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The optical characterization of metasurfaces and nanostructures that alter the polarization of light is tricky and can
lead to unphysical results, such as reflectance beyond unity. We track the origin of such pitfalls to the response of
some typical optical components used in a commercial microscope or a custom-made setup. In particular, the beam
splitter and some mirrors have different responses for both polarizations and can produce wrong results. A simple
procedure is described to correct these erroneous results, based on the optical characterization of the different components in the optical setup. With this procedure, the experimental results match the numerical simulations
perfectly. The methodology described here is simple and will enable the accurate spectral measurements of
nanostructures and metasurfaces that alter the polarization of the incoming light. © 2022 Optica Publishing Group
https://doi.org/10.1364/AO.469399

1. INTRODUCTION
Since its inception in the 17th century, the optical microscope
has become the key instrument to investigate light–matter
interactions [1]. Over the last decade, the optical microscope
has enabled the development of metasurfaces: artificial optical
components built from sub-wavelength nanostructures, the socalled meta-atoms [2–6]. Here, by optical microscope, we refer
to any type of platform, from the most sophisticated commercial
device to its simplest counterpart built from an illumination
path, a sample holder, an objective, and a tube lens.
Among the methods demonstrated, the meta-atom
geometries and materials play a key role in determining the
metasurface function. The geometries come in a variety of
shapes. For the materials, plasmonic metals [7–9], or high permittivity dielectrics [10–19] are utilized, with some emerging
alternative routes, such as hybrid meta-atoms that combine
metal and dielectrics [20–22], or alloyed nanostructures [23].
To mimic classical optical elements, metasurfaces usually
manipulate the phase of light which, in turn, requires manipulating its polarization [24]. Hence, most metasurfaces produce
reflected or transmitted light with a polarization that is different
from that of the incoming light. This polarization altering can
cause some difficulties when measuring metasurfaces in an
optical microscope, and the objective of this paper is to document those difficulties and describe workarounds. Figure 1
shows some popular metasurfaces that are sensitive to polarization: (a) beam-steering devices utilizing phase gradients that
operate only for a specific polarization direction [25–27]; (b) a
metalens that uses the Pancharatnam–Berry (PB) phase and is
excited with a given circular polarization, while the resulting
light phase has the opposite handedness [28–31]; (c) and even
1559-128X/22/278100-08 Journal © 2022 Optica Publishing Group

structures that alter the incident polarized light into another
polarization [32–36]. From these examples, we observe that
the corresponding meta-atoms have a low symmetry, such as a
rectangular shape that responds differently to incident orthogonal polarizations [37] and causes complications in their optical
characterization. For completeness, we must also mention
another class of metasurfaces that are built from high symmetry
meta-atoms, for example, disks, and are polarization insensitive
[23,38–40]. We are not concerned with such metasurfaces in
this work.
The paper is organized as follows: in Section 2, we describe
a typical microscope setup for the spectral measurement of
metasurfaces; in Section 3, we compare numerical simulations
with measurements on effectively fabricated metasurfaces and
explain the origin of the discrepancies between the two. Next, a
simple procedure is described to correct such discrepancies and
we conclude in the final section.
2. OPTICAL MICROSCOPE SYSTEM
The custom-built microscope system used in this work is shown
in Fig. 2; it is constructed around a commercial inverted optical
microscope and includes a spectrometer and a camera. Our
aim is to measure the metasurface spectral response over the
entire visible range and compare it with numerical simulations.
Indeed, during the design of a metasurface, full-wave simulations are used to compute the amplitude and phase produced by
a meta-atom. Here we resort to Comsol Multiphysics Version
5.6 for this task. For numerical simulations, it is straightforward
to select one specific illumination polarization and then analyze
the polarization of the scattered light: this process is entirely
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Fig. 1. Examples of metasurfaces and the way they modify the polarization of light. (a) Polarization-sensitive meta-atoms for wavefront manipulation, requiring specific polarized light for excitation and detection. (b) Metalens based on the PB phase that transforms right circular polarization into
left circular polarization, and vice versa. (c) Structural metasurface built from protruding nanorods rotated by 45◦ that convert white light into a specific color upon reflection.

Fig. 2. Schematic of the optical system for measuring the spectrum of metasurfaces under polarized illumination. (a) Schematic of an inverted
microscope (Olympus IX73). (b) Excitation path by a halogen lamp in reflection type. (c) Detection path composed of a 4f system and a spectrometer
with a CCD camera.
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numerical and requires only projecting the electromagnetic
field on a basis, such as the Jones vectors to obtain the amplitude, phase, and polarization of the scattered light [41]. The
procedure is more complicated in an experiment since physical
components such as polarizers, analyzers, beam splitters, mirrors, and wave plates must be used, and these components have a
response that changes over the spectral range of interest [24].
The measurement setup shown in Fig. 2 is operated in the
reflection mode, with two additional key components: a linear polarizer (LP) in the excitation path and an analyzer (LP)
in the detection path. By adding these two LPs, we intend to
illuminate the metasurfaces with linearly polarized light and
analyze the polarization states of reflected light. This system can
be separated into three parts: the optical microscope in Fig. 2(a),
the illumination in Fig. 2(b), and the detection in Fig. 2(c).
The microscope is an inverted microscope (Olympus, IX73)
composed of four components: a 50/50 plate beam splitter
(Chroma, AHF F21-020), an objective (LUCPLFLN 60×,
NA = 0.7), a tube lens, and a dielectric mirror. When the halogen lamp is on, light first couples into the fiber and becomes
collimated by the collimator (Objective 10× air). Afterwards,
the lens L1 (Thorlabs, LA1172-A) and LP (Thorlabs, WP25MUB) are used to focus the beam at the back focal plane of the
objective, producing a plane wave excitation on the sample
metasurface. To ensure normal incidence, in the Fourier plane
on the camera (Flir, CM3-U3-50S5C-CS), we ensure that
the beam is at the center of the objective. Light reflected by
the sample is collected by the same objective with NA = 0.7.
The NA indicates the angle θ up to which the scattered light
can be coupled into the objective: NA = n sin(θ ), where n is
the refractive index of the environment (air in this case, n = 1).
Hence, the scattered light between ±44.4◦ can be collected
by the objective. After passing the 50/50 plate beam splitter,
the sample image is projected on the first image plane with the
assistance of the tube lens, and the dielectric mirror belonged
to the microscope. Generally, a camera is placed at the exit of
the microscope for imaging. In contrast, here we put the LP
(Thorlabs, WP25M-UB) instead to analyze the polarization
state of the reflected light. Besides, we implement a 4f system
for post-processing the image in the first image plane. When the
lens L4 in Fig. 2(c) is removed, images on the Fourier planes,
such as the BPF of the objective and the first Fourier plane will
be projected onto the second Fourier plane. On the other hand,
the first and second image planes will be projected onto the third
image plane when all the lenses are in place. This 4f imaging system is optimized with four lenses L2–L5 (Thorlabs, LA1979-A,
LA1979-A, LA1131-A, LA1608-A) for special-selective spectral
measurements, high-pass or low-pass imaging, and Fourier
plane imaging. Here we only need to analyze the spectrum of the
sample under polarized illumination, so we use this 4f system
only to extend the image onto the spectrometer with the LP on
the first image plane to analyze the polarization.
Building the measurement setup from a commercial microscope provides stability, robustness, and positioning accuracy,
which is important for small samples, such as metasurfaces;
on the other hand, there might be some “hidden” optical components within the microscope body that require detailed
characterization to fully understand the optical path within the
microscope.
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3. METASURFACE MEASUREMENTS
We consider a metasurface built from a silver nanorod, which
has been used by several authors [42–49]. This simple geometry exhibits a chirality that arises from the polarization of the
incident light, as soon as it is not parallel to one of the structure’s
symmetry axes [50]. When this is the case, part of the incident
polarization is converted into the orthogonal polarization, producing a dichroic response. We will show that special care must
be taken when measuring such a metasurface and unexpected,
polarization-related, effects might occur in the experiment,
which are not present in the full-wave simulation since, for
the latter, there are no additional polarization-sensitive optical
components, such as mirrors or beam splitters to retrieve the
optical signal.
The schematics of the meta-atom are described in the
inset of Fig. 3(a): it is a rectangular silver rod (W = 40 nm,
L = 110 nm) inside a square lattice with period P = 300 nm
in both directions. A 150 nm thick negative photoresist HSQ
(DuPont, hydrogen silsesquioxane) written with electron beam
lithography defines the nanostructure on a Si substrate. 40 nm
thick silver is evaporated (Leybold Optics, LAB 600H) on
the entire structure, producing an Ag nanorod that protrudes
from an Ag background with complementary geometry. This
simple fabrication approach has been used to build a variety
of plasmonic nanostructures and metasurfaces [51–60]. This
meta-atom is illuminated with polarized (x or y polarizations)
light propagating in the z direction, while the reflected light
is collected with an analyzer (x or y polarizations). This leads
to four combinations of reflectance spectra obtained from the
combinations of incident and reflected lights: R xx , R xy , R yy , and
R yx . The first indices indicate the incident polarizations, while
the second indices indicate the analyzer directions. Figure 3(a)
shows the simulated spectra when the rod is aligned with the
x direction; R xx and R yy are present, while R xy and R yx vanish.
The corresponding measurements, shown in Fig. 3(b), together
with the scanning electron microscope (SEM) image of the
sample, agree well with the calculations. To distinguish between
calculated reflectance and measured reflectance, we describe the
latter with subscripts that correspond to the polarization used in
the experiment: R ss (corresponding to R xx ), R sp (R xy ), R pp (R yy ),
and R ps (R yx ).
When the rod is rotated by 45◦ , the cross-polarization
term R xy appears in the calculations; see Fig. 3(c). This crosspolarization term indicates that the metasurface exhibits
chirality when the incident polarization is not parallel to the
meta-atom axes [50]. Besides, the R xx [blue line in Fig. 3(c)]
exhibits now a deep trough and behaves in a complimentary
way to R xy . Due to the structural symmetry, the spectra R xx and
R yy overlap, and so do the spectra of R xy and R yx . This spectral
change due to the rotation of the same structure caught our
attention, and we measured the original sample rotated by 45◦ ,
as indicated in the inset of Fig. 3(d). Surprisingly, unphysical
reflectance data are obtained in this case, with a reflectance larger
than unity; see Fig. 3(d). This disagreement between simulations and measurement prompted us to investigate the optical
responses of the components used in the setup.
It turns out that the optical responses of plate beam splitters
are polarization-sensitive, i.e., their transmittance is different
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Fig. 3. Simulated and measured spectra for the metasurface built from an array of Ag meta-atom rods. (a) Simulated and (b) measured reflectance
spectra when the rods are aligned along the x direction. The insets in panel (a) sketch the meta-atom, while the inset in panel (b) shows the SEM image
of the fabricated structure. (c) Simulated and (d) measured reflectance spectra when the sample has been rotated by 45◦ . (Scale bars: 100 nm).

Fig. 4. Comparison between the optical responses in terms of polarizations for a plate beam splitter and a cube beam splitter. (a) Transmittance
of the plate beam splitter (Chroma, 50/50 AHF F21-020). (b) Transmittance for polarized light passing this plate beam splitter. (c) Corresponding
transmittance ratio. (d) Transmittance of the cube beam splitter (Thorlabs, 70/30 BS022). (e) Transmittance for polarized light passing this cube
beam splitter. (f ) Corresponding transmittance ratio.
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Fig. 5. Schematic of polarized light propagating in a microscope with a polarization-sensitive plate beam splitter. (a) S-polarized light reflected by
a sample and the reflected light polarized in the same direction as incident light. (b) S-polarized light reflected by a sample that alters the polarization
into p-polarization as reflected. (c) Corrected spectra from measurements compared with the simulated.

for s- and p-polarized light. (S-polarization is defined as the
electric field perpendicular to the plane of incidence, while
p-polarization has the electric field parallel to the plane of incidence.) The transmittance measured for the plate beam splitter
used in our setup (Chroma, 50/50 AHF F21-020) is shown in
Fig. 4(a). The transmittance for unpolarized light (magenta
line) in Fig. 4(a) is the average of s-polarization (purple line)
and p-polarization (red line). This polarization-dependent
transmittance gives rise to different intensities depending on
the polarization of the light. Even for a halogen lamp with
equal intensities in s- and p-polarizations, the measured spectra
after the plate beam splitter deviate from each other, as shown
in Fig. 4(b): at first sight, the spectra appear are comparable
between λ = 400 and 550 nm, but when magnified they are
still different. To quantify this difference, in Fig. 4(c), we plot
the intensity ratio for both polarizations. Overall, this ratio is
larger than one and exhibits a fluctuation pattern; it indicates
that the reflected light for p-polarization can have larger transmittance than for s-polarization. This explains the unphysical
data observed in Fig. 3(d): if the incident light is s-polarized
and its polarization is converted by the meta-atom, the reflected
spectrum will be multiplied by a factor larger than one, producing a response where energy appears to have been generated.
We will discuss this in greater detail in the next section. Ideally,
the transmittance ratio between both polarizations should be
constant to avoid any polarization dependency. It turns out that
cube beam splitters do not have such a drawback, as shown in
Fig. 4(d), for the element (Thorlabs, 70/30 BS022): the transmittances for each polarization almost overlap. Similar plots to
those presented in Figs. 4(b) and 4(c) for the plate beam splitter
are shown for the cube beam splitter in Figs. 4(e) and 4(f ). In
this case, the transmittances for both polarizations are similar,
and their ratio is a constant over the visible spectrum. Therefore,
a cube beam splitter is a good option for measurements where
polarization plays a role. Unfortunately, there are no commercial
holders for cube beam splitters to be mounted in commercial
microscopes; in our case, we fabricated one using 3D printing.
Fortunately, it is still possible to correct the spectrum measured
in Fig. 3(d), as will be discussed next.

Let us dwell further into the details of the issues that can arise
when measuring with the system shown in Fig. 2, a sample that
modifies the incident polarization, e.g., the situation shown in
Fig. 3(c) when the sample has been rotated by 45◦ . Figure 5(a)
is the case when the sample reflects light without changing the
polarization state. We consider s-polarized incident light with
spectrum Is that is first reflected by the beam splitter, so the
spectrum can be expresses as R s Is , where R s is the reflectance of
the beam splitter for s-polarization. We assume that the objective is lossless and polarization-insensitive. This polarized light
reached the sample and is reflected without changes of polarization, with R ss being the sample reflectance. Hence, the reflected
spectrum becomes R s s R s Is and, after passing through the
beam splitter with transmittance Ts for s-polarization, the measured spectrum becomes Mss = Ts R s s R s Is . The reflectance
of a sample is defined as the measured spectrum Mss divided by
the incident light. For the inverted microscope, we obtain the
incident light by placing a silver mirror with unit reflectance
at the location of the sample. Since this silver mirror does not
change the polarization of the normal incident light, the reference spectrum measured with the mirror is Mssref = Ts R s Is and
the sample reflectance R ss is obtained by dividing the spectrum
with the sample by that reference spectrum.
On the other hand, considering the case shown in
Fig. 5(b) where the sample alters the incident s-polarized
light into p-polarization, the measured spectrum becomes
Msp = Tp R s p R s Is , where R sp is the amount of light converted
by the sample from s- to p-polarization upon reflection, and Tp
is the beam splitter transmittance for p-polarization. If one used
the same definition for deriving the sample reflectance R sp and
divide the measured spectrum by the reference spectrum, one
obtains R s p Tp /Ts instead of R s p ; the properties of the beam
splitter bias the response. However, it is possible to retrieve the
correct sample response by dividing the measured spectrum
with the ratio Tp /Ts . For example, if one divides the spectrum
in Fig. 3(d) with the polarization ratio Tp /Ts shown in Fig. 4(c),
one retrieves the correct sample reflectance R sp ; see the cyan line
in Fig. 5(c). Note that the corrected reflectance R sp shown in
Fig. 5(c) recovers around λ = 600 nm the broad resonance for
R xy and the dip for around R xx computed in Fig. 3(c).
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Fig. 6. Reflectance and phase shift for polarized light reflected by a silver mirror derived from Fresnel coefficients. (a) Reflectance spectrum in the
visible range for s- and p-polarized light incident at 0◦ and 45◦ . (b) Phase shift as a function of the incident angle for s- and p-polarized light at three
primary wavelengths. (c) Polarization patterns for the reflected light at λ = 532 nm for light incident at 45◦ on a silver mirror for four different incident linear polarizations: s- and p-polarizations are conserved, while diagonal and anti-diagonal incident linear polarizations produce an elliptically
polarized plane wave.

In addition to beam splitters, mirrors used in the setup can
affect the measurements. For example, silver mirrors serve
as perfect reflectors, since they are capable of reflecting the
incident light over the entire spectrum, from the visible to the
near infrared with little absorption. The reflectance of a silver
mirror can be calculated with the Fresnel coefficients [61] using
the permittivity from Johnson and Christy [62], as shown in
Fig. 6(a) for light incident at 0◦ or 45◦ , as is the case of the optical
setup used here. At normal incidence 0◦ , the reflectance overlaps
both polarizations. On the other hand, for 45◦ incidence, the
reflectance for s-polarized light increases up to 1% compared to
the normal incidence, while it drops up to 1% for p-polarized
light. Furthermore, the difference of the phase shift between sand p-polarized light reflected by the mirror and computed with
the Fresnel coefficients increases with the angle of incidence;
see Fig. 6(b). As a consequence, when both components are
present, the reflected light becomes elliptically polarized. This is
illustrated in Fig. 6(c), where we show the polarization ellipse for
light reflected from a silver mirror at λ = 532 nm. The angle of
incidence is 45◦ , and four different polarizations are considered:
s- and p-polarizations, which are conserved upon reflection;
while diagonal and anti-diagonal polarizations lead to elliptically polarized reflected light. This behavior originates from
the complex dielectric function of silver and would not occur
with a dielectric mirror. Therefore, when using silver mirrors in
a measurement system, polarizations in horizontal and vertical
directions can be retained without being modified, while other
polarization states need to be handled with care.
4. CONCLUSION
In summary, we have analyzed the fate of polarization as light
propagates through a conventional microscope setup used to
measure optical nanostructures, metasurfaces, or polarizationaltering optical components. When the sample alters the
incident polarization, special care must be taken to avoid
unphysical effects, such as a reflectance beyond unity or experimental measurements that do not match numerical simulations.
These effects originate from the polarization-sensitive response
of the components used to build the setup, especially the beam

splitter. Plate beam splitters can have a very different response
for each polarization, while cube beam splitters are much better
for those measurements; unfortunately, their mounting into a
commercial optical microscope requires a custom-made holder.
A simple procedure has been explained to correct for those
optical components, such that accurate results are obtained
in spite of them. This procedure is based on carefully characterizing each optical component over the entire measurement
spectrum. With this procedure, the experimental results match
the numerical simulations perfectly. The analysis has been
extended to other components in the measurement setup, such
as mirrors.
The procedures described here are simple and will enable the
accurate spectral measurement of nanostructures, metasurfaces,
or any optical component that alters the polarization of the
incoming light.
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