g)]. We observe
that at AOI over 50°, the anisotropy becomes pronounced, especially at a wavelength of 500 nm.
As a next step, we investigate the reflective response of the meta-device. Figures 3(b), 3(e)
and 3(h) show the measured reflectivity. We observe that at small AOI (20° - 30°), there is a
broad bandwidth reflection at wavelengths ranging from 500 nm to 820 nm for both p- and sexcitations. However, with an increased AOI (40° - 60°), for s-polarized excitation, the feature
of the spectra is dominated by a relatively sharp peak. More interestingly, the peak blue shifts
by 50 nm from 500 nm to 450 nm. In contrast, the p- polarized spectra are much flatter. The
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Fig. 3. Optical response under linearly polarized excitation. (a-c) Transmission, reflection
and absorption spectra of the sample at different angles of incidence of p- and s- polarized
light. (d-f) Contour mappings of p-polarized light, corresponding to a-c. (g-i) Contour
mappings of s-polarized light, corresponding to a-c.

difference in the behaviors of p- and s- polarized reflectance indicates strong anisotropy at large
AOI. Additionally, at even larger AOI (i.e., 70°), the deviation between p- and s- polarized spectra
is mainly limited to short wavelengths between 400 and 500 nm, indicating an anisotropy within
a narrow bandwidth. To study the meta-device absorption behavior, we obtained the absorption
(A) by using A=1-T-R, where T is transmission and R is reflection, as shown in Figs. 3(c), 3(f)
and 3(i). It is seen that in the range of 400 nm to 820 nm, the anisotropic behavior, which is
dependent on the incident angle, is similar to that of the reflection case.
The origin of the effect in the meta-device may be explained by a simplified model of a period,
which contains a single irregular nanocone [Fig. 1(c)]. The nanocone array is in a hexagonal
arrangement and possess C1-symmetry, with respect to the main diagonal of the XY-plane. At
small angles of incidence (i.e., near normal incidence), the p-polarized (i.e., x-polarized) and
s-polarized (i.e., y-polarized) light excite the gold nanostructure almost in a symmetric manner,
resulting in almost isotropic optical responses. At large AOI, the oblique incidence further breaks
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the symmetry, leading to different plasmonic modes, resulting in pronounced anisotropic optical
responses. This effect is further verified by the finite difference time domain simulations with a
periodic boundary condition, which can be found in the Appendix Note A1, Note A2, and Fig. 7
and Figs. 8(a)–8(p).
To evaluate the optical activity of the meta-device, we first measured the ellipsometric
parameters (Ψ, Ψps , Ψsp ), the amplitude ratio between the linear polarization components, and
(∆, ∆ps , ∆sp ), the phase difference between the linear polarization components, at incident angles
from 20° to 70°. We then obtained the full reflection and transmission coefficients, that is,
Rpp , Rps , Rsp , and Rss , of the complex Jones matrix R, and Tpp , Tps , Tsp , and Tss , of the complex
Jones matrix T, for linearly polarized light. The detailed derivation can be seen in the Appendix
(Note A3). The results of the calculated co-polarized and cross-polarized reflection/transmission
amplitude spectra in comparison to the experimental reflection intensity spectra at incident
angle of 60°are presented in the Appendix Fig. 9. We found that the co-polarized components
mainly contribute to the measured reflection/transmission spectra. Interestingly, although the
cross-polarized components of |rps | and |rsp | are relatively small, they differ greatly from each
other, with a maximum difference of 89% at 440 nm, normalized by their sum.
Then, we obtain the reflection matrix for circularly polarized light by a change of the base
vectors from linear to circular states by the following formula [47]
© Rrr

« Rlr

Rrl ª 1 © Rpp − Rss + i(Rps + Rsp )
®= 
Rll ¬ 2 « Rpp + Rss + i(Rps − Rsp )

Rpp + Rss − i(Rps − Rsp ) ª
®.
Rpp − Rss − i(Rps + Rsp ) ¬

(1)

Meanwhile, the T matrix for circularly polarized light in the transmittance configuration is written
as [48]
© Trr

« Tlr

Trl ª 1 © Tpp + Tss + i(Tps − Tsp )
®= 
Tll ¬ 2 « Tpp − Tss + i(Tps + Tsp )

Tpp − Tss − i(Tps + Tsp ) ª
®.
Tpp + Tss − i(Tps − Tsp ) ¬

(2)

Where r and l refer to right-handed circular polarization (RCP) and left-handed circular polarization
(LCP), respectively. Here RCP is defined as a clockwise rotation of the electric field vector
at a fixed point when looking into the beam. Note that the CD signal is defined as CD =
(RRCP − RLCP )/(RRCP + RLCP ), that is, the difference between the intensity of the reflection
(or transmission) of right- and left-handed circularly polarized light, normalized by their sum.
Consequently, the transmittance and reflectance under circularly polarized excitation are obtained,
as shown in Fig. 4. An example of the calculated co- and cross-circularly polarized spectra at
AOI = 60° is shown in the Appendix Fig. 10.
In the case of reflectance [Figs. 4(b), 4(e), and 4(h)], we observe that at small AOI (20°- 40°),
there is a broad bandwidth reflection in the 500 - 820 nm range for both left- and right-handed
light excitations. Moreover, the differentiation between LCP and RCP is very small in the entire
range of wavelength measured, implying a nearly negligible CD signal at small AOI (20°- 40°) in
the 400 - 820 nm range. In contrast, as the AOI further increases (50°-70°), the differentiation
between LCP and RCP is remarkable, indicating the occurrence of strong CD signals, as presented
in Figs. 5(b) and 5(e). For example, at an incident angle of 60°, we observe a significant CD in
a broad wavelength range from 400 nm to 820 nm, with a maximum value of 0.25 at 520 nm.
Furthermore, the numerical results in the Appendix ew. 10d reveal that the output co-circular
polarization states mainly contribute to the CD signal. It is important to note that at an incident
angle of 70°, the differentiation between LCP and RCP is only focused on a narrow bandwidth
at short wavelengths, resulting in a CD value that exceeds 0.5 from 400 nm to 435 nm with a
maximum value of 0.7 attained at 430 nm. These CD signals are comparable to or even surpass
the plasmonic optical activity in the visible range in recent studies [29,49–51].
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Fig. 4. Optical response under circularly polarized excitation. (a-c) Transmission, reflection
and absorption spectra of the sample at different angles of incidence of left and right circularly
polarized (LCP and RCP) light. (d-f) Contour mappings of LCP light, corresponding to a-c.
(g-i) Contour mappings of RCP light, corresponding to a-c.

In the case of transmittance [Figs. 4(a), 4(d), and 4(g)], the difference between LCP and RCP
in the 400-820 nm range is small at all incident angles, resulting in a low circular dichroism
(CD) signal, which is on the order of 10−3 [Figs. 5(a) and 5(d)]. According to the transmission,
reflection, and absorption spectra shown in Figs. 4(a)–4(i), the absorption difference is mainly
attributed to the circular dichroic response of reflection rather than transmission. However,
compared to the absorption CD i.e., a maximum CD of 0.044 at 520 nm at AOI = 60° in Figs.
5(c) and 5(f)]’, the reflection CD is about one order of magnitude greater.
Furthermore, when a wave with initially linear polarization propagates through an optically
active and anisotropic medium, it becomes elliptically polarized. The output polarization ellipse
is presented to show the tunable polarization conversion through varying the incident angle and
wavelength when illuminated by linearly polarized light, as depicted in Fig. 6. The ellipticity
angle η is defined such that tan(η) is equal to the ratio of the minor and major axes of the ellipse.
For the case of reflection [Figs. 6(a)–6(h)], the converted polarization states at short wavelengths
(e.g., λ = 450 nm) are very close to the linear polarization states, with the ellipticity angle η in
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Fig. 5. Circular dichroism response. (a-c) Transmission, reflection, and absorption CD
spectra of the sample at different angles of incidence. (d-f) Contour mappings of CD spectra
corresponding to a-c.

the range of 0-3°. As the wavelength is increased beyond 500 nm, we observe that the output
states are elliptically polarized farther from linearly polarized states at large incident angles
(AOI = 50-70°). For instance, at a wavelength of 750 nm with an incident angle of 60°, the
ellipticity angle reaches a maximum of 10° under s-polarized excitation. On the other hand,
for the case of transmission [Figs. 6(i)–6(p)], we observe that the converted polarization states
could also be modulated by both the incident angle and azimuthal rotation of the incident linearly
polarized light, resulting in an output ellipticity range of 0-5° under p-polarized excitation, and
0-7° under s-polarized excitation. The underlying reason behind this is discussed in the Appendix
Note A6 and Figs. 11(a)–11(f).
The circular dichroism effect from our sample may seem counterintuitive, because it is routinely
observed in media lacking mirror symmetry, namely chiral materials [27]. However, a strong
chiroptical response is observed in our intrinsically non-chiral anisotropic metamaterials by
implementing a large oblique incidence. The reason behind this is that, in such a system, the
non-chiral structure together with the incident waves form a geometrical arrangement that cannot
be superimposed with its mirror image, and thus the whole arrangement is chiral. Specifically,
the wave vector k, the vector normal to the sample surface n, and the direction of the symmetry
axis of the metamaterial unit cell b [i.e., the direction of the short axis b in Fig. 2(d)] form a chiral
triad, giving rise to the chiroptical effect. This mechanism of extrinsic chirality was first identified
in nematic liquid crystals [52,53], and later in artificial planar structures [25,26,54–56]. On the
other hand, from the electrodynamic point of view, similarly to how it happens in conventional
3D-chiral media, the observed optical activity effect results from the simultaneous presence of
electric and magnetic responses in the structure [57,58]. At normal or small oblique incidence,
the induced electric dipole and magnetic dipole moments oscillate along strictly (or nearly)
perpendicular directions, and no (or almost no) optical activity is observed. At large oblique
incidence (AOI = 50-70°), the main axes of the induced electric and magnetic moments are no
longer perpendicular, resulting in a non-zero projection of the induced magnetic dipole on the
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Fig. 6. Polarization state of the light output. (a-d) Polarization-state ellipses for the reflected
light when the input wave is a p-polarized light, at wavelengths of 450 nm, 550 nm, 650 nm
and 750 nm, respectively. (e-h) Polarization-state ellipses for the reflected light when the
input wave is s-polarized light, corresponding to a-d. (i-l) Polarization-state ellipses for
the transmitted light when the input wave is p-polarized light, corresponding to a-d. (m-p)
Polarization-state ellipses for the transmitted light when the input wave is s-polarized light,
corresponding to a-d.

induced electric dipole, which are the right conditions for the metamaterials to scatter with a
polarization change. This polarization is optical activity, which can also be termed extrinsic
chirality, owing to the non-chiral nature of the studied structures.
3.

Conclusion

We demonstrate a simple and convenient nanofabrication strategy to successfully obtain anisotropic
metamaterials by glancing angle deposition into AAO templates. Our approach can be readily
extended to many materials including metals, dielectrics, semiconductors and organic materials
that are capable of fabrication by physical vapor deposition. And we present experimental,
analytical and simulated results, showing that a novel non-chiral meta-device can produce giant
circular dichroism at oblique incident angles in the visible and near infrared range. Furthermore,
the output polarization ellipse could be finely tuned with varying the angle of incident linearly
polarized light. Owing to the large circular dichroism and tunability of the polarization response,
combined with the capability of large-scale and cost-effective fabrication, such meta-device can
be used for chiral bio-sensing, polarization converters, catalysis and so on.
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Appendix
A1. Numerical simulations of the far-field optical response
To verify our experimental results, we have conducted the finite difference time domain (FDTD)
simulations. The unit cell is shown in Fig. 1(c), and has t1 =33 ± 5 nm, t2 =178 ± 10 nm,
a=70 ± 10 nm, and b=42 ± 10 nm. The Bloch boundary condition is used on four sides, and a
perfectly matched layer is used on the top and at the bottom. At normal incidence, we calculate
the transmittance under x- and y- direction polarized excitation, respectively. The simulation
results are similar to the experiment. In particular, along the plasmonic resonance modes at
around 500 nm, the behaviors in Fig. 7(b) are comparable with those in Fig. 7(a). Although the
major features observed from the experiment are consistent with the simulations, discrepancies
are also present. These discrepancies arise from the fact that applying the simplified unit cell,
as shown in Fig. 1(c), usually underestimates the fine details of the system, such as surface
roughness and irregular shape non-uniformity, that are necessary for reproducing simulated
results that perfectly align with the experiment. Therefore, numerical simulation serves as a tool
to check the trustworthiness of our measurements.

Fig. 7. (a) Experimentally measured transmittance under x- and y- polarized excitation
at normal incidence. (b) Numerically simulated transmittance under x- and y- polarized
excitation at normal incidence.

A2. Numerical simulations of the near-field distributions
To reveal the physical origin of the spectral feature of the proposed meta-devices, the electric
field distribution is analyzed using FDTD simulations. Figures 8(a)–8(h) show the electric
field distribution for the nanocone array under a 20° incident angle for p- (x-direction) and s(y-direction) polarizations. At the shorter wavelength (λ = 500 nm), which is the plasmonic
resonant wavelength, the fields are contained in the air cavity, whereas at the longer wavelength
(λ = 700 nm), which is far from the plasmonic resonance, the air cavity is screened and the fields
are concentrated outside of the air cavity. Figures 8(i)–8(p) show the electric field distribution for
the nanocones under a 60° incident angle. At the shorter wavelength (λ = 500 nm), the enhanced
fields are around the bottom edge of the Au nanocone. Meanwhile, due to the symmetry breaking,
we observed that the fields are concentrated outside of the air cavity for p-polarization, but inside
for the s-polarization. Thus, we might expect a larger deviation between p- and s-polarized
transmission. At the longer wavelength (λ = 700 nm), the deviation of the electric field between
p- and s- polarization follows a similar trend, except that the enhanced fields are concentrated
not at the bottom but at the top edge of the Au nanocone under p-polarization, resulting in a
larger deviation between p- and s-polarized transmission compared to that of the small angle of
incidence (20°), which can be seen in Fig. 3(a).
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Fig. 8. (a-d) Simulated near-field map of the x-component of the electric field (Ex) for the
metamaterial plasmonic mode excited by p-polarized light, with an angle of incidence of 20°.
(e-h) Simulated near-field map of the Ex for the metamaterial plasmonic mode excited by
s-polarized light, with an angle of incidence of 20°. (i-l) Simulated near-field map of the Ex
for the metamaterial plasmonic mode excited by p-polarized light, with an angle of incidence
of 60°. (m-p) Simulated near-field map of the Ex for the metamaterial plasmonic mode
excited by s-polarized light, with an angle of incidence of 60°. The 1st and 2nd columns
are in the plane x = 0, at wavelengths of 500 nm and 700 nm, respectively. The 3rd and 4th
columns are in the plane z = 315 nm (referred to the bottom of the nanohole, defined as
z = 0), at wavelengths of 500 nm and 700 nm, respectively.

A3. Derivations of the Jones matrix, and calculations of linearly polarized transmission and reflection
The ellipsometric parameters are directly related to the Fresnel reflection coefficients for the
linear polarization states, according to
rpp
tan(Ψ) · ei∆ =
.
(3a)
rss
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Fig. 9. (a) Experimentally measured transmittance under p- and s- polarized excitation. (b)
Experimentally measured reflectance under p- and s- polarized excitation. (c) Calculated coand cross- linearly polarized transmission amplitude. (d) Calculated co- and cross- linearly
polarized reflection amplitude. The angle of incidence is 60°.

rps
.
rpp
rsp
=
.
rss

tan(Ψps ) · ei∆ps =

(3b)

tan(Ψsp ) · ei∆sp

(3c)

Together with the relation of
|rp | 2 = |rpp | 2 + |rsp | 2 .

(3d)

where |rp | 2 is the measured reflection under p-polarized light incidence, the subscript ps represents
the p-polarized reflected electric field component in response to s-polarized incident electric field,
and vice versa for sp, one can obtain the full reflection coefficients, that is, Rpp , Rps , Rsp , and Rss ,
of the complex Jones matrix R for linearly polarized light as
© Rpp

« Rsp

Rps ª © rpp eiθpp
®=
Rss ¬ « rsp eiθsp

rps eiθps ª
®.
rss eiθss ¬

(4)
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A4. Calculations of circularly polarized transmission and reflection

Fig. 10. (a) Calculated transmittance under left-handed circularly polarized (LCP) light
excitation and right-handed circularly polarized (RCP) light excitation. (b) Calculated coand cross- circularly polarized transmittance. (c) Calculated reflectance under LCP and RCP
light excitation. (d) Calculated co- and cross- circularly polarized reflectance. The angle of
incidence is 60°.

A5. Incident angle and wavelength dependent ellipticity
It is known that for moderate changes, the ellipticity of the output wave will contain contributions from circular dichroism (CD) and linear birefringence (LB) [58]. Meanwhile,
CD is proportional to the degree of circular polarization (DoCP), and DoCP is defined as
θ = (ERCP − ELCP )/(ERCP + ELCP ), where ERCP and ELCP . are the magnitudes of the electric
field vectors of the right- and left- circularly polarized light, respectively. From Figs. 11(a),
11(c) and 11e, we can conclude that CD is the dominant contribution to the ellipticity change
in the reflection geometry; for instance, at a wavelength of 750 nm and an incident angle of
60°, the CD contributes 88% to the total ellipticity under p-polarized excitation, and 65% to
the total ellipticity under s-polarized excitation. On the other hand, for the case of transmission
[Figs. 5(i)–5(p) in the main text], we observe that the converted polarization states could also be
modulated by both the incident angle and azimuthal rotation of the incident linearly polarized
light, resulting in an output ellipticity range of 0-5° under p-polarized excitation, and 0-7° under
s-polarized excitation. However, in contrast to the reflection, linear birefringence (LB) dominates
the contribution to the ellipticity angle η, while circular dichroism (CD) makes a negligible
contribution, as presented in Figs. 11(b), 11(d) and 11(f).
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Fig. 11. Incident angle dependent ellipticity for reflection and transmission at different
wavelengths of 450 nm, 550 nm, 650 nm and 750 nm, under p-polarized excitation (a-b),
s-polarized excitation (c-d). Incident angle dependent degree of circular polarization (DoCP)
for reflection and transmission, respectively (e-f).
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