Ultraviolet polarizer with Ge subwavelength grating
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A polarizer with high extinction (ER) ratio was developed in the ultraviolet wavelength region using a germanium
subwavelength grating (Ge-SWG). By utilizing an eigenmode with the Ge-SWG a high ER was numerically predicted to
exist without requiring a high structural aspect ratio. After using lithography to fabricate the proposed Ge-SWG an
experimental high ER value of 17.4 dB was reached at a wavelength of 360 nm in the developed Ge-SWG which had a
very low structural aspect ratio of 1.67. © 2015 Optical Society of America
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1. INTRODUCTION

Linearly polarized ultraviokt (UV) light strongly interacts with many
photo-reactive polymers and changes their chemical constitutions [1,2].
This photo-reactive chemical change is highly useful for various
integrated applications, such as photo-alignment and molkecular
switching devices. The develbopment of such devices requires a small
scake polarization control method and a high extinction ratio (ER), which
is defined as the ratio of orthogonal polarization states.

A polarizing film composed of an iodine-doped polymer has been
widely used to obtain polrized light from the visible (VIS) to infrared
(IR) wavekngth regions. At UV wavekengths, however, the ER of the
pohrizing film is insufficient for the above applications due to strong
light absorption in the iodine polymer. On the other hand a prism
pohrizer, such as the Glan-Thompson polarizer; shows extremely high
ER in the broad wavelength region from UV to IR. However, the bulky
size and the high cost of prism pohrizers often cause difficulty in their
practical use, making them unsuitable for integration in devices
regardless of the high ER.

A type of subwavelength grating (SWG) pokrizer; which is composed
of a thin single-hyer grating on a substrate, has been proposed to
overcome these issues. A schematic diagram of a SWG pohrizer is
shown in Fig. 1. In the SWG structure, the eigenmodes are defined as
solutions of Maxwell's equations in a periodic refractive index
distribution. Interaction between the eigenmodes and incident light
determines the ekctromagnetic response within the SWG The
interaction generates a different electromagnetic response for pairs of
orthogonal pokrization states, such as p- and s-pohrization states,
owing to their different boundary conditions. The direction of the
electric field for s- and p-polarization is parallel and perpendicular to the
grating grooves, respectively. High polarization selectivity can be
obtained by utilizing the different interactions [3-10]. The grating
structure, which is designed to have a much shorter period than the

incident wavelength, is known as a “wire-grid polarizer” and is used to
control the pohrization state of light in the IR [11,12], VIS [13-16], UV,
[17,18] and deep UV wavelength regions [19-22]. The wire-grid
pohrizer has a both high extinction ratio and compact design, so it is
suitable for integrated polarization-controlling applications. However,
the polarizer typically requires a structural aspect ratio, defined as the
ratio of the grating height to ridge width, larger than 5 and a grating
period of around 100 nm in the UV wavelength region [20,22]. Despite
the progress in micro-fabrication techniques, the fabrication of SWGs
with such a high aspect ratio and small period can be challenging.

The optical characteristics of SWGs have been estimated using
effective-medium-theory (EMT) [23]. Using EMT, the SWG structure has
been approximated to the optical anisotropic uniform hyer with an
effective refractive index. In other words, the eigenmode in the SWG was
assumed to be a plhne wave. Although this approach is a powerful and
useful design method for SWGs, the approximation is only accurate
when the grating period is much shorter than the incident wavekngth
[15, 24]. Moreover, the grating period was generally decreased as much
as possible in order to obtain high ER. The resultant design requires a
very small period for the SWG which induces difficulty in the fabrication
process.

Analysis of the electromagnetic response of eigenmodes due to the
periodic refractive index distribution has been studied in the IR
wavekngth region [25]. This analysis has been employed for the
dielectric SWG using only the real part of the refractive index. However,
the optical characteristics of the mode in the UV wavekngth region
differed from those in IR wavelength region because the imaginary part
of the SWG materiak becomes large. We have recently shown the effects
of the imaginary part of the refractive index on the SWG polarization
characteristics [26].

In this study, we developed a UV polarizer utilizing the eigenmode in
Ge-SWG with a very low structural aspect ratio of 1.67. We cakulted the



electromagnetic field distribution in the SWG using the finite-difference
time-domain (FDTD) method in order to discuss and characterize the
optical properties of the eigenmode as a polarizer in UV wavekngth
region. The fabricated Ge-SWG with the structural aspect ratio of 1.67
experimentally demonstrated a very high extinction ratio of 17.4 dB in
the UV wavelength region without a significant decreasing of the light
intensity.
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Fig. 1. Schematic diagram of a SWG polrizer

2. THEORETICAL
EIGENMODES

The interaction between the eigenmode and incident light determines
the electromagnetic response within the SWG The number of exited
modes and their propagation constants strongly depend on both the
period (A) and the filling factor (ff), which is defined as the ratio of the
ridge width (w) to the grating period [7,25]. If the grating material has a
light absorption coefficient, namely the imaginary part of the refractive
index, the propagation constant of the mode is a complex number. The
real and imaginary parts of the propagation constant determine the
phase and decay of the mode, respectively.

In our previous report, we theoretically investigated the complex
propagation constant of the eignemode in SWGs composed of various
materials with complex refractive indices [26]. Based on the results of
our previous study, we chose Ge for the SWG material in the present
study. The filling factor and grating height (H) were set to ff = 0.6 and H
= 100 nm, respectively, to produce a SWG with high polrization
selectivity in the UV wavekngth region without a significant decrease in
the light intensity.

INVESTIGATION OF THE SWG
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Fig. 2. Schematic model of the SWG in the FDTD calculation

We theoretically surveyed the ekctromagnetic distribution using the
FDTD method to estimate the optical characteristics of a Ge-SWG as a
UV pohrizer. The optical characteristics of an AFSWG were also
estimated because Al has generally been used for wire-grid polarizers.
Figure 2 shows the schematic model of SWGs used in the FDTD
calculation. The green dashed squares in Fig. 2 represent the grating
ridges, and the area surrounded by the dashed blck lines show SWG

region. In this mode], Ge and Al ridges were arranged on the optical glass
with period A. The ridges in this model were assumed to have a
rectangle shape. The complex refractive index values of Ge, A, and optical
ghss were 4.0476+2.6184i, 0.38857+4.3375i, and 1.5486+0j,
respectively [27,28]. The incident plne wave normally entered the
SWG with a wavelength of 360 nm, and the light propagated in the +z
direction in the air to ghss region. The transmitted light intensity for the
p- and s-polarizations was evaluated using the Poynting vector at the
observation plne in Fig. 2. Other cakulation conditions can be obtained
from our previous report [26].

Figure 3 (a), (b), and (c) show the cakuhted transmission for p-
pohrization, the calculated transmission for s-polarization, and the ER
as a function of the ratio of incident wavelength to the grating period
(MA), respectively. The period A of the grating was changed with a
constant incident wavelength of 360 nm. The ER is defined by
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where Tpand Ts are the transmissions for the p- and s-pohrizations,
respectively. The inset in Fig. 3(b) shows the s-polarized light
transmission in the region from A/A = 2 to 4. These figures show that
the transmission dependence on A/A considerably differs between the
p- and s-pohrizations in both SWG cases. With increasing A/A, the
transmission for p-polarized incident light became much hrger than
that for s-polarization. In both Ge- and AFSWG cases, the transmission
for p-polarized light lrgely oscillated with increasing A/A, as shown in
Fig. 3(a). For s-pohrization, transmission through the AFSWG
monotonically decreased with increasing A/A. The tendencies have
been reported in many previous reports [13,19].

In contrast, the local minimum value of s-polarized light transmission
through the Ge-SWG was obtained at /A = 3.6, and the transmission
increased in the region from /A = 3.6 to 4. As a result, the Ge-SWG
exhibited a peak ER at M/A = 3.6, where the grating period corresponds
to 100 nm. The peak ER value reached almost 40 dB when 20% of the
p-polarized light transmission was maintained. These values were much
higher than those of the AFSWG with the same parameters. In addition,
avery bw aspect ratio of 1.67 was required to obtain such a high ER.
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Fig. 3. Calculated transmission for (a) p-polrization (b) s-polarization
and (c) the ER as a function of A/A. The crosses and filled circles indicate
the results for AFSWG and Ge-SWG respectively.

The high ER was mainly caused by the highly suppressed
transmission for s-polarized light. To reveal the origin of the suppressed
transmission for s-polrization, a counter map of the magnitude for the
Poynting vector of the eigenmode inside the SWGs was developed with
the parameter of A/A = 3.6, as shown in Fig. 4. Figure 4(a) and (b) show
the counter map for s-polarization inside AFSWG and the counter map
inside Ge-SWG respectively. Regions A and B in Fig. 4 (a) and (b)
represent the grating ridge material (Al Ge) and the air-gap in the SWG
respectively. The positive and negative values of the Poynting vector
correspond to the +z and -z propagation directions, respectively. The
magnitude of the Poynting vector was normalized by the magnitude of



incident light.

The counter maps of the Poynting vector in the Al and Ge-SWGs
were significantly different. In the AFSWG the energy of the eigenmode
was evenly distributed in the ridges region (region A) and the air-gap
region (region B). The counter map in AFSWG was slightly distorted at
the top side of the grating, and the optical behavior of the eigenmode
can be approximated to that in homogeneous hyer with an effective
refractive index [22]. On the other hand, the distribution in Ge-SWG
significantly differed from that in AFSWG and most of the mode energy
was concentrated in the Ge ridges region in which light absorption
existed Thus, the energy rapidly decayed with the propagation of light,
and the transmission of s-pohrization in the Ge-SWG was highly
suppressed.

=0.02 -
g
E g
5004 ] 2004
é 0.06 F o0
3 a
0.08 0.08 I
L e At DSOS ML SR N S - L L LANL PSS LIL PSL
B0 R S B R R T R R P

x-position [um] X-position [pm]

(a) (b)

Fig. 4. Counter maps of the magnitude for the Poynting vector of the
eigenmode in the (a) AFSWG and (b) Ge-SWG for s-pohrization. The
Poynting vector was normalized by the magnitude of incident light.
Green squares indicate the grating ridges.

brge distortion of the energy distribution in the SWG because of the
difference of mode propagation vebcity between grating ridge and air-
gap. The optical behavior of the mode in this case was significantly
different from that in the homogeneous kyer, and the energy
distribution strongly depended on the grating geometry. Thus, the local
minimum transmission for s-polarization could only be obtained at a
certain grating parameters.

The eigenmode energy for p-polarization could highly concentrate
into the air-gaps because the electric field was discontinuous at the
interface between the grating ridges and air-gaps. As a result, the
transmission for p-polrization could be higher than that for s-
pohrization, and the propagation loss of the eigenmode was determined
not only by absorption coefficient of the material but also by grating
geometry.
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Fig. 5. Counter maps of the magnitude for the Poynting vector of the
eigenmode in the (a) AFSWG and (b) Ge-SWG for p-polarization.

For p-polarization, the transmission through the AFSWG was higher
than that through the Ge-SWG in the region from /A = 1.5 to 2.5, as
shown in Fig. 3(a), regardless of the lrger imaginary part of refractive
index in Al than that in Ge. This indicates the absorption coefficient of
the SWG ridge material is not dominant factor for the p-pokrization
transmission through the SWG To investigate the transmission
mechanism for p-polarization, we also calculated the counter maps of
the magnitude for the Poynting vector of the p-polarized eigenmode in
the Al and Ge-SWGs with A/A = 2. Figure 5(a) and (b) show the
counter maps for p-pohrization inside AFSWG and Ge-SWG, respectively.
Since the Poynting vector indicates the density of energy per unit area,
the total energy does not exceed the incident energy despite of the
Poynting vector value higher than 1. The eigenmode energy highly
concentrates into the air-gaps for both Al and Ge-SWG, compared with
that for s-polarization. In AFSWG case, about 1.3 times greater energy
than that of Ge-SWG was concentrated into the air-gap. As a result, the
transmittance through the ALSWG became higher than that through the
Ge-SWG regardless of the larger refractive index imaginary part of Al
than that of Ge.

These transmission mechanisms for s- and p-pohrization can be
understood as folbws. The eigenmode states and the energy
distribution within the SWG strongly reflected the special periodic
distribution of the refractive index and the boundary conditions of the
electromagnetic field The boundary condition of electric field defined the
transmission mechanism of the SWG, because the boundary condition
of magnetic field was always satisfied at optical wavelength region
(Reltive permeability is nearly 1). If the real part of refractive index of
the grating ridge was low (similhr to that of AFSWG), the optical
behavior of the s-polarized mode approximately resemblked a phne
wave in a homogeneous hyer with an effective index value because the
mode energy evenly distributed in the SWG due to continuous of electric
field at the interface between the grating ridges and air-gaps. In contrast,
high refractive index modulation (simibr to that of Ge-SWG) induced a

These results indicated that monotonically decreasing the period
was not an optimal design method for identifying high ER and high
transmission, and even low aspect ratio structures could be used to
realize high-performance pohrizers. This insight of our design
technique could be used to overcome difficulties in the fabrication
process for high ER and high transmission devices, especially for
pohrizers in shorter wavekngth regions such as the UV wavelength
region.

3. EXPERIMENTAL RESULTS AND DISCUSSIONS

Based on our theoretical considerations, we fabricated a polarizer with
a Ge-SWG that had a period of 100 nm, grating height of 100 nm, and
ridge width of 60 nm on an optical glhss substrate in order to
demonstrate high ER at UV wavelengths. Then, a 120-nm-thick film of
positive electron beam resist (ZEP 520A: Zeon) was spin-coated on the
substrate. The area of the grating pattern was 1.2 x 1 mm?2. The grating
pattern was drawn using electron beam lithography, and the patterned
resist was developed Then, a 100-nm-thick Ge film was thermally
evaporated on the patterned resist, and the resist was removed A
scanning electron microscope (SEM) image of the fabricated Ge-SWG is
provided in Fig. 6. The fabricated grating period and Ge ridge width
were 100 nm and 60 nm, respectively.
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Fig. 6. SEM image of the fabricated Ge-SWG




We measured the transmission of s- and p-polarized light thorough
the fabricated Ge-SWG to evaluate the performance of the SWG as a UV
pohrizer. Figure 7 shows the schematic experimental set up for the
evaluation. The light source was a UV lightemitting diode (UV-LED)
with a peak wavelength of 360 nm, and a collimation lens was plced in
the front the LED. The beam diameter was about 0.8 mm using the iris
diaphragm. The polrization of the collimated light was controlled by
rotating the polarizer. Incident light normally entered the Ge-SWG
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Fig. 7. Schematic of the experimental set up.

The transmitted light intensity through the fabricated Ge-SWG was
measured using a spectrometer: Figure 8 shows the transmittance for p-
and s-polarized incident light and ER as a function of the incident
wavekength. We also showed error bars at three typical wavelengths in

Fig. 8. The error bars were standard deviation over three measurements.

The maximum magnitude of error bars were bwer than 1 dB in the
wavekength region from 340 nm to 380 nm and show that the noise
level of our measurement was low enough to evaluate ER. The
transmittance for p-polarized light was much higher than that for s-
pohlrized light. The tendency of the optical characteristics of the
fabricated SWG showed good agreement with that in FDTD calculation.
The measured ER value reached about 17.4 dB in the 360 nm
wavekength region when the p-pohrization transmittance was
maintained at almost 12%. However, the measured ER value was ower
than the cakulated value. This deviation was mainly caused by kaking s-
pohrized light from an imperfect region of the SWG with the fabrication
error. The ER dramatically varied with a minute change in the s-
pohrized light. However, the measured ER value will still be acceptabke
for polarization control applications in the UV wavekngth region, such
as photo-alignment devices [1,2].
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Fig. 8. Measured transmission and ER in the fabricated Ge-SWG

and Si-based wire-grid polarizers have been reported for the 360 nm
wavelength [17,18]. An Albased wire-grid polarizer with an aspect
ratio of about 4.4 showed an ER value of about 16 dB around the
wavekngth of 360 nm; this ER value was bwer than that in the
fabricated Ge-SWG polrizer despite of the very high aspect ratio in the
Albased pohrizer. Although Ir-based polarizers showed high ER values
in the UV wavekngth region, structural aspect ratios of almost 4 and
periods on the order of 100 nm were required Achieving both a high
aspect ratio and small period is extremely challenging to fabricate. On
the other hand, the Si-based wire-grid polarizer with a structural aspect
ratio of about 1.9 showed an ER value of 19.5 dB at the wavekngth of
365 nm. Compared with these pohrizers, an ER value of 17.4 dB was
successfully demonstrated using the Ge-SWG with a much lower aspect
ratio of 1.67. This aspect ratio was kess than half that in the AF and Ir-
based wire-grid polarizers. To best of our knowlkedge, the aspect ratio of
1.67 was bwest value in wire-grid pohrizers that could simultaneously
maintain a high ER value (> 17 dB) in the UV wavekngth region. These
results suggested that an ER value on the order of that obtained in Si-
based wire-grid pohrizers could be successfully realized regardless of
the very bw structural aspect ratio of 1.67 [18]. Moreover, Ge-SWG can
be fabricated by very ow temperature process as compared with Si-
SWG Thus, the Ge-SWG demonstrated in this work could be significant
for overcoming difficulties in the fabrication process, and the Ge-SWG
would be suitabke for practical applications of UV polrizers due to its
high ER value.
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Fig. 9. Dependence of the transmission on the transition hyer thickness.
The insert is the SWG model in the calculation.

We compared the optical characteristics of the fabricated Ge-SWG to
those of other UV polarizers to evaluate the performance of the Ge-SWG
In particular, the ER value was compared, as this value is important for
the development of UV polarization control applications. Only AL, Ir-,

We theoretically discuss the improvement of the transmission for p-
pohrization through the Ge-SWG by Fabry-Perot interference effect due
to inserting a low refractive index transition layer between the SWG and
substrate [29]. In this calculation, a MaF2 was employed as the transition
hyer owing to its ow refractive index value and low light absorption in
UV wavelength region. The refractive index value of MgF: was
1.3866+0i at the wavelength of 360 nm [30]. Influence of the transition
hyer on the transmission for p-polrization was evaluated by FDTD
calculation. The period, filling factor, and height of SWG model were set
to A = 100 nm, ff = 0.6, and H = 100 nm, respectively. The normal
transmission for p-pohrization is shown in Fig. 9 as a function of the
transition kyer thickness. In Fig. 9, the transmittance oscilkted for the
increasing of transition lyer thickness owing to Fabry-Perot
interference effect, and the maximum transmission reached to about
30 % at the wavelength of 360 nm. The transmittance value was
comparable with that of conventional UV pohrizing phte. This
calcultion result indicates that the transition hyer improves the



transmission and is of great use for UV polarizer.

4. CONCLUSION

In conclusion, we experimentally demonstrate a UV polarizer by
utilizing the eigenmode due to the periodic refractive index distribution
of a Ge-SWG We cakulted the counter map of the magnitude for
Poynting vector of the eigenmode using the FDTD method in order to
estimate the performance of Ge-SWG as a UV polarizer. The calculated
results indicated that Ge-SWG could be used to achieve a high ER value
without significantly decreasing the UV light intensity despite its very
ow structural aspect ratio. The designed pokrizer was fabricated using
eectron beam lithography, and a high ER was experimentally
demonstrated with 1.67 structural aspect ratio of the SWG The
measured ER reached about 17.4 dB around a wavelength of 360 nm
when about 12% of the p-polrized transmittance was maintained
Moreover, the results of FDTD calculation showed that the low refractive
index transition layer between the SWG and substrate significantly could
improve the transmission for p-polrization. These results provided
new insight into the design of SWGs for UV polrizers and could
promote the development of integrated polrization control
applications in the UV wavelength region.
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