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Broadband integrated polarization rotator
using three-layer metallic grating structures
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Abstract: In this work, we demonstrate broadband integrated polarization rotator (IPR) with
a series of three-layer rotating metallic grating structures. This transmissive optical IPR can
conveniently rotate the polarization of linearly polarized light to any desired directions at
different spatial locations with high conversion efficiency, which is nearly constant for
different rotation angles. The linear polarization rotation originates from multi-wave
interference in the three-layer grating structure. We anticipate that this type of IPR will find
wide applications in analytical chemistry, biology, communication technology, imaging, etc.
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1. Introduction

Light can be used as a carrier of information based on its basic physical attributes. For
example, people can distinguish different objects based on their color and brightness patterns,
which originate from their response to different wavelengths (or frequencies) and intensities
of light. The spatial structure can also be perceived from the propagation direction of light.
Holographic display is an important type of three-dimensional (3D) display that relies on the
spatial phase information of light. Polarization is also a basic physical attribute of light;
however, it has not yet been widely used to transfer spatial information mainly due to the lack
of spatially integrated broadband polarization modulators. Specifically, if a spatially-
integrated broadband polarization rotator could be realized, we may transfer spatial
information by tuning the polarization directions at different spatial locations. This type of
integrated polarization rotator (IPR) may have wide applications in analytical chemistry,
biology, communication technology, imaging, etc. For example, biomolecules on earth are
generally composed of sinistral amino acids and dextral carbohydrates, which lead to
complex optical rotation characteristics. In a biomolecule application, integrated polarization
rotators can be fabricated as biomolecule detection chips that can identify biomolecules with
different polarization responses.

Essentially a broadband integrated polarization rotator (IPR) should possess two
characteristics. The first is the ability to combine many units into a single small device, each
of which can rotate the polarization of linear polarized light in any desired direction. The
second is that these units should have high and nearly constant conversion efficiency for
different rotation angles. Traditionally, polarization rotators are constructed using two
polarizers [1], magneto-optical materials [2], liquid crystals [3, 4], multiple-stacked
birefringent layers [5], waveguides [6-8], and so on. Nonetheless, these devices are usually
bulky. Recently, the use of microstructures enables the rotation of the polarization of light
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without employing bulky devices, and linear polarization rotation has now been achieved
using metamaterials [9, 10], single perforated metal films [11, 12], metasurfaces [13-16],
thin-film Faraday rotators [17, 18], and composite structures consisting of multilayered
microstructures [19-29]. Among them, the composite structure is a basic unit that can
potentially be used in a spatially integrated broadband polarization rotator; however, no such
microstructure-based device has been fabricated to date.

In this work, we demonstrate a broadband integrated polarization rotator (IPR) using
three-layer rotating metallic grating structures. First of all, we show a broadband 90-degree
polarization rotator using this three-layer rotating metallic grating structure, and discuss the
physical mechanisms under this polarization rotation. Then, we extend the 90-degree
polarization rotation to other situations, this is a transmissive optical polarization rotator that
can rotate the polarization of linearly polarized light to any desired direction with high and
nearly constant conversion efficiency. Finally, we demonstrate a broadband IPR based on
these polarization rotators.

2. A broadband 90-degree polarization rotator using three-layer metallic grating
structure

2.1 Structural design, sample fabrication and optical measurements

A broadband 90-degree polarization rotator can be made using three-layer metallic grating
structure as shown in Fig. 1. The first, second, and third gratings, which are respectively
denoted S1, S2, and S3, have various periods di, dz, and ds, but the same slit widths w. The
thicknesses of the gratings and the dielectric space between the neighboring grating layers are
h and s, respectively, and the same dielectric material is used in all grating slits. The rotation
angle between S1 and S2 is @1, = 45°, and that between S2 and S3 is g3 = 45°. This 90-
degree polarization rotator can rotate the linearly polarized light to its crossed direction.

Fig. 1. Schematic of the broadband 90-degree polarization rotator.

Numerical calculations based on the finite-difference time-domain (FDTD) method [30]
were also carried out with the commercially available Lumerical FDTD Solution 8.0.1
software package. The permittivity of gold was obtained from the Johnson and Christy model,
and the refractive index of silicon dioxide, which was used for the substrate and the dielectric
material, was set to 1.455 in the calculations. In our testing, the incident light exhibited a
transverse-magnetic (TM) polarization with an electric field Eo (along Y axis) perpendicular
to the strips of the first grating. We defined the angle ® = ¢1» + ¢23 as the designed total linear
polarization rotation angle, which means that the linear polarization state of the incident beam
can be rotated by an angle ® after transmission. ® = 90° for this 90-degree polarization
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rotator, that is to say the polarization can be rotated from Y axis to X axis. The transmitted
electric field can be expressed as E = g, (®) + EL(®), where E, (P) and EL(D) are the

components that were polarized parallel and perpendicular to the designed polarization
direction, respectively. For example, E, (90°) means the electric field parallel to the designed
direction (X axis for this 90-degree polarization rotator), and E1(90°) corresponds to the
polarization along Y axis for this case. In order to verify the polarization rotation induced by
the device, we also defined two parameters T, (®) = [E, (D) / [Eof* and Ti(®) = [EL(D)* /

|Eol? to represent the transmissivity components along the two orthogonal directions.
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Fig. 2. SEM images of the broadband 90-degree polarization rotator sample: (a) SEM image of
the first grating layer S1; (b) SEM image of the second grating layer S2; (c) SEM image of the
third grating layer S3. In all images, the scale bar is 1 um. (d) Calculated and (e) measured
transmission components T, (90°) and TL(90°) of this polarization rotator. (f) Calculated and

(g) measured reflection components R// and Ry of this polarization rotator. The electric field

of the incident light along Y axis, d; = d3 = 300 nm, d, = 350 nm, w = 125 nm, h = 30 nm, and
s =60 nm.

During sample fabrication, we first applied a 30-nm thick gold film (h = 30 nm) to K9
optical glass by magnetron sputtering. Then, a focused-ion-beam facility (FIB, Helios
Nanolab 600i) was used to mill the grating structure S1, with d; = 300 nm, and w = 125 nm.
Then, a 120-nm thick silicon dioxide film was applied to the surface of S1, and inductively
coupled reactive ion etching (ICP-RIE, ULVAC CE300I1) was used to reduce the thickness of
the silicon dioxide film to about 60 nm (s = 60 nm), thereby smoothing the surface of the
silicon dioxide film. A 30-nm thick gold film was applied on top of the 60-nm silicon dioxide
film, then, we employed the FIB to mill the S2 grating structure a second time, with dz = 350
nm, and w = 125 nm. A 60-nm thick silicon dioxide film was applied on top of S2, and the S3
grating structure was fabricated using the same process, with d3 = 300 nm, and w = 125 nm.
Finally, a 60-nm thick silicon dioxide film was applied on top of the S3 layer to fill in the
grating slits. The SEM images of the first, second, and third grating layers (S1, S2, and S3)
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are shown in Figs. 2(a)-2(c), respectively. The parameters of this sample come from the
optimized results of the numerical calculation, the calculated results shown in Fig. 2(d)
indicate that T1(90°) was less than 2.0% between 1.25 pm and 1.95 pm; while T, (90°) was

much higher than T1(90°), the calculated T, (90°) was larger than 60% between 1.25 pm and

1.95 pm. The calculated polarization ratio is higher than 30:1 between 1.25 um and 1.95 pm.
A microspectrophotometer (Craic, QDI2010) was used to measure the optical spectra of
the samples. We use the polarizer to generate the polarized light with electric field along Y
axis, and use the analyzer before the detector to choose transmission component to be
detected. When the polarizer parallel to analyzer, we can detect very low transmission
intensity, the detected T1(90°) was less than 3.4% between 1.25 pum and 1.95 pm. When the
polarizer perpendicular to analyzer, we can detect high transmission intensity T, (90°)

between 1.25 um and 1.95 um. The measured transmission components in Fig. 2(e)
correspond to the calculations in Fig. 2(d), although with slightly lower values of T, (90°),

which were primarily due to defects in the sample after multiple processing cycles of
magnetron sputtering and FIB.

In order to explore which factors affect the efficiency of this 90-degree polarization
rotator, we also defined two parameters R, = |E,, |* / |[Eol* and RL = |EL]” / |Eof* to represent

the reflection components along the two orthogonal directions, where E, and E. are the

components that were polarized parallel (along Y axis) and perpendicular (along X axis) to
the incident light, respectively. The calculated and measured reflection components R. are
very low as shown in Figs. 2(f) and 2(g), which means no polarization rotation happened for
the reflection light. Meanwhile, the calculated R, is lower than 5% between 1.25 pm and 1.95

pum, which means the loss of the metal is the main cause that reduce the efficiency of this
rotator. Moreover, the measured R, in Fig. 2(g) is larger than the calculated results, this

difference comes from the defects of the sample, and further reducing the efficiency of this
90-degree polarization rotator.

2.2 Theoretical analysis

To better understand the physics underlying this broadband 90-degree polarization rotation,
we calculated the near field distribution of electric field intensity |Ex|? and |Ey|? at 4 = 1310
nm, as shown in Fig. 3. The incident light with electric field component along Y axis passes
through S1. At S2, the wave with electric field component parallel to the strip of S2 (45° to X
axis) is reflected back, and it has both |Ex|> and |Ey|?, which can be seen in Figs. 3(c) and 3(d).
The reflected wave has the grating patterns corresponding to S2. Then the wave |Ex|? reflected
back by S2 is reflected back again by S1, and the wave |Eyf? reflected back by S2 can pass
through S1 to form reflection wave r;. At S2, the wave with electric field component
perpendicular to the strip of S2 (—45° to X axis) can pass through S2, and it has both |Ex|?> and
|EyJ? which can be seen in Figs. 3(e) and 3(f). The transmitted wave has the grating patterns
corresponding to S2 as well. At S3, the wave |Ex?> can pass through to form transmission
wave t;, and the wave |Ey|? is reflected back to S2 again by S3.

Those transmission and reflection processes repeat over and over. The waves travel back
and forth between S1 and S2, and finally passing through S1 to form a series of reflection

waves i (i =1, 2, 3, ..., n). Other parts of waves travelling between S2 and S3 eventually
pass through S3 to form a series of transmission waves t; (i = 1, 2, 3, ..., n). The destructive
interference of multiple reflection waves ri, r, r3, r4, s, ..., Iy can lead to the low reflection

of the rotator, while the constructive interference of multiple transmission waves ti, t, ts, t4,
ts, ..., th can lead to a high efficiency polarization conversion. Within this tri-grating structure,
the waves with electric fields |Ex|? and |Ey|? are inter-changeable, this inter-changeable comes
from the near-field coupling as shown by Zhang et al. under the condition s << A [31]. The
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three gratings S1, S2 and S3 can no longer be considered as separated gratings, instead they
interact with each other to become a whole system, and result in changing the polarization of
the incident light though near field coupling. Finally, the incident light with electric field
along Y axis shown in Figs. 3(a) and 3(b) is changed to the transmission light with electric
field along X axis shown in Figs. 3(g) and 3(h), perfect polarization conversion is realized at
the optimal geometry. Therefore, based on our theoretical analysis, we conclude that this
polarization rotation originates from multi-wave interference progress.
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Fig. 3. The cross-sectional distribution of the electric fields at 4 = 1310 nm: (a) |Ex/> and (b)
|Ey[? 30 nm before S1; (c) |Ex? and (d) |Ey|* between S1 and S2; (e) |Ex? and (f) |Ey|? between
S2 and S3; (g) |Ex/> and (h) |Ey[? 30 nm after S3. The electric field of the incident light along Y
axis, d; = d3 = 300 nm, d, = 350 nm, w = 125 nm, h =30 nm, and s = 60 nm.

To discuss the working bandwidth of this 90-degree polarization rotator, we calculate the
averaged near field electric intensity |Ex|? and |Ey|? among the cross sections from 0.80 pum to
2.00 um as shown in Fig. 4. Before the rotator, the |Ex|? is nearly 0 as shown in Fig. 4(a) and
the |Ey|? is high between 1.25 um and 1.95 um as shown in Fig. 4(b), which shows the electric
field of the incident light along Y axis. There exist both averaged electric field intensity |Ex|?
and |Ey[? between the rotator as shown in Figs. 4(c)-4(f). However, after the rotator, the |Ex|?
is high between 1.25 um and 1.95 pm as shown in Fig. 4(g) and the |EyJ? is nearly 0 as shown
in Fig. 4(h), the electric field of the transmission light changed to X axis, which shows a
broadband 90-degree polarization rotation. Combined with the calculated transmission
components T, (90°) and T1(90°) shown in Fig. 2(d), we conclude the working bandwidth of

this 90-degree polarization rotator is from 1.25 pm to 1.95 um, a high polarization rotation
efficiency larger than 60% is happened within this region.
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Fig. 4. The averaged electric fields |Ex?? and |Ey|> among the cross section: (a) and (b) 30nm

before S1; (c) and (d) between S1 and S2; (e) and (f) between S2 and S3; (g) and (h) 30nm

after S3. The electric field of the incident light along Y axis, d; = d3 = 300 nm, d; = 350 nm, w
=125 nm, h=30nm, and s = 60 nm.

3. Broadband integrated polarization rotator

Up to now, we have demonstrated a broadband 90-degree polarization rotator using three-
layer metallic grating structure. Actually, this is a transmissive optical polarization rotator that
can rotate the polarization of linearly polarized light to any desired direction (not only 90°)
with high conversion efficiency. By rotating the three composite grating layers, the
polarization rotation angle ® of the rotator can be tuned to any desired angle. So we can
design a broadband integrated polarization rotator (IPR) consists of a series of rotator units, as
shown in Fig. 5, each of which can rotate the linearly polarized light to one desired direction.
The polarization direction of the transmission is mainly controlled by the rotation angle
between the first and third gratings, the rotation angle ® = @12 + @23, here, we set p12 = @23 =
®/2 in this work. We fix the first grating S1 and rotating the gratings S2 and S3, the incident
light is TM-polarized with respect to the first grating S1.

Fig. 5. Schematic of the broadband integrated polarization rotator.

The calculated T, (®) and T.(®) of the broadband polarization rotator when @ varies from

0° to 90° are shown in Fig. 6, the incident light is TM-polarized with respect to the first
grating S1. For all rotation angles @, high T, (®) was happened around 1.20-2.00 pm, while

the Ti(®) was less than 2.0% (actually, it was less than 1.0% for most situations) in this
region. When rotating the gratings S2 and S3, the thickness of the gratings (h) and dielectric
space (s) are not changed. Therefore, the phase difference of each transmission waves ty, t, ts,
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t4, t5, ..., tn is fixed for the same wavelength, leading to the similar transmission intensity and
working band of each rotator, so the intensity of T (®) does not change vary much when @

varies from 0° to 90°, which means that the efficiency of the rotators will remain essentially
the same for all situations.
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Fig. 6. Calculated transmission components: (a) T, (®) and (b) Tu(®) of the polarization

rotator with varying angles @ from 0° to 90°. The color bars show their intensity levels. The
incident light is TM-polarized with respect to the first grating S1, d; = d; = 300 nm, d, = 350
nm, w = 125 nm, h =30 nm, and s = 60 nm.

As mentioned above, the polarization of the rotator unit can be tuned to any desired
direction by rotating the three composite grating layers, all of which have nearly the same
rotation efficiency and working bandwidth. Consequently, a broadband IPR can be fabricated
with series rotators on the same substrate but with different rotation angles. As an example,
the photograph of a fabricated IPR is shown in Fig. 7(a). This integrated rotator combines five
rotators with angles of ® = 0°, 30°, 45°, 60°, and 90°, respectively. It can be seen that the
measured transmission components T, () and T.(®) for @ = 0°, 30°, 45°, 60°, and 90° have

nearly the same intensity from 1.20 to 2.00 um, as shown in Fig. 7, which means the
conversion efficiency is nearly constant for different rotation angles. And it is a
subwavelength device with 270nm thickness, which is less than one quarter of the central
wavelength (4 = 1.6um) in the working band. People can get the spatially different light using
this IPR; the spatially difference among the transmitted light is only the polarization direction.
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Fig. 7. (a) Photograph of a broadband IPR that combines five rotators with ® = 30°, 45°, 60°,
90°, and 0°, the white scale bar is 50 pm. SEM images and the measured T), (@) and To(®) of
the rotators: (b) and (c) @ = 0°; (d) and (e) ® = 30°; (f) and (g) ® = 45°; (h) and (i) ® = 60°; (j)
and (k) ® = 90°. The orange scale bar is 1 um, the incident wave is TM-polarized with respect
to the first grating S1, d; = d3 = 300 nm, d; = 350 nm, w = 125 nm, h =30 nm, and s = 60 nm.
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4. Conclusion

In summary, we have experimentally demonstrated a broadband IPR using three-layer
rotating metallic grating structure. Firstly, we demonstrated a broadband 90-degree
polarization rotator using three-layer metallic grating structure, the working bandwidth of this
90-degree polarization rotator is from 1.25 um to 1.95 pm with a high polarization rotation
efficiency which is larger than 60% within this region. Secondly, we find this three-layer
metallic grating structure can conveniently rotate the polarization of linearly polarized light to
any desired direction with high and nearly constant conversion efficiency. Finally, we have
demonstrated a broadband IPR using these three-layer rotating metallic grating structures, it is
a subwavelength device with a thickness of 270 nm, which is less than one quarter of the
central wavelength in the working band around 1.20-2.00 um. This polarization rotation was
found to originate from multi-wave interference in the three-layer grating structure. The same
principle can be used to design broadband IPR at other frequency region. We anticipate that
this type of broadband IPR may find applications in analytical chemistry, biology,
communication technology, imaging, etc.
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