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Abstract
Dielectric corrugated gratings are of considerable interest due to their applications in
acousto-optics, quantum electronics, integrated optics, spectroscopy, and holography integrated
optics. Rigorous coupled-wave analysis has been widely used for the analysis of dielectric
gratings. However, this approach is not only time-consuming and computer intensive but it also
does not really promote the physical understanding of the origin of the observed optical
behavior. Here, we use Mueller matrix (MM) spectroscopic ellipsometry to systematically study
the sinusoidal polydimethylsiloxane grating. We correlate the observed polarization mixing in
the Mueller matrix to the underlying physical origin using the physics-based approach. The
calculated MM contour plots obtained from a biaxial Bruggemann effective medium
approximation model are completed by the presence of Rayleigh-Woods anomalies. The roles
of optical interference, geometric anisotropy, and diffraction orders are respectively identified
by their different dispersion behavior, with their interactions and couplings highlighted. Such a
straightforward procedure provides a new method for analyzing dielectric gratings, which
requires considerably less computer power and is directly linked to the physical interpretations.
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1. Introduction

Dielectric corrugated gratings are of considerable interest
due to their applications in acousto-optics, quantum electron-
ics, integrated optics, spectroscopy, and holography integ-
rated optics. Grating-device functions include laser-beam
deflection, modulation, coupling, filtering, distributed feed-
back, distributed Bragg reflection, holographic beam com-
bining, wavelength multiplexing, wavelength demultiplexing,
and others. Rigorous coupled-wave analysis (RCWA) has
been widely used for the analysis of dielectric gratings [1–6].

∗
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RCWA is an exact solution of Maxwell’s equation for the
optical diffraction by gratings. The analysis adapts to arbit-
rary grating profiles, groove depths, angles of incidence, and
wavelengths [7]. But solvingMaxwell’s equations for complex
3D nanostructures for a variety of angles of incidence and a
broad frequency range is still very time-consuming. In partic-
ular, in complex heterogeneous samples, it is still very challen-
ging for the critical evaluation of the validity limit of the mod-
eling with effective optical parameters [8]. On the other hand,
the optical response obtained by solving Maxwell’s equations
is always correct, which just proves the correctness of theMax-
well equations themselves without really promoting the phys-
ical understanding of the observed optical behavior. There-
fore, a fast and effective way to understand grating is needed.
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The interaction of polarized light and a medium can be
described by the Mueller matrix (MM), which describes how
the sample transforms the Stokes vector of the incident light
beam [9]. Therefore, MM provides a complete description of
the optical response of a medium to excitation and becomes
a powerful and sensitive tool to fully characterize the aniso-
tropic and depolarizing samples. Until now, MM spectro-
scopic ellipsometry has been applied in different fields such
as, for example, metrology [10, 11], plasmonic nanomaterials
[12–17], and magnetic or biological materials [18, 19]. The
challenge of the physical interpretation of a measured MM is
consequently of growing importance. Nowadays, MM decom-
position methods are powerful tools to enhance the interpreta-
tion of MMs and to correlate them with some physical mean-
ings, but it is worth noting that these methods only provide
phenomenological interpretations [20]. For instance, an arbit-
rary MM can either be interpreted by decomposing it into
the product of three elementary polarization components—
diattenuators, retarders and depolarizers [21], or it can be
decomposed into the sum of up to four non-depolarizing
components [22]. In addition, the MM in transmission
can be decomposed into basic optical properties (linear
birefringence, linear dichroism, circular dichroism, circular
birefringence, etc) by applying the differential decomposition
formalism [23].

However, the MM decomposition methods are performed
in the absence of a physical model describing and explaining
it. The decomposed MM patterns cannot be further explained
by physical effects. In other words, these methods do not
really promote the physical understanding of the MM. We
have presented a simple physics-based approach to identify
the physical properties present inMMs. This method is applic-
able to a wide variety of photonic and plasmonic samples, in
particular Au gratings [24] and Ag nanoparticle arrays [25].
Compared to the use of full Maxwell solvers, our approach
is more powerful and straightforward, which is faster, and it
needs considerably less computer power and is directly linked
to the physical interpretation.

Here, we apply the proposed MM interpretation method
to study the sinusoidal PDMS (polydimethylsiloxane) grating
systematically.We compare the measured 4× 4MMdata with
calculations based on a simple biaxial Bruggemann effect-
ive medium approximation (BEMA) model with the angle of
incidence θ = 65◦ in a broad wavelength range (300 nm–
1600 nm), in the full azimuthal range. The roles of optical
interference, geometric anisotropy, and diffraction orders are
respectively identified by their different dispersion behavior,
with the emphasis on their interaction and coupling.

2. Sample description and experimental

PDMS is the material most frequently used as elastomeric sub-
strates due to its advantages of high transparency, high elasti-
city, and biological compatibility. To fabricate the PDMS grat-
ing samples we began with a 1 mm thick transparent PDMS

Figure 1. (a) The 2D and (b) 3D AFM images of the sinusoidal
PDMS grating. (c) The grating profile, which reports the grating
period p = 670 nm and amplitude H = 120 nm.

substrate, which was prepared by mixing a silicone elastomer
base and curing agent (Sylgard 184, Dow Corning) in a weight
ratio of 10:1, followed by degassing and curing at 100 ◦C for
1 h. Then, a rectangular PDMS slab was linearly stretched
up to 25% and exposed to O2 plasma (90 W for 8 min) to
generate a stiff and thin oxidized siliceous surface layer. A
1D periodic grating was formed and reached its final shape
by slowly releasing the complete strain. A 2D and 3D atomic
forcemicroscope (AFM) image over an area of 5µm× 5µm is
shown in figures 1(a) and (b), respectively. The AFM analysis,
which is shown in the profile in figure 1(c), reveals that the fab-
ricated gratings have a regular period equal to p= 670 nm and
the depth is H = 120 nm.

Spectroscopic reflectance MM measurements were per-
formed on the sample at an angle of incidence θ = 65◦ in
the spectral range between 300 nm and 1600 nm with full azi-
muthal rotation (α) from 0◦ to 360◦ in steps of 5◦ to fully char-
acterize the anisotropy in the optical response of the sample.
The measurements were performed with a variable angle dual
rotating compensator spectroscopic MM ellipsometer (RC2)
from J. A. Woollam Company.

3. Analytical expressions for BEMA and RWAs

The BEMA is a binary homogeneous system composed of two
materials. It provides the analytical predictions of the effect-
ive optical response by knowing the dielectric constants ε1 and
ε2 of the two components, their filling factors f 1 and f 2 = 1–
f 1, and the shape of the inclusions described by the depolar-
ization factor L. The equation that describes the BEMA is as
follows [26]:

f1
ε1 − εeff

εeff +L(ε1 − εeff)
+ (1− f1)

ε2 − εeff
εeff −L(ε2 − εeff)

= 0 (1)

where εeff is the effective dielectric constant of the binary sys-
tem. The 3D shape of the inclusions is defined by L in the x, y,
and z directions (Lx, Ly, Lz). The sum of Lx, Ly, and Lz is equal
to 1. For instance, the depolarization factor of a sphere is (1/3,
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Figure 2. A schematic illustration of diffraction orders for
sinusoidal PDMS gratings. Here, θ is the angle of incidence, and α
is the azimuthal angle.

1/3, 1/3), and the other two oblate and prolate extremes are
thin disks (1, 0, 0) and long needles (0, 0.5, 0.5). L describes
the extent to which the inclusion polarization is diminished
according to the particle’s shape and orientation with respect
to the applied electrical field [27]. It is well known that the
main limitation of the BEMA model in describing the optical
behavior of gratings is that the period of the gratings must be
much smaller than the incident wavelength. Under these con-
ditions, diffraction effects are not present and the gratings can
be treated as a homogeneous material with effective optical
properties [28, 29]. In other words, the BEMA model can-
not simulate the diffraction effects when the grating period
is comparable to the incident wavelength. Due to this limita-
tion, many complex methods like RCWA have been developed
to model the optical properties of 2D gratings. However, in
our case, instead of simulating the whole optical response,
BEMA is utilized only as one step of the whole physics-based
approach, where optical interference and geometric anisotropy
are understood. The diffraction effects will be understood
afterward in the next step.

As shown in figure 2, for 2D PDMS gratings, the incident
light is diffracted into various diffraction orders in reflection
and transmission. The Rayleigh–Woods anomalies (RWAs)
occur at a certain wavelength, where a diffracted wave propag-
ates tangentially to the surface of the grating sample. At
these wavelengths, specular intensity (reflectance and trans-
mittance) changes due to the energy redistribution. The condi-
tion for RWAs is given by [24, 30]

λm =−P
m

(
sin θ |cos α| ±

√
n22 − (sinθ)2(sinα)2

)
(2)

where P is the period of the grating, m is an arbitrary integer
which represents the order of RWAs, θ is the incident angle,
and α is the azimuthal angle. Here, n2 is the refractive index
of air (reflection) or PDMS (transmission), and λm is the
wavelength for RWAs at the mth order. The positive and neg-
ative sign of the term in brackets corresponds to the negat-
ive and positive diffraction orders, respectively. The arbitrary
integer m is related to a Fourier decomposition of the grating
groove profile. Therefore, for the sinusoidal groove profile of
our PDMS gratings, only m = ± l orders have a strong influ-
ence on the optical response [31]. So, in this work, only the
first-order RWA is calculated. As shown in figure 2, R(−1)
represents the minus first order in reflection and T(±1) rep-
resents the plus and minus first order in transmission.

Figure 3. MMEs measured in reflection at θ = 65◦ over the
complete azimuthal rotation in the spectral range between 300 nm
and 1600 nm. All MMEs are normalized to M11.

4. Results and discussion

4.1. MM in reflection

MMelement (MME)measurements were carried out in reflec-
tion geometry at θ= 65◦ in the spectral range between 300 nm
and 1600 nm over a complete azimuthal rotation (figure 3).
All MMEs are normalized to the first element M11, which
represents the total reflectance of the sample. The elements
of the MM are presented as polar contour plots to visualize
the huge amount of data, where the polar angle and radial axis
represent the azimuthal angleα and the wavelength λ, respect-
ively. The MMEs show symmetry with identical element pairs
(M12/M21, M14/M41, M24/M42) and inverted element pairs
(M13/M31, M23/M32, and M34/M43). There are only five
patterns of matrix symmetries and any possible reflection
ellipsometric measurement follows one of these patterns. The
symmetry of a measured MM can provide straightforward
information about the crystallographic symmetries (isotropic,
bi-isotropic, uniaxial, orthorhombic, and monoclinic) of the
sample only by simple visualization of the matrix patterns,
without the need for any optical model construction [32]. So
the symmetry shown by figure 3 confirms the orthorhombic
crystal family of the sinusoidal gratings. As expected for the
grating structure, all the MM patterns reflect the symmetry
of the grating with optic axes at α = 0◦ and 90◦ [24, 25].
In addition, the off-block-diagonal elements, which are the
upper right and lower left 2 × 2 submatrices, represent the
fact that the PDMS grating is strongly anisotropic and mixes
polarization states.

4.2. Biaxial BEMA model

In principle it is of course possible and straightforward to use
RCWA to calculate the MMs. But this approach is computer
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Figure 4. Measured and simulated (a) psi and (b) delta at θ = 65◦

in the spectral range between 300 nm and 1600 nm. Simulated psi
and delta are generated from the biaxial BEMA model with three
different depolarization factors. Measured and simulated (c) psi and
(d) delta at θ = 65◦ in the spectral range between 300 nm and
1600 nm together with RWAs indicated by the arrows.

intensive and does not benefit the understanding of the phys-
ical origins of the observed optical behavior. To correlate
the observed MM pattern to the hidden physical origins of
the grating, i.e. optical interference, geometry-induced optical
anisotropy, and RWA modes, we first build a simple biaxial
BEMAmodel [33] based on the Fresnel equations to which we
add the dispersive RWA mode calculated from equation (2).

In the first step, a 120 nm thick biaxial BEMA layer is
placed on top of the PDMS substrate of 1 mm thickness.
The biaxial BEMA layer consists of two components: air and
PDMS. We treat the PDMS as the inclusions immersed in the
air matrix. The permittivity of the PDMS was extracted from
the spectroscopic ellipsometry measurement performed on a
flat, pure PDMS sample with different angles of incidence.
The filling fraction of PDMS is f = 50% due to the symmetry
of the sinusoidal shape. Then, three different biaxial models
are built according to the depolarization factor L. Using these
models, we start by calculating the ellipsometric anglesΨ and
∆ at θ = 65◦ and α = 0◦ and compare the results with the
measured data, as shown in figures 4(a) and (b).

In the first biaxial BEMA model, the PDMS inclusions are
spheres with L defined as Lx = 0.33, Ly = 0.33, and Lz = 0.33.
In this situation, the biaxial BEMA layer is an isotropic layer
mixed with PDMS spheres and air. The biaxial BEMA model
forms a simple three-layer (air/mixed layer/PDMS) system. A
resonance shape with a resonance position at 408 nm in this
system is visible in both the experimental and the modeled
plots. This comes from destructive optical interference from
s-polarized light, where the phase of the s-polarized light
reflected at the biaxial BEMA layer surface is exactly oppos-
ite to that of the secondary beam reflected from the inter-
face between the biaxial BEMA layer and PDMS at 408 nm.

Figure 5. A schematic drawing of the biaxial BEMA model with
the depolarization factor L = (0.391, 0, 0.609).

This simple model confirms that the optical interference is
an important physical origin in the whole optical response of
PDMS gratings. In the second biaxial BEMA model, in-plane
geometric anisotropy was introduced into the model with the
PDMS inclusions treated as needles along the Y axis. The
depolarization factor of L is defined as Lx = 0.5, Ly = 0, and
Lz = 0.5. As we can see from figures 4(a) and (b), without
changing the resonance position, the calculatedΨ and∆ (blue
lines) are closer to the measured data when compared with that
calculated by the first biaxial BEMA model (red lines). In the
third biaxial BEMA model, the depolarization factor is set as
the only floating parameter. The depolarization factor of L is
obtained as Lx = 0.391, Ly = 0, and Lz = 0.609 by fitting the
calculated Ψ and ∆ at θ = 65◦ and α = 0◦ to the measured
data. As shown in the schematic in figure 5, this depolarization
factor represents the shape of the elliptical needles along the y
axis. The length ratio of the ellipse in the x–z plane is calcu-
lated as 1.56:1 [27, 34]. This shape of the PDMS inclusions is
closer to the dimension of the gratingmeasured by AFM, since
the periodicity is larger than the amplitude and, therefore, the
shape in the x–z plane should be elongated on the x axis. The
third biaxial BEMAmodel actually includes the 3D geometric
anisotropy of the sample.

After the best biaxial BEMA model with L = (0.391, 0,
0.609) is obtained, the dispersive RWA mode is then added.
The wavelength positions of the RWAs in both reflection
and transmission at θ = 65◦ and α = 0◦ are calculated by
equation (2). As shown in figures 4(c) and (d), the positions
of the T(−1), T(+1), and R(−1) orders are marked with black
arrows on the measured and calculated Ψ and ∆ at θ = 65◦

and α = 0◦. We can see that the calculated Ψ and ∆ based
on the biaxial BEMA with elliptical PDMS inclusions repro-
duce the measured data quite well in the wavelength region
(400–900 nm). The deviation appears outside the wavelength
region (400–900 nm), where different orders of RWA appear.
Specifically, the T(+1) order appears at 331 nm in the shorter
wavelength region (300–400 nm), and T(−1) and R(−1)
orders appear at 1277 nm and 1545 nm, respectively, in the
longer wavelength region (900–1600 nm). This is as expected
since the periodicity of the grating is not taken into account
and, therefore, no RWA effect is included in the biaxial BEMA
model. Nevertheless, the deviation confirms that RWAs are an
important physical origin of the optical response of PDMS
gratings.

To summarize, the whole optical response of PDMS grating
along α = 0◦ is influenced by three physical origins: optical
interference, geometric anisotropy, and RWAs. Specifically,
optical interference and geometric anisotropy determine the
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Figure 6. The simulated MM at θ = 65◦ in the spectral range
between 300 nm and 1600 nm with full azimuthal rotation by the
biaxial BEMA model with the depolarization factor L = (0.391, 0,
0.609).

main resonance shape. RWAs induce the modulations at both
sides of the resonance peak.

4.3. Modeled MM

Once the biaxial BEMA model with the depolarization factor
L = (0.391, 0, 0.609) reproduces the Ψ and ∆ at θ = 65◦

and α = 0◦reasonably well, we use it to calculate the MM
at θ = 65◦ over the complete azimuthal rotation, as shown in
figure 6. Each element of the calculated MM is set to have the
same scale bar with the corresponding element of the meas-
uredMM for the sake of comparison. In the shorter wavelength
region (300–900 nm), the proposed biaxial BEMA model can
reproduce most of the features shown in the measured MM
(figure 3). However, the calculated M12, M33, M34, and M44
show a constricted ring instead of two lobes along the azi-
muthal angles 0◦ and 180◦, respectively. The main differ-
ence between the calculated and measured MMs is shown
in the longer wavelength region (900–1600 nm), where the
optical response is mainly influenced by the interplay between
optical interference and T(−1), R(−1) orders. The difference
is expected since the simple biaxial BEMA model does not
take the periodicity into account. In the next section, we will
give more details on the physical interpretation of all the fea-
tures as well as their interplay based on the superposition of
dispersion lines of RWAs.

4.4. Identification of the optical features

For the sake of simplicity, we now choose only the three ele-
ments of MM (M12, M13, and M14) for a more detailed
analysis, as shown in figure 7. The elements are superposed
with the R(−1), T(+1), and T(−1) orders of RWAs to reveal
the origin of the optical properties hidden in the MMEs. The
detailed comparison of all the elements in this figure gives us a

Figure 7. Measured and simulated MM elements M12, M13, and
M14 together with the RWA draws in the upper half space at
θ = 65◦.

complete description and interpretation of the complex pattern
of the measured MM. Each column of figure 7 corresponds to
one of the three chosen elements, all measured or calculated at
θ = 65◦. The first row displays the measured data. The second
and third rows display the calculated data using the biaxial
BEMA model with depolarization L = (0.33, 0.33, 0.33) and
L = (0.391, 0, 0.609), respectively. For a better comparison,
the calculated M12 along α = 0◦ and M13 and M14 along
α = 45◦ with the biaxial BEMA model with L = (0.391, 0,
0.609) are shown together with measured data in the last row.

The first row, showing the measured data with the expected
position of the T(±1) and R(−1) orders, reveals that both fea-
tures in longer and shorter wavelength regions of the MMEs
are strongly influenced by the RWA mode. If we consider the
longer wavelength region (wavelengths between 900 nm and
1600 nm), we can see the optical properties are influenced by
the interactions between optical interference mode and R(−1),
T(−1) orders. The lobes of M12, M13, and M14 follow quite
well with the line of the T(−1) order. Specifically, the lobe in
M12 is a continuous constricted ring, not only following quite
well with the line of the T(−1) order but also locating just
between the T(−1) and R(−1) orders. Instead of continuity,
the lobe in M13 and M14 is discrete along the 180◦–0◦ azi-
muthal line while still following the line of the T(−1) order.
When we turn our attention to the features at the central region
(wavelengths between 300 nm and 900 nm), we can see the
optical properties are influenced by the interactions between
the optical interference mode and R(−1), T(+1) orders. If
we first consider M12 along the 180◦–0◦ azimuthal line, we
can clearly see that the optical interference lobes at the center
are not only separated by the presence of the T(+1) order
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but also reshaped to a sector and follow the T(+1) line. For
the M13 element, the lobe is modulated and restricted in the
area between T(+1) and R(−1) orders. In the M14 element,
the lobe is not only separated by the T(+1) order along the
180◦–0◦ azimuthal line but is also modulated by the presence
of the R(−1) order along the 225◦–45◦ azimuthal line.

Now, let us discuss the simulated MM. The comparison
of the simulated MM with the measured MM allows us to
correlate the measured feature with its corresponding phys-
ical mode. The second row shows the generated data using
the biaxial BEMA model with L = (0.33, 0.33, 0.33). The
isotropic lobe in M12 locates at a similar wavelength range
with the measured M12 along α= 0◦, confirming the physical
origin of the optical interference mode. Moreover, because the
BEMA model does not account for periodicity, no interac-
tions between the optical interference mode and RWAs can be
observed both in the longer and shorter wavelength regions.
M13 and M14, which represent the optical anisotropy, are
zeros. This is as expected since the biaxial BEMAmodel with
spherical PDMS inclusions is an isotropic model. The third
row shows the generated data using the biaxial BEMA model
with L = (0.391, 0, 0.609). The anisotropic patterns gener-
ated in M13 and M14 have the same lobe length and phase
as the measured data, confirming another physical origin of
geometric anisotropy mode. The lobe length in M13 and M14
is 300–900 nm, which can be clearly seen in the line cuts of
the contour plots along the azimuthal angle 45◦ shown in the
4th row of figure 7. However, it is worth noting that the simu-
lated MM still shows deviation to the measured MM. Firstly,
the lobe in the shorter wavelength region in the M12 element
forms an elliptical shape instead of two separated lobes along
the 180◦–0◦ azimuthal line in the measured M12. Moreover,
the lobes in M13 and M14 along the azimuthal angle 45◦ do
not follow the RWA orders like the lobes in the measured M13
and M14. Secondly, we can clearly see that the constricted
ring in the longer wavelength region in M12, M13, andM14 is
not generated. The difference between the measured and simu-
latedMM is rational since the biaxial BEMA layer model does
not account for periodicity; therefore, there is no modification
by RWAs on the optical interference lobe both in the shorter
and longer wavelength ranges. In other words, intentionally
modifying the shape and width of the optical interference lobe
with respect to the azimuthal angle following the RWA disper-
sion leads to similar patterns to the measured MM. By using
our cumulative method, the influence of three distinct phys-
ical aspects (optical interference, geometric anisotropy, and
RWAs) hidden in the MM are easily identified. Beyond the
simple interpretation, our method also paves the way for tail-
oring the optical properties of gratings and for very precise
control of the design and metrology of gratings.

5. Conclusion

In summary, we have demonstrated how to decompose the
complex optical response of a simple sinusoidal PDMS
grating into the physical ingredients. First, we measure the
ellipsometric angles Ψ and ∆ at θ = 65◦ along the direction

perpendicular to the grooves. The ellipsometric angles are then
modeled by a simple anisotropic effective medium approach
using the biaxial BEMA model with three different depolariz-
ation factors L. Using these models, the ellipsometric angles
along the direction perpendicular to the grooves at an angle
of incidence 65◦ are calculated. The calculated plots with
the biaxial BEMA model with L(0.391, 0, 0.609) show the
best agreement with the measured plots. Once the agreement
between the calculated and measured plots is ensured, the
MM plots over the whole azimuthal rotation can be calculated
and compared with the measured MM. On top of these cal-
culated MMEs we superimpose the expected dispersive RWA
modes, calculated from the known periodicity of the grating.
Comparing these composed results with the measured MMs
gives a deep insight into how the different physical contribu-
tions originating from optical interference, geometric aniso-
tropy, and RWAs influence the complex polarization mixing.
In conclusion, this study presents a general method to analyze
the complex MM patterns of PDMS gratings from a physics-
based approach. Compared to the conventional method of
RCWA, the proposed method is more powerful and straight-
forward, which needs considerably less computer power, and
it is very fast and can be directly linked to the physical inter-
pretation.
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