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ABSTRACT: We propose a plasmonic angle modulator device
based on the extraordinary optical transmission (EOT) phenomen-
on combined with the liquid crystal (LC)-tuned surface plasmons
(SPs). The configuration of this angle modulator mainly involves an
Ag nanograting film for the SP coupling and a LC layer for
continuously tuning SPs via voltage signals. Accordingly, the
directions of the transmission light through the Ag nanograting
film can be tuned continuously, realizing a light beam scanning in a
5° range at an operation rate of 60 Hz. We expect this active-tuned
plasmonic angle modulator would have potential applications in
three-dimensional (3D) display techniques that strictly require the
elaborate and rapid angle modulation of light beams. In addition,
this active-tuned plasmonic angle modulator can also be applied in other fields, such as photocommunication, optical detection,
beam steering, and so on.
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Surface plasmons (SPs) can steer light in nanoscale due to
their predominant capability of light control in subwave-

length scale,1−5 which makes the angle modulation of light
beams beyond the diffraction limit possible. In order to
manipulate light beams, various plasmonic angle modulators
have been developed, for example, nano-optical Yagi-Uda
antennas and subwavelength apertures.2−5 The “static”
modulation of light beams could be attained by tuning the
geometric features of the plasmonics elements.6−8 However,
the “active” control of the light is more attractive since it will be
quite useful in further applications of photocommunication and
optical detection. To achieve the active control in a plasmonic
element, the basic nature that SPs are sensitive to the changes
of the refractive indices (RIs) of the surrounding medium was
commonly considered9 and the active modulation could be
achieved by integrating SPs with electro-optical materials, for
example, liquid crystals (LC).10−14 The active-tuning strategies
exhibit superiorities in flexibility and maneuverability over the
static SP tailoring methods, especially in the aspects of
continuous, reversible, and swift modulation. Therefore, the
active-modulated plasmonic elements are promising and may
open up new opportunities to remedy the missing link between
light and electrical signal in micronano scale. Recently, several
active micro-optical elements based on this strategy have been
proposed, such as nano photoswitches and wavelength-tunable
light sources.15,16 However, the nanoscale electric-controlled
beam angle modulator, which is important for the develop-
ments of photocommunication, optical detection, and so on, is
still absent.

In this work, we propose an active angle modulator of light
beams based on the LC-tuned SPs. We modulated the beam
angles based on the plasmon-induced extraordinary optical
transmission (EOT) phenomenon.17−19 The EOT effect on a
thick metal film with periodic nanostructures (e.g., nano holes,
nano slits, nanograting, etc.) is generally determined by the
characteristics of SPs,20,21 leading to the selective transmission
of rays at the SP resonance (SPR) angles. In this design, the
SPR angles were tuned by the LC via voltage signals.
Consequently, the directions of transmission beam were
continuously modulated. The light beam scanning on this
LC-tuned plasmonic device could be practical in displaying
three-dimensional (3D) images.

■ RESULTS AND DISCUSSION
Principle and Design of the Angle Modulator of Light

Beams. Figure 1a shows the schematic diagram of the angle
modulator. Briefly, it contains a light emitting diode (LED)
light source, a RI matching layer (RI = 1.70, about 100 nm in
thickness), a 100 nm thick Ag film with a grating structure, and
a LC layer (nematic LC, RI = 1.52−1.71). The both sides of the
Ag nanograting has the same structure with a period of 320 nm
and a depth of 25 nm from its AFM image shown in Figure 1S
of the SI. The control of the transmission angle of light beams
is based on the EOT effect on the Ag nanograting and the LC-
tuned SPs. The light transmission process of EOT includes a
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coupling process (from light to SPs) and a decoupling process
(from SPs to light). The LED as a plane light source illuminates
the Ag nanograting. The Ag nanograting covers a large range of
the incident angle of the LED. SPs are first excited at the
interface between the Ag grating and the matching layer. Then,
the evanescent wave of the SPs penetrates through the Ag
grating and further excites the SP wave at the interface between
the Ag grating and the LC layer. Subsequently, the SP wave
would decouple to directional light due to the diffraction of the

Ag grating. The light transmission angle exactly equals the SPR
angle, which can be tuned by changing the RI of the LC.
Therefore, the angle scanning of the transmission beams could
be achieved via the continuous adjustment of the applied
voltages on the LC layer. It should be noted that the light
transmission will be greatly enhanced if the SP waves existing
on both sides of the Ag grating match well.22 Thus, the RI of
the matching layer should be close to that of the LC.

Plasmonic Characteristics of the Angle Modulator.
The angles of transmission light depend on the resonant modes
of SPs.23,24 Hence, we first studied on the plasmonic characters
of this angle modulator using angle-resolved spectroscopy.
Figure 2a shows that the detection geometry is a reflection
mode. The angle-resolved reflection spectra, also known as the
dispersion relation curves of SPs, are plotted in Figure 2b,c. It
can be noted that there are only two SPR bands in the visible
light range: +1 mode at short wavelength and −1 mode at long
wavelength (more detailed theoretical analysis can be found in
SI). The SPR bands have a quasi-linear dispersion, which is
beneficial to the modulation of the SPR angles and wavelengths
on this device. Comparing Figure 2b and c, one can find that
the SPR bands obviously shifted to longer wavelengths when an
electric field of 2.4 V/μm was applied to the LC layer. This is
caused by the increase of the RI of LC layer under an electric
field. Correspondingly, the SPR angle at a fixed wavelength
moved to lower degrees. For instance, along the black dashed

Figure 1. Schematic diagram of the beam angle modulator based on
the EOT effect and the LC-tuned SPs.

Figure 2. Plasmonic characters of the angle modulator. (a) Schematic diagram for the determination of the dispersion relations of SPs on the Ag
nanograting. (b, c) Angle-resolved reflection spectra of the angle modulator when 0.0 and 2.4 V/μm were applied on the LC layer, respectively. The
colors stand for the reflectivity, which is a calibrated value to the reflection spectrum of an Ag mirror. The reflection spectra from 0 to 10° were
absent due to the existence of an inner hindrance between the illumination and detection devices. (d) Schematic diagram for detecting the angle-
resolved transmission spectra on the angle modulator. (e, f) Angle-resolved transmission spectra on the angle modulator when 0.0 and 2.4 V/μm
were applied on the LC layer, respectively. The colors stand for the light intensity. The transmission spectra were normalized by the maximum light
intensities of the light source (an ordinary phosphor-based white-light LED). Dashed lines in (b), (c), (e), and (f) mark the wavelength of 630 nm.
The profiles along the dashed lines in (e) and (f) are in the SI.
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lines showing a certain wavelength at 630 nm, the SPR band
shifted from about 20 to 13° before and after the electric field
was applied (Figure 2b,c). The angle-resolved transmission
spectra were also obtained under the detection geometry of
Figure 2d. A white LED illuminates the Ag nanograting in a
broad range of incident angles. Figure 2e,f shows the angle-
resolved transmission spectra under different applied voltages.
The transmission bands caused by EOT are obvious and they
comply with the dispersion relation of SPs. Similar to the red
shifts of the SPR bands in Figure 2b,c, the transmission bands
shifted to longer wavelengths under an electric field of 2.4 V/
μm. At the same time, the emission directions changed to
smaller angles at a fixed wavelength (along the dashed lines).
To clearly display the effect of angle modulation, in the
following study, a monochrome LED with the emission
wavelength of 630 nm and the full width at half-maximum
(fwhm) of around 10 nm was used as a light source in this
angle modulator.
Angle Modulation of Light Beams via Voltage Signals.

Figure 3a,b shows the photos of the transmission patterns (the
red spots on the screen) through the multilayered plasmonic

device before and after applying an electric field of 2.4 V/μm
on the LC layer. The patterns are two symmetric crescents.
These two conjugated beams result from the SP-induced EOT
effect on the nanograting (detailed discussion is shown in SI).
Comparing Figure 3a and b, one can find the crescent patterns
become closer under an electric field, indicating the decrease of
the transmission angles. Video 1 in the SI shows the dynamic
angle modulation of the beams.
The light intensity distributions obtained by the angle-

resolved spectroscopy are shown in Figure 3c. The emission
angle is 18° at 0 V/μm, and the angles decrease as the electric
field increases. The emission angle shifts to 13° at 2.4 V/μm,
which indicates that the tunable range of the emission angles is
about 5°. This angle range is smaller than the theoretical
expectation that the tunable range would be around 10° when
the RIs of LC change from 1.52 to 1.71 (from the ordinary light
refractivity index of LC to the extraordinary light refractivity
index of LC) based on the coupling conditions on a grating
(see Part 5 in the SI).12 In this ideal condition, the optical axes
of the LC molecules should vary to a vertical orientation.
However, in practice, the LC molecules close to the metal

Figure 3. Angle modulation of light beams via voltage signals. (a, b) Photos of the emission patterns (the red spots on the screen) before and after
applying an electric field of 2.4 V/μm on the LC layer. The distance from the LED to the screen (coordinate paper) was approximately 3 cm and the
coordinate paper has a 1 mm grid. (c) The light fields of the plasmonic device at 630 nm wavelength under different electric fields obtained by the
angle-resolved spectroscopy.

Figure 4. Dynamic angle modulation of light beams via voltage signals. (a) Schematic diagram of the driving signal for LC and LED. The driving
signal for the LC is an amplitude-modulated sinusoidal wave. The frequency of the sinusoidal wave was 1000 Hz. The amplitude-modulated
frequency was 60 Hz and the modulation depth was 100%. The driving signal for the on−off time of LED was a square wave (the range was set as 0−
3 V and the fill factor of 3 V was 20%) at 60 Hz. (b) The dynamic modulation of light field were obtained by varying the phase difference between
the driving signals over LC and LED. The legends represent the phase delay of the LED driving signals (the initial phase difference is P).
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surface cannot rotate to the expected orientation due to the
anchorage force, causing the RI tunable range of LC smaller
than the theoretical prediction. Therefore, the tunable angle
range of transmission beams is less than 10° experimentally.
Light Beam Scanning at a High Refresh Rate. The LC-

tuned plasmonic device could modulate light in a high refresh
rate. Figure 4a shows the schematic diagram of the driving
signals on LC and LED. The driving signal on LC was an
amplitude-modulated sinusoidal wave with a frequency of 60
Hz and a modulation depth of 100%. Under this driving signal,
the transmission angles of light beams can be scanned in a
range of 5 degrees at a refresh rate of 60 Hz. The directions of
light beams could be tuned by controlling the on−off time of
the LED, which is the phase difference. The driving signal to
control the on−off time of the LED is a square wave (0 and 3
V, the fill factor of 20% at 3 V) with a rate of 60 Hz. Since two
signals of driving LC and LED are from two independent
channels of a function wave generator, there is an initial phase
difference (P) between two signals (Figure 4b). We adjusted
the phase of the LC driving signal and delayed the phase of the
LED driving signal to offset the phase difference. As expected,
the light beams emitted at one direction when the LED turned
on once in one scanning cycle of the LC and the emission
directions varied with the phase difference.
Angle Modulation of Beams Illuminated by a Focused

Light Beam to Attain Unidirectional Beams. The
unidirectional beams have more practical applications than
the crescent-shaped beams. We aim to obtain the unidirectional
beams by using a focused light beam instead of a plane light
source. As shown in Figure 5a, the incident angles cover from 0
to +25°, which is different from the case in Figure 1a where the
incident angles cover almost from −90 to +90°. Thus, the
transmission beams only exist in this range and the conjugate

beams disappear. As shown in Figure 5b, there is only one light
spot on the screen, differing from the two symmetric crescent
patterns in Figure 3. Furthermore, the beam angle can be tuned
by applying a repetitive voltage signal in the same mode as that
used in Figure 3 (see the video in SI).

Possible Application for a 3D Image. 3D display is an
attractive visualization technology that provides an efficient tool
to understand complex high-dimensional data and objects, for
example, scientific computing, computer-aided design, and
medical imaging.25−27 To form an autostereoscopic 3D display,
the emission angles of light beams from a 3D pixel should be
modulated.25−27 This plasmonic angle modulator which can
achieve light beam scanning presents a possibility to construct a
high-resolution 3D display.
The angle modulation of light is the key technology to

generate a realistic image. Traditional display devices only show
2D images that lack depth (i.e., the third dimension)
information since the pixels only express the position and
brightness of an image. To form an autostereoscopic 3D
display, the emission angle of rays from a 3D pixel should be
modulated. The basic technology of 3D displays modulates
light in two different directions via a parallax barrier screen,
which presents offset images that project separately to the left
and right eyes. However, the motion parallax cannot be
generated via this technology.28 To obtain more realistic 3D
images, each 3D display pixel should emit a number of
directionally light beams, generating different images in
multiple (different) angular positions. This is the concept of
the multiview autostereoscopic 3D display technology. In the
present multiview 3D technology, a single 3D pixel which
integrates multiple directional emitters are usually used.22,29

However, numerous directional emitters (as the subpixels)
contained in one pixel are not beneficial for decreasing the size
of a pixel. For instance, in order to construct a display with N
views, the resolution of an individual view is essentially 1/N of
the original display resolution which limits the resolution of the
images. To solve this, the plasmonic angle modulator may open
a new opportunity to obtain the directionally varying light in
micro/nanoscale. As shown in Figure 6, an array involving

Figure 5. Angle modulation of light beams illuminated by a focused
light beam. (a) Geometry configuration of the angle modulation of
beams illuminated by a focused light beam. (b, c) The photos show
the shift of the emission beams before and after applying an electric
field of 2.4 V/μm on the LC layer. The yellow dashed circles highlight
the light spots of the transmission beams. The red areas out of the
yellow circles are stray light from the light source. A video showing the
angle modulation of light beams in this configuration is provided in the
SI.

Figure 6. Schematic diagram for the multiview 3D display achieved by
reproducing the light fields (the light intensities at different angles) of
objects via the plasmonic angle modulator array. The beams with
different colors represent the scattering beams from different locations
of the virtual objects.
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plasmonic angle modulators was designed and the light beam
directions could be controlled by the LC-tuned SPs. The
scattering light field of an object could be reproduced by this
plasmonic elements array. The utilization of the designed
plasmonic angle modulators is advantageous to decrease the
size of 3D pixels and improve the resolution of 3D images
above the traditional 3D pixels.
In addition, the angle modulation range was considered. For

our designed angle modulator, the tunable range was 5° at a 60
Hz refresh rate, which allows for the requirement of a particle
pixel element for a 3D display. The angle modulation range is
decided by the viewing field (i.e., the viewing angle). If we
watch the 3D TV at a distance of around 2 m, the inclined
angle of two light beams should be more than 3° to guarantee
the projected views different for two eyes (the distance between
two human eyes is about 0.1 m). Thus, a 5° modulation range
is wide enough to generate 3D images at a viewing distance of
around 2 m. However, the further improvement of the tunable
range is very necessary because a wider viewing angle allows
many people watching 3D images at the same time. Moreover,
a refresh rate of 60 Hz was achieved, which guarantees that
naked eyes cannot perceive the flickering of images, achieving a
quasi-static 3D image for eyes.
One more promising thing is that this technique has the

possibility to achieve the colored 3D display. More statements
are shown in the SI.
Other Applications. The beam angle modulation based on

the LC-tuned SPs is also in great demand in nano-optic fields.
Although beam steering can be achieved by phase-array optics
(e.g., using spatial light modulator) and microelectromechanical
systems using micromirrors, the difficulty in the fabrication and
the diffraction limit restricts their applications in subwavelength
scale. With the development of integrated optics technique, the
plasmon-based angle modulators in a nanosize will show their
attractive prospects in photocommunication and optical
detection fields.

■ CONCLUSION

An active angle modulation device of light beams based on the
LC-tuned SPs is proposed, which has great application
potentials in the multiview 3D display. The plasmonic angle
modulator has a multilayered structure, containing an Ag
nanograting film to couple SPs and a LC cell attaching to Ag
grating to tune SPs by means of voltage signals. The videos and
angle-resolved spectra show that this angle modulator can
efficiently regulate the light beam angles in a 5° range at a
refresh rate of 60 Hz. This prototypical device opens up a new
opportunity to achieve multiview 3D display. It may miniaturize
the pixel size and improve the resolution of 3D display. In
addition, this plasmonic angle modulator also has wide
applications in other fields, such as photocommunication,
optical detection, beam steering, and so on.

■ METHODS

Preparing the Plasmonic Angle Modulator. (1)
Fabrication of the Ag nanograting film and the matching
layer. The Ag film with grating pattern was prepared by vacuum
evaporation depositing a 100 nm thickness Ag film (at a speed
of 0.2 nm/s) on a Bluray disc (RiTEK Company). Then, a
polyimide (PI) solution (2 wt % PI in pyrrolidone) as a
matching layer was spin-coated on one side of the Ag grating
(3000 rad/min, about 100 nm in thickness). The Ag grating

with the PI film was heated to 80 °C for 30 min to obtain a
thermosetting coating. The RI of the fixed PI film is 1.7. Finally,
the Ag layer with PI film was fixed and supported on a glass
slide using ultraviolet curing adhesive and then peeled off from
the Bluray disc.
(2) Construction of the LC cell. The LC cell is composed of

a film spacer (50 μm in thickness) and an ITO glass with the PI
oriented film and the Ag grating film. We first spin-coated the
PI solution (2 wt %) on an ITO glass slide at 3000 rad/min and
then heated them at 200 °C for 60 min. To obtain oriented
grooves for LC, the PI oriented film needs to be repeatedly
rubbed along the direction of the grooves of the metal grating
with a nonwoven fabric for at least 20 times. The LC cell was
constructed with the treated ITO glass, PI film spacer and the
Ag nanograting film with the matching layer. After that, the LC
(TEB50, from ChengzhiYonghua Display Materials Co., Ltd.)
was filled into the LC cell at a temperature of 65 °C by capillary
force.

Angle Modulation of Light Beams Illuminated by a
Plane Light Source (LED). A LED with a flat-end (emission
peak at 630 nm, fwhm of 10 nm) was attached to the glass
substrate side using ultraviolet curing adhesive as the plane light
source. The electric signal to drive the LC cell is an amplitude-
modulated sinusoidal wave from a function waveform generator
(dual channels, RIGOL Technologies, Inc.) with a transformer
to improve the voltage. The electric signal to drive the LED is a
square wave from the second channel of the function waveform
generator.
The angle-resolved spectrum detection system for measuring

the reflection light and transmission light has been reported in
our previous work.30 A detection lens with the numerical
aperture of 0.02 was used to achieve high angular resolution.
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