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camera system, one is able to remove glare from object surfaces for providing images with more contrast, and control the variable light
exposure as a variable neutral density filter.
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VOLTAGE-TUNABLE POLARIZER

GOVERNMENT CLAUSE
[0001] This invention was made with government support under Grant No.
ECCS-1454188 awarded by the National Science Foundation and Grant No. FA9550-
16-1-0272 awarded by the United States Air Force/Air Force Office of Scientific

Research. The Government has certain rights in this invention.

FIELD
[0002] The present disclosure relates to a voltage-tunable polarizer applied to as
well as a nano-imaging system for resolving polarization-sensitive nanoparticles beyond
diffraction limit and to a photographic camera system for glare removal and for variable

light exposure.

BACKGROUND

[0003] Analyzing individual polarization-sensitive nanoparticles allows for
spatially resolving actual distributions within a heterogeneous population beyond the
diffraction limit. Whereas ensemble studies provide a blended average, polarimetric
imaging of individual nanoparticles can reveal their orientation. By rotating the
polarization to align with the axes of anisotropic nanoparticles, orientational information
can be extracted, giving rise to the nature of their local microenvironment. Notably,
polarimetric imaging of each individual nanoparticle has the potential to ascertain the
precise spatial position (nm) of each constituent nanoparticle within a heterogeneous
distribution. However, previous implementations utilize mechanical approaches in order
to rotate the polarization. Thus, resulting images are prone to beam deviation errors
due to inherent mechanical and manufacturing limitations (surface defects, mechanical
wobble, etc.). While beam deviation errors can be corrected using image processing at
the micrometer scale, this disclosure theoretically and experimentally shows these
corrections are not sufficient at the sub-pixel scale to accurately correct spatial
positions of individual nanoparticles.

[0004] In this disclosure, a voltage-tunable polarizer is presented which may be
used for resolving polarization-sensitive nanoparticles beyond the diffraction limit. In
one example, a voltage-tunable polarizer is integrated with an optical microscopy, to

stably image single plasmonic nanoparticles beyond the pixel limit. Here, voltage,
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rather than mechanical rotation, is used to dynamically tune the transmission
polarization angle and eliminate beam deviations. It is demonstrated that the
transmission polarization angle (8) can be rapidly tuned for dynamic, high-speed
polarimetric nano-imaging. It is also shown that the nano-imaging system results in
spatially stable and reproducible polarimetric nano-images (from 61 to 62) compared to
conventional setups with mechanically rotated polarizers which introduce non-
correctible errors when the images shift across pixels.

[0005] In another example, the voltage-tunable polarizer is integrated with a
photographic camera, to remove polarized or partially polarized reflections from object
surfaces for providing images with more details and/or contrast. It is demonstrated that
when the voltage-tunable polarizer is turned on and the tuning angle is perpendicular to
the polarization state of the reflected light from the object to be imaged, the reflection
glare is suppressed and the details on the imaged object (such as written letters) is
revealed. The voltage-tunable polarizer may also be used as a variable neutral density
filter for photographic purposes to provide variable transmission intensity and variable
light exposure.

[0006] Voltage-tunable polarizer has applications in still and live photography in
automotive camera systems, ship/boat camera systems, underwater camera systems,
flight/plane camera systems, consumer electronics camera systems (laptop, cell phone,
etc.), space shuttle camera systems, autonomous camera systems, surveillance
camera systems, scientific camera systems, etc. Voltage-tunable polarizer also has
applications in sensor enabled eye glass wear, adjustable smart glasses, etc.

[0007] This section provides background information related to the present

disclosure which is not necessarily prior art.

DRAWINGS
[0008] The drawings described herein are for illustrative purposes only of
selected embodiments and not all possible implementations, and are not intended to
limit the scope of the present disclosure.
[0009] Figure 1A is a diagram depicting no beam deviation after rotation of a
polarizer in an ideal case.
[0010] Figure 1B depict simulated stable images of a single plasmonic nanorod

after rotating the polarizer at different increments.
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[0011] Figure 1C are close-up views of select simulated images from Figure 1B
showing accurate spatial distribution.

[0012] Figure 2A is a diagram depicting beam deviation due to non-parallelism
of the polarizer.

[0013] Figure 2B depict simulated unstable images of a single plasmonic
nanorod after mechanically rotating the polarizer at different increments.

[0014] Figure 2C are close-up views of select simulated images from Figure 2B
showing non-correctable beam deviation errors at sub-pixel scale.

[0015] Figure 3A is a block diagram of an example nano-imaging system.

[0016] Figure 3B is a block diagram of an example for photographic application.

[0017] Figure 4A is a cross-sectional exploded view of an example embodiment
of a voltage-tunable polarizer.

[0018] Figure 4B is a cross-sectional exploded view of a second example
embodiment of a voltage-tunable polarizer functioning as an intensity modulator.

[0019] Figure 5A is a diagram of the example embodiment of the voltage-tunable
polarizer.

[0020] Figure 5B is a diagram of the second example embodiment of the voltage-
tunable polarizer functioning as an intensity modulator.

[0021] Figure 6A is a schematic of a microscope insert holding the voltage-
tunable polarizer for nano-imaging system.

[0022] Figure 6B is a schematic of an insert for holding the voltage-tunable
polarizer for photographic application.

[0023] Figure 7A are graphs showing dependence of the voltages on the
rotations of the transmission polarization axis (8). The experimental data and its
polynomial fit are plotted for both liquid crystal retarders (bottom for LC1 actuation
voltage U; and top for LC2 actuation voltage U,).

[0024] Figure 7B is a graph showing polarization performance for the voltage-
tunable polarizer. Transmitted light intensity with different polarization angles show
excellent match to Malus’s law (black line). The experimental data (red dots) was
obtained by rotating the voltage-tunable polarizer after a linear polarizer (« is the angle
between the transmission axes of the polarizer and the linear polarizer, inset) and then
fitted to a sinusoidal function (red line). A and B in the figure represent linear polarizer

and voltage-tunable polarizer, respectively.
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[0025] Figure 7C is a graph showing uniformity over input power; transmission
for different polarization angles (red line, O degrees; green line, 30 degrees; blue line,
60 degrees; purple line, 90 degrees) is shown over a broad input power range.

[0026] Figure 7D is a graph showing uniformity over different wavelengths.
Consistent polarization performance over a wide range of wavelengths (1) from 710 nm
to 770 nm, where in the inset, the transmission axis of the first linear polarizer (LP) is
set to be aligned with the y-axis, and the angle a is the angle between transmission
axes of the linear polarizer and the voltage-tunable polarizer. A and B in the figure
represent linear polarizer and voltage-tunable polarizer, respectively.

[0027] Figure 8A are graphs showing turn-on and turn off switching of the
voltage-tunable polarizer. In the top graph, actuation voltages are shown for LC1,
where the low and high voltage levels are 1.86 V and 2.88 V (blue waveform),
corresponding to rotating the polarization axis from perpendicular (off state) to parallel
(on state) direction with respect to the incoming light polarization. Both voltage levels
are in the form of a 250 Hz square wave. In the bottom graph, response time analysis
is shown. Transmitted light intensity (red line) of the voltage-tunable polarizer under the
amplitude-modulated voltages. The first and second shaded areas represent the
response time of the turn-on and turn-off switching, respectively.

[0028] Figure 8B are graphs showing temporal performance of the voltage-
tunable polarizer. In the top graph, transmitted light intensity of one period is shown
under dynamic actuation (black dots, experimental data; red line, sinusoidal fit), where
the top inset is high repeatable performance over multiple periods. In the bottom graph,
actuation voltages are shown for operating the LC1 (one period), which is imposed of
19 discrete voltage levels corresponding to rotating transmission axis from 0°to 90°
and back to 0°, where the bottom inset is actuation voltages of multiple periods.

[0029] Figure 8C is a graph showing the trade-off relations between the time
period (i.e., rotation speed) and the extinction ratio, where the experimental data and its
nonlinear fit are plotted as a red bar and black line, respectively.

[0030] Figure 8D is a graph showing that a voltage-tunable polarizer enables
high-speed polarimetric nano-imaging. A gold nanorod was imaged at high-speed by
dynamic rotation of the transmission polarization axis through the voltage-tunable
polarizer. The measured average intensity of the nanorod over time is plotted as the

line and the actuation voltage over time for LC1 is plotted in the waveform. Insets,
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nanorod dark-field images with transmission polarization directions parallel (horizontal
arrow) and perpendicular (vertical arrow) to its long axis (scale bar 500 nm).

[0031] Figure 9A is a large field-of-view single nanorods polarimetric image;
single nanorods on a glass substrate was imaged.

[0032] Figures 9B and 9C are 3D images illustrating the spatial precision of the
voltage-tunable polarizer. In Fig. 9C, a representative region of interest composed of
three single nanorods (labelled as i, ii, and iii) are shown in the stacked 3D images.
The position of the gold nanorods obtained by voltage-tunable polarizer is traced in
cyan (right stack), showing stable nano-imaging. As a comparison, the positions of the
gold nanorods obtained by mechanically rotated polarizer are traced in red in Fig. 9B,
showing large beam deviation and image shift. The intensity of the rods are plotted (on
right of Fig. 9C) and the orientation information of the nanorods can be deduced as
~53° for i, ~25°for ii, and ~58° for iii respectively (illustrated in the insets and lower
right corner).

[0033] Figure 10 is the nano-image is at O0° polarization: three single gold
nanorods (labelled i, ii, and iii) were imaged using both voltage-tunable polarizer and
mechanically rotated polarizer (scale bar is 1 um).

[0034] Figure 11A-11F are nano-images of the three nanorods from figure 10 at
175° from mechanically rotated polarizer and corresponding beam deviation errors
(RMSD). The resulting nano-images from the mechanically rotated polarizer setup
were spatially corrected so they can be compared with those from a voltage-tunable
polarizer. The nano-images from the voltage-tunable polarizer were shown without any
spatial correction. The red cross-hair indicates the center pixel at 0°. For each
nanorod, the intensity of each pixel was fitted to a sinusoidal function and the beam
deviation error was calculated in terms of its normalized root-mean-square deviation
(RMSD).

[0035] Figure 12A-12F are the nano-images of the three nanorods from figure 10
at 175° from voltage-tunable polarizer and corresponding beam deviation errors
(RMSD). The nano-images from the voltage-tunable polarizer were shown without any
spatial correction. The red cross-hair indicates the center pixel at 0°.

[0036] Figures 13A and 13B are photographic images taken with the voltage-
tunable polarizer at on state versus at off state. The partially polarized reflection glare
from the object are removed when the voltage-tunable polarizer is turned on, showing a

clear image of the letters written on the object.
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[0037] Figures 14A-14D are the photographic images illustrating the voltage-
tunable polarizer functioning as a neutral density filter. The images are taken as the
polarization angle of the voltage-tunable polarizer is tuned from 0 degree to 90 degrees
for a polarized input light. The image intensity varies as a result of the polarizer tuning
angle changes.

[0038] Figure 15A and 15B describe the structures of two embodiments of the
voltage-tunable polarizer of which the linear polarizer is replaced with linear polarizing
thin film, the quarter wave plate is replaced with quarter wave retarder thin film and the
liquid crystal cell is replaced with a fabricated liquid crystal retarder using thin-film
bottom-up process.

[0039] Figure 16 illustrates a bottom-up, thin-film fabrication process for a liquid
crystal retarder with minimum device thickness.

[0040] Corresponding reference numerals indicate corresponding parts

throughout the several views of the drawings.

DETAILED DESCRIPTION
[0041] Example embodiments will now be described more fully with reference to
the accompanying drawings.
[0042] In polarimetric nano-imaging systems, the beam deviation (Al) caused by

the mechanical rotation of conventional polarizers can be defined as

AZ:\/(XQ—XOY"‘(V@_J/O)Z, (1)

where 0 is the rotation angle, (x0, y0) and (x6, yB) are the spatial coordinates of the
beam center before and after the rotation of the polarizer. Ideally, x6 and y0 should be
equal to x0 and y0 regardless of the rotation as seen in Figure 1A. However, in real
cases, a non-zero Al arises from the mechanical and manufacturing limitations. Among
them, non-parallelism between the two optical surfaces of the polarizer is one of the
main contributors as seen in Figure 2A, in which the spatial coordinate of the beam
center after the rotation can be expressed as
{xg =d o(n-1)(1-cos )
y,=do(n-1)sin@ ° 2)

where d is the distance between the imager (e.g., charged-coupled device (CCD)) and

the polarizer, n is the refractive index and ¢ is the non-parallel angle between two
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surfaces of the polarizer. By substituting the Eq. (2) into the Eq. (1), the beam deviation
with respect to 6 can be obtained as

Al(6)=2 singd(n -1)o,

2 (3)

In one example, d, ¢, and n are assumed to be 50 mm, 5 arcsec, and 1.45,
respectively. The rotation of the polarizer will cause the beam to trace out a ~1.1-um
diameter circle at the imaging plane. For polarimetric nano-imaging, such beam
deviation gives rise to a significant intensity error, which cannot be fully corrected
beyond the diffraction limit by image processing. For better understanding, the angular
rotation of the polarizer can be written in terms of Mueller matrices operating on the

Stokes vector

I 110 0]t o o oL
O 1/1 1 0 0|0 cos28 smn28 0| 0O,
U| 2|0 0 0 0l[0 —sin20 cos20 0||U, |
% 000 0/0 o0 o 1|7

(4)
where [I, Q, U, V]' is the output Stokes vector and [ls, Qs, Us, V] is the Stokes vector
of the light scattered by the nanostructures. For the CCD, it is only the intensity | and its
dependence with 6 that can be measured, which can be expressed as
1 .

1(0)_5(15+Qs cos 20 + U sin 26). 5)
Meanwhile, for nano-imaging, a gaussian point spread function can be used to describe
the intensity distribution on the CCD

1(x,:0) = 1(@)exp[-2(X=2) T2 Ye) )

2
@

(6)
where w is the waist radius. In experimental case, the actual output signal S (m, n; 6)

from a CCD pixel (m, n) can be then given by

+00 400

Sm,m0) = | [ I(x,y,0)R(x—mp, y—nq)dxdy,
(7)

where R(X, y) is the pixel response function (PRF), and p, q are the pixel pitch at x and
y direction, respectively. Due to the non-uniform CCD pixel response (e.g., pixel-to-pixel
and intra-pixel sensitivity variation), R(x,y) is different at different positions, resulting in
an error in the output signal S (m, n; 8) during the rotation of the polarizer. In some
cases, beam deviation errors at the pixel scale can be corrected using image

processing (e.g., correcting the pixel-to-pixel variations). However, sub-pixel beam
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deviation errors cannot be eliminated even with an ideal PRF. As a typical case, by
combining the Eq. (2) and Eq. (5-7), polarimetric nano-images of a single plasmonic
nanorod with an ideal polarizer and a mechanically rotated polarizer were simulated by
theoretical calculation as seen in Figures 1B and 2B, respectively. Simulation shows a
significant beam deviation (image shift) at micrometer scales from the non-parallelism
of the mechanically rotated polarizer. Moreover, even with an ideal PRF, the beam
deviation at the sub-pixel scale changes the spatial distribution of the output signal
sampled by the CCD, resulting in an inevitable intensity error for each pixel as seen in
Figure 2C. Such intensity variations lead to spatial instabilities in nano-imaging, and
thus hinder resolving accurate spatial and polarimetric information of individual
nanoparticles.

[0043] Figure 3A illustrates a nano-imaging system 30 for resolving polarization-
sensitive nanoparticles beyond diffraction limit. The nano-imaging system 30 is
comprised generally of an optical microscope 31, an imager 32, a voltage-tunable
polarizer 33 and a controller 34.

[0044] The optical microscope 31 operates to project light onto a sample of
interest. In one example embodiment, the optical microscope 31 is the IX73
microscope commercially available from Olympus. In this example, the optical
microscope 31 uses dark-field imaging methods although other imaging methods are
contemplated by this disclosure. The optical microscope 31 may be configured with a
condenser 35, an objective lens 36, a beam splitter 37, a tube lens 38 and an
integrated imager 32, such as a CCD camera. It is understood that the optical
microscope 31 may include more, less or different optical components for directing the
light along a light path to the imager 32. The imager 32 in turn captures an image of
the sample of interest. It is also envisioned that the imager 32 may be integrated into or
external from the remaining optical components which comprise the microscope. In
some embodiments, the optical microscope 31 may not include the imager.

[0045] A voltage-tunable polarizer 33 is disposed in light path of the optical
microscope. For example, the voltage-tunable polarizer 33 may be designed as an
insert to fit into a polarizer port of the microscope 31 or another ports of the microscope
31. In response to a voltage applied thereto, the voltage-tunable polarizer 33 changes
polarization state of light propagating through the polarizer without mechanical rotation

of the polarizer itself. In a simple form, the voltage-tunable polarizer is implemented by



10

15

20

25

30

WO 2019/094793 PCT/US2018/060128

a pair of liquid crystal variable retarders aligned in series in the light path of the
microscope.

[0046] Figure 3B illustrates an example of photographic applications, where the
voltage tunable polarizer 33 is integrated into a photographic camera 39. The system is
comprised generally of a photographic camera 39, a voltage tunable polarizer 33 and a
controller 34.

[0047] While references are made to a nano-imaging and photographic
applications, it is readily understood that the voltage-tunable polarizer described herein
has other applications, including but not limited to a neutral density filter for variable
light exposure. The voltage-tunable polarizer has application for still and live
photography in, automotive camera systems, ship/boat camera systems, underwater
camera systems, flight/plane camera systems, consumer electronics camera systems
(laptop, cell phone, etc.), space shuttle camera systems, autonomous camera systems,
surveillance camera systems, scientific camera systems, etc. as well as application in
sensor enabled eye glass wear, adjustable smart eye glass wear, etc.

[0048] Figures 4A and 5A depict a first example embodiment of the voltage-
tunable polarizer 33A. In this example, the voltage-tunable polarizer 33A has a
compact sandwich structure, consisting of two variable liquid crystal retarders 41, two
N4 achromatic polymer retarder films 42 (i.e., quarter waveplate) and a high-contrast
linear polarizing film 43. More specifically, a first quarter waveplate 42A is configured to
receive the light from the optical microscope. A first liquid crystal retarder 41A is
positioned adjacent to the first quarter waveplate 42A and configured to receive the
light passing through the first quarter waveplate 42A. The linear polarizer 43 has an
incoming surface and an outgoing surface. The incoming surface of the linear polarizer
43 is adjacent to the first liquid crystal retarder 41A and thus receives the light passing
through the first liquid crystal retarder 41A. The outgoing surface of the linear polarizer
43 is adjacent to a second liquid crystal retarder 41B. The second liquid crystal
retarder 41B receives the light passing through the linear polarizer 43. Lastly, a second
quarter waveplate 42B is positioned adjacent to the second liquid crystal retarder 41B
and is configured to receive the light passing through the second liquid crystal retarder
41B.

[0049] The transmission axis of the linear polarizing film 43 and the fast axis of
the polymer retarder films 42 are both parallel with respect to the x-axis, while the fast

axis of the liquid crystal retarders 41 are aligned at forty-five or odd multiples of forty-
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five degrees with the x-axis as seen in Figure 5. That is, the transmission axis of the
linear polarizer 43 is parallel with the fast axis of the first quarter waveplate 42A and the
fast axis of the second quarter waveplate 42B. The fast axis of the first liquid crystal
retarder 41A resides in a plane that is parallel with the transmission axis of the linear
polarizer 43 but is aligned at forty-five or odd multiples of forty-five degrees from the
transmission axis of the linear polarizer 43. Likewise, the fast axis of the second liquid
crystal retarder 41B resides in a plane that is parallel with the transmission axis of the
linear polarizer 43 but is aligned at forty-five degrees from the transmission axis of the
linear polarizer 43. By applying amplitude-modulated voltage on the liquid crystal
retarders 41A, 41B, the polarization transmission axis of the optically active polarizer 33
can be rotated ranging from O degree to 180 degree with microsecond to millisecond
response time.

[0050] Figure 4B and 5B depicts another example embodiment for a voltage-
tunable polarizer 33B functioning as an intensity modulator. In this example, the
polarizer 33B includes three optical elements: a quarter wave plate 42C, a liquid crystal
retarder 41C and a thin film linear polarizer 43. The quarter wave plate 42C is
configured to receive the light incident upon an exposed surface thereof. The liquid
crystal retarder 41C is positioned adjacent to the quarter wave plate 42C and is
configured to receive the light passing through the quarter wave plate. The linear
polarizer 43 is positioned adjacent to the liquid crystal retarder 41C and is configured to
receive the light passing through the liquid crystal retarder 41C. More specifically, the
transmission axis of the linear polarizer 43 is parallel with the fast axis of the quarter
waveplate 42C, and the fast axis of the liquid crystal retarder 41C resides in a plane
that is parallel with the transmission axis of the linear polarizer 43 but is aligned at forty-
five or odd multiples of forty-five degrees from the transmission axis of the linear
polarizer 43. Thus, this design minimizes the number of optical elements required while
providing high transmission combined with low-cost and compact footprint. It is
particularly suitable for use in imaging systems such as a microscope and CCD
camera. It is also suitable for precision polarimetric imaging of anisotropic nano/micro
structures with high spatial precision and fast response time.

[0051] Both embodiments of the voltage-tunable polarizer 33A, 33B can be
operated over a relatively broad wavelengths with high extinction ratio, and uniform

transmission over a large input power range. In addition, the voltage-tunable polarizers
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33A, 33B are also compatible with circular and elliptical polarization modulation,
offering a versatile platform for imaging the anisotropic nano/micro structures.

[0052] In one example, the voltage-tunable polarizer 33 is implemented by an
insert 60 fit into a polarizer port of the optical microscope 31. The insert 60 is
comprised of a cover 61 and a base 62 as seen in Figure 6A. The insert includes a
standard one inch (but not limited to one inch) optical window 63 for light from the
microscope to pass through. The voltage-tunable polarizer 33 is positioned in the
optical window 63 of the insert 60. The cover 61 serves to protect the polarizer 33
when coupled to the base 62. In one example, the cover 61 is fastened to the base 62
using fasteners although other attachment methods are contemplated as well. The
insert 60 may also include two slots for wire connections.

[0053] In another example, the voltage tunable polarizer 33 is implemented as an
insert 65 fit into a photographic camera system as shown in Figure 6B. The insert 65 is
comprised of an outer adapter ring structure 66 for mounting onto photographic
cameras and an inner retaining ring structure 67 for securing the voltage-tunable
polarizer. The insert 65 may also include contact electrodes for connecting to the
camera body and transmitting voltage signals.

[0054] With continued reference to Figure 3, the controller 34 is operably coupled
to the voltage-tunable polarizer 33 and supplies voltage to the voltage-tunable polarizer
33. In one embodiment, an amplitude-modulated voltage signal is supplied by the
controller 34 to the variable liquid crystal retarders 41 of the voltage-tunable polarizer
33. For example, the phase retardation of the liquid crystal retarders 41 are controlled
by applying different voltage levels through a two-channel function generator (e.g.,
AFG2225, Instek). If both the liquid crystal retarders 41 have the same retardation (d),
the transmission polarization angles of the voltage-tunable polarizer can be rotated by
2/8.

[0055] For both example embodiments, the controller 34 is implemented as a
microcontroller. It should be understood that the logic for the controller 34 can be
implemented in hardware logic, software logic, or a combination of hardware and
software logic. In this regard, controller 34 can be or can include any of a digital signal
processor (DSP), microprocessor, microcontroller, feedback sensor, or other
programmable device which are programmed with software implementing the above
described methods. It should be understood that alternatively the controller is or

includes other logic devices, such as a Field Programmable Gate Array (FPGA), a
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complex programmable logic device (CPLD), or application specific integrated circuit
(ASIC). When it is stated that controller 34 performs a function or is configured to
perform a function, it should be understood that controller 34 is configured to do so with
appropriate logic (such as in software, logic devices, or a combination thereof).

[0056] To achieve the optimum performance for nano-imaging and photography,
the extinction ratio, power and wavelength dependence were first systematically
characterized. The angular rotation of the transmission polarization axis can be
realized by applying voltages on the liquid crystal retarders. Figure 7A gives the
dependence of the voltages on the rotation of the transmission polarization axis (0),
showing excellent linearity within © from 0° to 180°. For further characterization, the
voltage-tunable polarizer 33 is placed after a linear polarizer to measure the transmitted
light intensity. The angle (a) between transmission axes of these two polarizers was
initially set to be orthogonal. As is shown in Fig. 7B, when the actuation voltages
increase, the transmitted intensity varies from minimum to maximum, and then
decreases to minimum. Note the rotation-dependent intensity is directly proportional to
cos(2a), which agrees well with Malus’s law (black dashed line). Meanwhile, as is
shown in Fig. 7C, for a given angle of the transmission polarization axis (e.g., 0°, red
line), the voltage-tunable polarizer 33 exhibits a uniform transmission over a large input
power range. In addition, by using white light combined with spectrometers, a-
dependent (the angle between the transmission axes of the two polarizers)
transmission at different wavelengths (A) was also investigated (Fig. 7D). It shows that
the voltage-tunable polarizer can be operated over wide range of wavelengths. The
operation of the voltage-tunable polarizer however is not limited to this range when
appropriate optical elements corresponding to the target wavelength range are used.

[0057] Next, the temporal performance of the voltage-tunable polarizer 33 is
demonstrated under amplitude-modulated voltages. Figure 8A Iillustrates the turn-on
and turn-off switching of the voltage-tunable polarizer 33 (i.e., rotating © from
perpendicular to parallel direction with respect to the incoming light polarization). The
actuation voltages for one of the liquid crystal retarders is shown in Fig. 8A top, and the
signal for the transmitted intensity is shown in Fig. 8A bottom. It can be seen that, both
the turn-on (blue area) and turn-off (orange area) switching exhibit fast response times,
showing great potential for high-speed rotation of the transmission polarization angles.
Then, Figure 8B shows the continuous rotation of transmission polarization axis of the

voltage-tunable polarizer. The actuation voltage signal was composed of 19 discrete
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voltage levels (corresponding to polarization directions from 0°o 90°and back to 0°)
(Fig. 8B, top). The transmitted light intensity was simultaneously recorded by an
oscilloscope and fits well with a sinusoidal function (Fig. 8B, bottom), indicating that the
voltage-tunable polarizer responded well to the voltage control. Also, no obvious
fluctuation of performance was observed over a long period of time (Fig. 8B, insets),
making the system a good candidate for long-term imaging applications with high
repeatability. Furthermore, the transmission polarization rotation speed can be further
improved at the cost of the extinction ratio. For reference, Figure 8C gives the
dependence of the extinction ratio on the time period of each voltage signal, reflecting
the trade-off relations between the performance and the rotation speed.

[0058] With the confirmation of the temporal performance of the nano-imaging
system, polarimetric images are acquired of anchored, single gold nanorods with the
voltage-tunable polarizer. The images were taken at 8 of 0° (parallel to the nanorod)
and 90° (perpendicular to the nanorod) (Fig. 8D). The imaging setup was composed of
a dark-field microscope followed by a voltage-tunable polarizer and a CCD camera. The
voltage control (Fig. 8D, blue waveform) and the image acquiring from the CCD was
automated to realize high-speed actuation. The selected sequential images (Fig. 8D,
insets) were then analyzed with the intensity change plotted in the figure (red line). It
can be seen that the proposed nano-imaging system 30 is able to reliably change
transmission polarization direction from 0° (inset, left and right) to 90° (inset, center).

[0059] For nano-imaging applications, large-scale precision polarimetric imaging
capability was then demonstrated over a large field-of-view containing a large
population of anchored gold nanorods as seen in Figure 9A. The nanorods were
imaged and their positions were traced with both the mechanically rotated polarizer
(Fig. 9B) and the tunable polarizer (Fig. 9C). Since the voltage-tunable polarizer does
not induce significant shift over the entire range of polarization angles, it can be seen in
Fig. 9C that the nanorods maintain their absolute positions (cyan traces) throughout the
rotation of the transmission polarization axes (shown as the intensity change of the
nanorods). Conversely, image instability of the mechanically rotated polarizer is
evidenced by the red spiral traces in Fig. 9B and the maximum beam deviation error is
as large as microns. The polarization (8)-dependent scattering intensities of the gold
nanorods (labelled as i, ii and iii) were also measured as seen in Figure 9C, from which

the accurate positional information and the in-plane polarization information (~53° for i,
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~25° for ii, and ~58° for iii respectively, as illustrated in the insets and lower right
corner) can be extracted.

[0060] Spatial stability beyond the pixel limit is illustrated in Figures 10-12 by
comparing the voltage-tunable polarizer with the mechanically rotated polarizer. Images
of the single gold nanorods (indicated by the red arrow) at 0° (Fig. 10) and 175° using
the mechanically rotated polarizer and the voltage-tunable polarizer are shown with the
red cross-hair indicating the center pixel. For quantitative comparison, the root-mean-
square deviation (RMSD) of each pixel is calculated between the measured intensity of
the pixels and a fitted sinusoidal function for both the mechanically rotated polarizer and
the voltage-tunable polarizer (Fig. 12). The nano-images with the voltage-tunable
polarizer show a significantly smaller RMSD as a result of sub-pixel spatial stability,
indicating a better fit to sinusoidal functions. Additionally, this smaller RMSD indicates
more accurate polarimetric information of the nanorods across all pixels of the images
compared to the mechanically rotated polarizer.

[0061] For photographic applications, the anti-glare capability of the voltage-
tunable polarizer is demonstrated in Figure 13. In this application, the voltage-tunable
polarizer acts to reduce the partially polarized scattering/reflection for better imaging
quality with more details. When the polarizer is turned off, the letters are not clearly
visible due to reflection. After turning on the voltage-tunable polarizer with appropriate
voltage, the reflection is suppressed and thus letters are visible. Due to the fast
response time of the liquid crystal, such a suppression is realized on the order of
microseconds to milliseconds.

[0062] Figure 14 demonstrates another example photographic application where
the voltage-tunable polarizer is used as a neutral density filter in front of a camera for
linearly polarized incident light. When the polarizer is tuned with an overall tuning angle
of 90 degree (as an example, the four images are taken with tuning angles from O
degree to 90 degrees), the transmission intensity changes from maximum to minimum,
allowing pictures to be taken with variable amount of light exposure.

[0063] In an example implementation of the voltage tunable polarizer,
commercially available parts, including glass-based linear polarizers, liquid crystal
retarders and quarter wave plates are used to manufacture the voltage-tunable
polarizer.

[0064] In an alternative fabrication approaching aiming for minimizing the device

thickness, the glass-based linear polarizer can be replaced by commercially available
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polymer thin film polarizer (e.g., 180 ym). The quarter waveplate can be replaced with
thin film quarter wave retarder (e.g., 75 um). Additionally, the liquid crystal retarder can
be manufactured using a bottom-up thin-film fabrication method as seen in Figures 15A
and 15B. Referring to Figure 16, a conductive ITO layer is first deposited onto the
glass substrate (e.g., total thickness of 1.1 mm). This ITO layer will serve as electrodes
to apply voltage to the liquid crystals. A polymer alignment layer (e.g., < 500 nm) is
subsequently laid on top of the ITO. After placing spacers (e.g., < 100 um), a layer of
liquid crystal solution is then spin-coated onto the alignment layer. Another alignment
layer, ITO layer and a glass cover is then added on top of the device to form the
complete, sealed liquid crystal variable retarder. With this thin film fabrication method,
the total thickness of the device can be reduced to several millimeters.

[0065] Jones Calculus is used to illustrate the viability of the voltage tunable
polarizer. The Jones matrix of the embodiment in Figure 5A is expressed as

cosz(é) Lsin (2-é)

g 27 2 2

2

%sin (2-%) cosz(g)
Where the & is the phase retardation of both liquid crystal retarders. In this case, the
voltage tunable polarizer in terms of Jones matrix has the same expression with a linear
polarizer, which the transmission axis is &/2 angle with respect to the x-axis. The Jones
matrix of the compact embodiment in Figure 5B is expressed as

I g cos(g)—icos(g) sin(g)—i sin(g)

2

0 0

Where the ¢ is the phase retardation of the liquid crystal retarder. In this case, when

setting the incident light to be polarized at an arbitrary angle a, the transmission

intensity is expressed as
I= (cos(g) cos(a) + sin(g) sin(@))’,

It can be seen that the transmission intensity is modulated through the change of phase

retardation, which has the same behavior as a linear polarizer.

[0066] The foregoing description of the embodiments has been provided for
purposes of illustration and description. It is not intended to be exhaustive or to limit the

disclosure. Individual elements or features of a particular embodiment are generally not

15



WO 2019/094793 PCT/US2018/060128

limited to that particular embodiment, but, where applicable, are interchangeable and
can be used in a selected embodiment, even if not specifically shown or described. The
same may also be varied in many ways. Such variations are not to be regarded as a

departure from the disclosure, and all such modifications are intended to be included

within the scope of the disclosure.
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CLAIMS

What is claimed is:

1. A voltage-tunable polarizer, comprising:

a quarter waveplate configured to receive light incident on an incoming surface
thereof;

a liquid crystal retarder disposed on the quarter waveplate and configured to
receive the light passing through the quarter waveplate;

a linear polarizer disposed on the liquid crystal retarder and configured to receive
the light passing through the liquid crystal retarder; and

a controller that is operably coupled to the liquid crystal retarder and supplies a
voltage to the liquid crystal retarder, where, in response to the voltage applied to the
liquid crystal retarder, the voltage-tunable polarizer changes polarization state of the
light propagating through the voltage-tunable polarizer without mechanical rotation of

the voltage-tunable polarizer itself.

2. The voltage-tunable polarizer of claim 1 wherein transmission axis of the
linear polarizer is parallel with fast axis of the quarter waveplate, and fast axis of the
liquid crystal retarder resides in a plane that is parallel with the transmission axis of the
linear polarizer but is aligned at forty-five degrees or odd multiples of forty-five degrees

from the transmission axis of the linear polarizer.

3. The voltage-tunable polarizer of claim 1 wherein polarization transmission
axis rotates from zero degrees to 180 degrees in response to the voltage applied to the

liquid crystal retarder voltage.

4. The voltage-tunable polarizer of claim 1 wherein the transmission light
intensity can be modulated in response to the voltage applied to the liquid crystal

retarder.

. The voltage-tunable polarizer of claim 1 further includes a second liquid
crystal retarder, where the linear polarizer is sandwiched between the liquid crystal

retarder and the second liquid crystal retarder.
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6. The voltage-tunable polarizer of claim 5 further includes a second quarter
waveplate disposed on the second liquid retarder and configured to receive the light
incident on an exposed surface thereof, where the light incident on the second quarter
waveplate passes through the second quarter waveplate and the second liquid crystal

retarder before being incident upon the linear polarizer.

7. The voltage-tunable polarizer of claim 6 wherein the transmission axis of
the linear polarizer is parallel with fast axis of the second quarter waveplate, and fast
axis of the second liquid crystal retarder resides in a plane that is parallel with the
transmission axis of the linear polarizer but is aligned at forty-five degrees or odd

multiples of forty-five degrees from the transmission axis of the linear polarizer.

8. A nano-imaging system, comprising:

an optical microscope operates to project light onto a sample of interest;

a voltage-tunable polarizer disposed in light path of the optical microscope,
wherein, in response to a voltage applied thereto, the voltage-tunable polarizer changes
polarization state of light propagating through without mechanical rotation of the
polarizer itself; and

a controller operably coupled to the voltage-tunable polarizer to supply voltage to

the voltage-tunable polarizer.

9. The nano-imaging system of claim 8 wherein the voltage-tunable polarizer
is further defined as a pair of liquid crystal variable retarders aligned in series in the

light path of the optical microscope.

10.  The nano-imaging system of claim 8 wherein the voltage-tunable polar is
comprised of. a quarter waveplate configured to receive the light from the optical
microscope; a liquid crystal retarder positioned adjacent to the quarter waveplate and
configured to receive the light passing through the quarter waveplate; and a linear
polarizer positioned adjacent to the liquid crystal retarder and configured to receive the

light passing through the liquid crystal retarder.
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11.  The nano-imaging system of claim 10 wherein a transmission axis of the
linear polarizer is parallel with a fast axis of the quarter waveplate, and a fast axis of the
liquid crystal retarder resides in a plane that is parallel with the transmission axis of the
linear polarizer but is aligned at forty-five degrees or odd multiples of forty-five degrees

from the transmission axis of the linear polarizer.

12.  The nano-imaging system of claim 8 wherein the voltage-tunable polarizer
is comprised of: a first quarter waveplate configured to receive the light from the optical
microscope; a first liquid crystal retarder positioned adjacent to the first quarter
waveplate and configured to receive the light passing through the first quarter
waveplate; a linear polarizer having an incoming surface positioned adjacent to the first
liquid crystal retarder and configured to receive the light passing through the first liquid
crystal retarder; a second liquid crystal retarder positioned adjacent to an outgoing
surface of the linear polarizer and configured to receive the light passing through the
linear polarizer; and a second quarter waveplate positioned adjacent to the second
liquid crystal retarder and configured to receive the light passing through the second
liquid crystal retarder, where the incoming surface of the linear polarizer opposes the

outgoing surface of the linear polarizer.

13.  The nano-imaging system of claim 12 wherein a transmission axis of the
linear polarizer is parallel with a fast axis of the first quarter waveplate and a fast axis of

the second quarter waveplate.

14.  The nano-imaging system of claim 13 wherein a fast axis of the first liquid
crystal retarder resides in a plane that is parallel with the transmission axis of the linear
polarizer but is aligned at forty-five degrees or odd multiples of forty-five degrees from
the transmission axis of the linear polarizer; and a fast axis of the second liquid crystal
retarder resides in a plane that is parallel with the transmission axis of the linear
polarizer but is aligned at forty-five degrees or odd multiples of forty-five degrees from

the transmission axis of the linear polarizer.

15. The nano-imaging system of claim 1 wherein the optical microscope

images the sample of interest using a dark field method.
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16.  The nano-imaging system of claim 1 wherein the imager is further defined

as a charge-coupled device.

17. A photographic imaging system, comprising:

a camera that captures images of objects of interest;

a voltage-tunable polarizer disposed in light path of the camera, wherein,
in response to a voltage applied thereto, the voltage-tunable polarizer changes
polarization state of light propagating therethrough without mechanical rotation of
the polarizer itself, and

a controller operably coupled to the voltage-tunable polarizer to supply

voltage to the voltage-tunable polarizer.

18.  The photographic imaging system of claim 17 wherein the voltage-tunable
polarizer is further defined as a pair of liquid crystal variable retarders aligned in series

in the light path of the optical microscope.

19.  The photographic imaging system of claim 17 wherein the voltage-tunable
polarizer is comprised of. a quarter waveplate configured to receive the light from the
optical microscope; a liquid crystal retarder positioned adjacent to the quarter
waveplate and configured to receive the light passing through the quarter waveplate;
and a linear polarizer positioned adjacent to the liquid crystal retarder and configured to

receive the light passing through the liquid crystal retarder.

20.  The photographic imaging system of claim 19 wherein a transmission axis
of the linear polarizer is parallel with a fast axis of the quarter waveplate, and a fast axis
of the liquid crystal retarder resides in a plane that is parallel with the transmission axis
of the linear polarizer but is aligned at forty-five degrees or odd multiples of forty-five

degrees from the transmission axis of the linear polarizer.

21.  The photographic imaging system of claim 17 wherein the voltage-tunable
polarizer is comprised of:. a first quarter waveplate configured to receive the light from
the optical microscope; a first liquid crystal retarder positioned adjacent to the first
quarter waveplate and configured to receive the light passing through the first quarter

waveplate; a linear polarizer having an incoming surface positioned adjacent to the first

20



10

15

20

WO 2019/094793 PCT/US2018/060128

liquid crystal retarder and configured to receive the light passing through the first liquid
crystal retarder; a second liquid crystal retarder positioned adjacent to an outgoing
surface of the linear polarizer and configured to receive the light passing through the
linear polarizer; and a second quarter waveplate positioned adjacent to the second
liquid crystal retarder and configured to receive the light passing through the second
liquid crystal retarder, where the incoming surface of the linear polarizer opposes the

outgoing surface of the linear polarizer.

22.  The photographic imaging system of claim 21 wherein a transmission axis
of the linear polarizer is parallel with a fast axis of the first quarter waveplate and a fast

axis of the second quarter waveplate.

23.  The photographic imaging system of claim 22 wherein a fast axis of the
first liquid crystal retarder resides in a plane that is parallel with the transmission axis of
the linear polarizer but is aligned at forty-five degrees or odd multiples of forty-five
degrees from the transmission axis of the linear polarizer; and a fast axis of the second
liquid crystal retarder resides in a plane that is parallel with the transmission axis of the
linear polarizer but is aligned at forty-five degrees or odd multiples of forty-five degrees

from the transmission axis of the linear polarizer.
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-***-Continued from Box No. Il - Observations where unity of invention is lacking-***-

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fee must be paid.

Group |: Claims 1-7 are directed towards a voltage-tunable polarizer including a quarter waveplate.
Group |I: Claims 8-16 are directed towards a nano-imaging system including an optical microscope.
Group IlI: Claims 17-23 are directed towards photographic imaging system including a camera.

The inventions listed as Groups I-lIl do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

The special technical features of Group | include at least a quarter waveplate configured to receive light incident on an incoming surface
thereof; a liquid crystal retarder disposed on the quarter waveplate and configured to receive the light passing through the quarter
waveplate; a linear polarizer disposed on the liquid crystal retarder and configured to receive the light passing through the liquid crystal
retarder; and a controller that is operably coupled to the liquid crystal retarder and supplies a voltage to the liquid crystal retarder, which
are not present in Groups II-lll.

The special technical features of Group [l include at least a nano-imaging system, comprising: an optical microscope operates to project
light onto a sample of interest; a voltage-tunable polarizer disposed in light path of the optical microscope, which are not present in
Groups | & IlI.

The special technical features of Group Ill include at least a photographic imaging system, comprising: a camera that captures images of
objects of interest; a voltage-tunable polarizer disposed in light path of the camera, which are not present in Groups I-Il.

The common technical features shared by Groups I-l1l are wherein, in response to a voltage applied thereto, the voltage-tunable
polarizer changes polarization state of light propagating through without mechanical rotation of the polarizer itself; and a controller
operably coupled to the voltage-tunable polarizer to supply voltage to the voltage-tunable polarizer.

However, these common features are previously disclosed by US 3,912,369 A to Kashnow, R (hereinafter “Kashnow”). Kashnow
discloses wherein, in response to a voltage applied thereto (in response to an excitation voltage applied (voltage applied thereto);
column 6, lines 1-10), the voltage-tunable polarizer changes polarization state of light propagating through without mechanical rotation of
the polarizer itself (a liquid crystal device 40 (voltage-tunable polarizer) changes a polarization (polarization state) of light moving there
through without mechanically rotating the liquid crystal device 40; figures 5 & 3; column 5, lines 1-10; column 6, lines 1-20); and a
controller operably coupled to the voltage-tunable polarizer to supply voltage to the voltage-tunable polarizer (a source 23 (controller)
connected to the liquid crystal device 40 to supply the excitation voltage to the liquid crystal device 40; figures 3 & 5; column 6, lines
1-10 & 45-55).

Since the common technical features are previously disclosed by the Kashnow reference, these common features are not special and so
Groups |-l lack unity.
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