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Description

Title of Invention: OPTICAL MODULATING DEVICE HAVING

[2]

(4]

[5]

GATE STRUCTURE
Technical Field

Apparatuses consistent with exemplary embodiments relate to optical devices that
modulate light.
Background Art

Optical devices that change the transmittance, reflection, polarization, phase,
intensity, path, etc. of incident light are utilized in various optical apparatuses. Optical
modulators used in optical systems have vartous structures for controlling these
properties in a desired way.

As an example, anisotropic hquid crystals and microelectromechanical system
(MEMS) structures, utilizing micromechanical movements to block light or control re-
flection elements, as well as other elements, are widely used in typical optical
modulators. However, operating response times of such optical modulators are slow
and may reach more than several ps according to known methods of driving optical
modulators.

it is desired to utilize nano antennae that utilize the surface plasma resonance
phenomenon, which occurs at a boundary between a metal layer and a dielectric layer,
in conjunction with optical modulators.

Disclosure of Invention

Solution to Problem

One or more exemplary embodiments may provide an optical device that modulates
light.

Additional exemplary aspects will be set forth in part in the description which
follows and, in part, will be apparent {rom the description, or may be learned by
practice of the presented exemplary embodiments.

Advantageous Effects of Invention

The above-described optical modulation device may include the plasmonic navo-
antenna layer and the permittivity variation layer and may modulate incident light in
any of various shapes by utilizing, as a gate, an area of the permittivity variation layer
in which a carrier concentration varies.

The above-described optical modulation device may be manufactured to have a small
size and may enable fast driving. Thus, the optical modulation device may be used in

any of various optical apparatuses, thereby improving the performance thercof.
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Brief Description of Drawings

These and/or other exemplary aspects and advantages will become apparent and
more readily appreciated from the following description of exemplary embodiments,
taken in conjunction with the accompanying drawings in which:

FIG. 1 is a schematic perspective view of a structure of an optical modulation device,
according to an exemplary embodiment;

F1G. 2 is a detatled perspective view of a unit block of the optical modulation device
of FIG. 1;

FIG. 3 1s a cross-sectional view of a gate structure {ormed in a unit block of the
optical modulation device of FIG. 1;

FIG. 4 15 a graph of a permuttivity variation with respect to a carrier concentration
formed 10 an active area of a perputtivity variation layer eroployed in the optical
modulation device of FIG. 1;

FIG. 5 is an enlarged graph of a highlighted portion of FIG. 4;

F1G. 6 1s a graph of a reflectance with respect to a carrier concentration formed in an
active area of a permittivity variation layer employed in the optical modulation device
of FIG. 1;

F1G. 7 is a graph of a phase shift with respect to a carrier concentration formed in an
active arca of a permittivity variation layer employed in the optical modulation device
of FIGG. 1;

FIG. 8 is a perspective view of a sample structure for a computer simulation in which
an optical modulation device is utilized as a dynamic phase grating, according {o
another exemplary embodiment;

FIG. 9 s a perspective view of detailed values of a unit block of the sample structure
of FIG. &;

F1G. 10 1s a graph of an example of a shape of a voltage applied to the sample
structure of FIG. 8 and a phase shift of incident Hght with respect to the voltage shape
and a direction of a 1% order diffraction light;

F1G. 11 is a graph of a light intensity with respect to a diffraction angle when a
voltage pattern shown in FIG. 10 is applied to the sample structure of FIG. &;

FI1G. 12 1s a graph of other examples of shapes of voltages applied to the sample
structure of FIG. § and a phase shift of 1ncident light with respect to the voltage forms
and a direction of a 1st order diffraction light;

F1G. 13 is a graph of a light intensity with respect to a diffraction angle when a
voltage pattern shown in FIG. 12 15 applied to the sample structore of FIG. 8 ;

FIG. 14 1s a graph of other examples of shapes of voltages applied to the sample

structure of FIG. § and a phase shift of incident light with respect to the voltage shapes



WO 2016/126896 PCT/US2016/016475

[24]

[25]

[26]

[31]

[34]

[35]
[36]
[37]

and a direction of a 1st order diffraction light;

FIG. 15 is a graph of a light intensity with respect to a diffraction angle when a
voltage pattern shown in FIG. 14 1s applied to the sample structure of FIG. §8;

FIG. 16 is a perspective view of a unit block of an optical modulation device,
according to another exemplary embodiment;

FIGS. 17A through 17D show exemplary shapes of nano-antennas that may be
cmployed in a unit block of an optical modulation device, according to an exemplary
embodiment;

FI1G. 18 is a cross-sectional view of a unit block of an optical modulation device,
according to another exemplary embodiment; and

FI1G. 19 13 a cross-sectional view of a unit block of an optical modulation device,
according to another exemplary embodiment.

Best Mode for Carrying out the Invention

One or more exemplary embodiments may provide an optical device that modulates
light.

Additional exemplary aspects will be set forth in part in the description which
follows and, 1n part, will be apparent from the description, or may be learned by
practice of the presented exemplary embodiments.

According to an aspect of an exemplary embodiment, an optical modulation device
includes a plasmonic nano-anlenna layer; a metal layer that faces the plasmonic nano-
auntenna layer; a permittivity variation layer between the plasmonic nano-antenna layer
and the metal layer, the permittivity variation layer having a permittivity that varies
according to a signal applied thereto; and a dielectric material layer between the
plasmonic nano-antenna layer and the metal layer.

The optical modulation device may further include: a signal applying means
configured to apply a signal to the permittivity variation layer, thereby causing a
change in the permittivity of the permittivity variation layer.

The signal applying means may be a power source configured to apply a voliage
between the plasmonic nano-antenna layer and the metal layer.

The permittivity variation layer may include an electro-optic material having a per-
mittivity that varies according to an electrical signal applied thereto.

The permittivity variation layer may inclode a transparent conductive material.

The permittivity variation layer may include a transition metal nitride.

The permittivity variation layer may include an active area having a carrier con-
centration that varies according to a voltage applied between the plasmonic nano-
antenna layer and the metal fayer.

The permittivity variation layer may include a heavily doped semiconductor.
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{391 The active area of the permittivity variation layer may be adjacent to the dielectric
material layer.

[40] A real part of a dielectric constant of the permittivity variation layer may be cqual to
U in a predetermined wavelength band.

[41] The predetermined wavelength band may be different according to the carrier con-
ceniration in the active area.

{42} The voltage applied by the power source between the plasmonic nano-antenna layer
and the metal layer may be in a range including a voltage value at which a resonance
wavelength band of the plasmonic nano-antenna layer and the predetermined
wavelength band are identical.

[43] The plasmonic nano-antenna layer may include a phorality of nano-antenna lines
spaced apart {rom each other in a {irst divection, and each of the plurality of navo-
antenna lines way include a plarality of nano-antennas connected to each other in a
second direction different from the first direction.

[44] Each of the plurality of nano-antennas may have a crisscross shape in which a nano
rod having a length in the first direction and a nano rod having a length 1o the second
direction cross each other.

[45] Each of the plurality of nano-antennas may be one of circular, oval, polygonal, X-
shaped, and star-shaped.

[46] The power source may be configured to independently apply a voltage between each
of the plurality of nano-antenna lines and the metal layer.

[471 Values of voltages applied between the metal layer and cach of the plurality of nano-
antenna hines may have a predetermined regularity in the {irst direction.

(48] The permittivity variation layer may be provided on the metal layer and the dielectric
material fayer is provided on the permittivity variation layer.

[49] The dielectric material layer may be provided on the metal layer and the permittivity
variation layer is provided on the dielectric material layer.

[ SO The permittivity variation layer may be patterned in a same shape as the plasmonic
nang-antenna layer.

[51] The plasmonic nano-antenna layer may include a metal material and a nano pattern
of a plurality of through holes formed in the metal material.

(52} According to an aspect of an exemplary embodiment, an optical apparatus includes
the optical moduliation device.

Mode for the Invention
[53] Exemplary embodiments will now be described more {ully with reference to the ac-

companying drawings. Like reference numerals 1 the drawings denote like elements,

and, in the drawings, the sizes of elements may be exaggerated for clarity and for con-
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venience of explanation. In this regard, the exemplary embodiments may have
different forms and should not be construed as being limited to the descriptions set
forth herein. It will be understood that when a layer is referred to as being "on" another
layer or substrate, it can be directly on the other laver or substrate, or intervening
layers may also be present. Expressions such as "at least one of”" when preceding a list
of elements, modify the entire list of elements and do not modify the individual
clements of the list.

[S1] FIG. 1 1s a schematic perspective view of a structure of an optical modulation
device 100, according to an exemplary embodiment. FIG. 2 1s a detailed perspective
view of a unit block of the optical modulation device 100 of FIG. 1. FIG. 3 is a cross-
sectional view of a gate structure formed in a unit block of the optical modulation
device 100 of FIG. 1.

[S2] Referring to FIGS. 1 through 3, the optical modulation device 100 may include a
plasmonic nano-antenna layer 170 and a metal layer 110 that {aces the plasmonic
nano-antenna layer 170, A permittivity variation layer 130 is disposed between the
plasmonic nano-antenna layer 170 and the metal layer 110 and has a permittivity that
varies according to an external signal. A dielectric material layer 150 1s disposed
between the plasmonic nano-antenna layer 170 and the metal layer 110,

[S3] To vary the permuttivity of the permittivity variation layer 130, the optical
modulation device 100 may further include a signal applying means that applies an
external signal to the permittivity variation layer 130. The signal applying means may
be, for example, a voltage source 190 that applies a voltage between the plasmonic
nano-antenna layer 170 and the metal layer 110 in order to form an electric field 1o the
permittivity variation layer 130 but the signal applying means is not limited thereto.

[54] Although the permittivity variation layer 130 and the dielectric material layer
150 are sequentially provided on the metal layer 110 in FIGS. 1 through 3, the layout
order of the permittivity variation layer 130 and the dielectric material layer 150 may
be switched.

[55] The plasmonic nano-antenna layer 170 may include a plurality of nano-antennas
NA formed of conductive materials. The nano-antennas NA are artificial structures,
each haviog shapes with dimensions of a sub-wavelength. The nano-antennas NA act
to strongly collect light 1n a predetermined wavelength band. In this regard, the term
"sub-wavelength” means a dimension smaller than an operating wavelength of the
nano-antennas NA, .e., the predetermined wavelength band. The dimensions of the
shapes of the nano-antennas N A, which are sub-wavelength are {or example, at least
one of a thickness, a width, and a height of the nanc-antennas NA, and a spacing
between the nano-antennas NA.

[56] A function of nano-anteonas NA 1s performed by surface plasroon resonance
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that occurs at a boundary between a metal material and a permitlivity material. A
resonance wavelength varies according to a detailed shape of the nano-antennas NA.

[57] As shown, the plasmonic nano-antenna layer 170 may include a plurality of
nano-antenna hines NAL spaced apart from each other in a first direction, for example,
a y direction, as shown in FIG. 1. Bach of the plurality of nano-antenna lines NAL may
include a plurality of nano-antennas NA connected to each other in a second direction,
for example, an x direction, as shown in FIG. 1. The first direction and the second
direction are orthogonal to each other in FIGS. 1 through 3 but are not limnited thereto.
The first direction and the second direction may be any directions that are not parallel
to each other.

[58] Metal materials having a high conductivity in which surface plasmon excitation
may occur may be employed as the conductive material forming the nano-antennas
NA. For example, at least one selected from Cu, Al, Ni, Fe, Co, Zn, Tt, ruthentam
(Ru), rhodium (Rh), palladium (Pd}, platinum (Pt), silver (Ag), osmium {Os), iridinm
(Ir), and gold (Au) may be employed, and an alloy including one of these metals may
be employed. A secondary material having good conductivity such as grapheve or a
conductive oxide may also be used.

[59] The permittivity variation layer 130 may be formed of a material having an
optical characteristic that varies according to the external signal. The external signal
may be ap electrical signal. The pernmttivity variation layer 130 may be {ormed of, for
example, a transparent conductive oxide (TCO) such as I'TO (indium tin oxide}, IZ0
(indinm zinc oxide), AZQO (aluminum zinc oxide), or GZO (gallium zinc oxide), or
some combination thereof. A {ransition metal nitride such as TiN, Z¢N, HIN, and TaN
imay be used. In addition, an electro-optic material having an effective permuttivity that
varies if an clectric signal 1s applied, e.g., LiNbQG,, LiTa0;, KTN (potassium tantalite
niobate), and PZT (Iead zirconate titanate) may be used. Various polymer materials
having electro-optic characteristics may be used. Any heavily doped semiconductor
with doping 10%/cm?® ~ 10%/cm? may also be used for permittivity variation layer at
infrared wavelengths. 51, InGaAs, InAs, InSb, Ge, InGaSh, GaSbh are some examples.

[60] The external signal 1s not be limited to an electrical signal. A material having a
permittivity that varies due to an occurrence of a phase transition at a predetermined
temperature or higher if heat is applied, for example, VO,, VO,(35, EuQO, MnG, CoO,
Co(l,, LiC00,, or Ca;RuQ, may be employed as the permittivity variation layer 130.

[61] The metal layer 110 may apply a voltage between the metal layer 110 and the
plasmonic nano-antenna layer 170 and function as a mirror layer which reflects hight.
A material of the metal layer 110 may include at least one selected from a variety of
metal materials that may perform such a function, for example, Cu, Al Ni, Fe, Co, Zn,

Ti, rutheniurn (Ru), rhodium (Rh), palladium (Pd), platinum (Pt), silver (Ag), osmiam
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(Os), irdium (Ir}, and gold (Aw).

[62] The voltage applying means 110 may be configured to independently apply
voltages between the metal layer 110 and each of the plurality of nano-antenna lines
NAL.

[63] Referring to FIG. 3, the permittivity variation layer 130 may include an active
area 135 having a carrier concentration that varies according to whether a voltage is
applied between the metal layer 110 and the plasmonic nano-antenna layer 170, The
active area 135 may be formed in an area of the permittivity variation layer 130
adjacent to the dielectric material layer 150 and have the carrier concentration that
varies according to the applied voltage. A type or degree of light modulation of light
incident onto the optical modulation device 100 is changed based on the carrier con-
centration in the active area 135, In this regard, the active area 135 may be a gate that
adjusts and controls a light modulation performance of the nano-antennas NA.

[64] As described above, the nano-antennas NA may strongly collect light of a
specific wavelength band according to the dimensions of the shape thereof. The optical
modulation device 100 may include the nano-antennas NA and the metal layer 110 that
acts as a mirror. Due to the metal layer 110 and the nano-antennas NA, a magnetic
resonance mode is formed so that an epsilon near zero (ENZ) characteristic of the
active area 135 is formed, and thus reflection and diffraction of light of a specific
wavelength band, from among the 1ncident light, may be adjusted. In this regard,
according to whether a voltage is applied between the metal layer 110 and the nano-
antennas NA, the carrier concentration of the active arca 135 may vary, and thus, the
reflection and diffraction of the incident light may vary.

[65] The permuttivity of the permittivity varation layer 130 may be different for
different wavelengths. A relative permittivity er with respect to a permittivity of
vacuurn, €0 15 defined as a diclectric constant. A real part of the diclectric constant of
the permittivity variation layer 130 1s equal to 0 1n a predeternuned wavelength band.
A wavelength band 1n which the real part of the dielectric constant is equal to or ap-
proximately equal O is referred to as an ENZ wavelength band. A dielectric constant of
most materials may be a function of a wavelength and be indicated as a complex
number. The dielectric constant of a vacuum 1s | and the real part of the dielectric
constant of a dielectric material is a positive number greater than 1, typically. In the
case of metal, the real part of the dielectric constant may be a negative number. The di-
electric constant of most materials has a value greater than | in most wavelength
bands, whereas the real part of the dielectric constant may be equal to 0 in a specific
wavelength.

[66] When the real part of the diclectric constant is cqual or approximately equal to

(0, the dielectric material exhibits a peculiar optical property. The optical modulation
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device 100 of the current embodiment sets an operating wavelength band as an area
including the ENZ wavelength area of the permittivity variation layer 130. That is, the
resonance wavelength band of the nano-antennas NA and the ENZ wavelength band of
the permuttivity variation layer 130 may be set to be similar to cach other, thereby
further 1ncreasing a range of the optical modulation performance that may be adjusted
according to the applied voltage.

[67] The ENZ wavelength area of the permittivity variation layer 130 varies
according to the carrier concentration {ormed in the active area 135, To utilize the ENZ
wavelength band of the permittivity variation layer 130, a voltage applied by the
voltage applying means 190 between the metal layer 110 and the plasmonic nano-
anterna layer 170 may be in a range including a voltage value in which the resonance
wavelength of the plasmonic nano-antenna layer 170 and a wavelength indicating the
ENZ property of the permittivity variation layer 130 are identical to each other.

[68] FIG. 4 1s a graph of a permittivity variation with respect to a carrier con-
centration formed in the active arca 135 of the permittivity variation layer 130
employed n the optical modulation device 100 of FIG. 1. FIG. § is an enlarged graph
of a circular part of FIG. 4.

[69] The horizontal axes of the graphs denote a wavelength, and the vertical axes
denote a real part of a relative permittivity er, i.¢. a diclectric constant.

[70] Referring to the graphs, the carve of the change of the dielectric constant with
respect to wavelength varies according to the carrier concentration. For example, when
the carrier concentration 1s 1x10?cm?, an ENZ wavelength band in which the real part
of the dielectric constant has a value between 1 and -1 is a range between about 1060
nm and abouwt 1400 nm. If the carrier concentration is lower than 1x10%cm3, the ENZ
wavelength band tends to slightly move to a long wavelength band.

[71] The carrier concentration formed in the active area 135 of the permittivity
variation layer 130 may be determined according to an applied vollage, and thus in
consideration of the graphs and a resonance wavelength band of the nano-antennas
NA, a range of voltage that is to be applied to the optical modulation device 100 may
be set in accordance with a desired optical modulation range.

[72] FIG. 6 15 a graph of reflectance with respect to a carrier concentration formed in
the active area 135 of the pernmittivity variation layer 130 employed in the optical
modulation device 100 of FIG. 1. FIG. 7 is a graph of a phase shift with respect to a
carrier concentration formed in the active arca 135 of the permittivity variation layer
130 employed in the optical modulation device 100 of FIG. 1.

[73] According to FIG. 6, the optical modulation device 100 is capable of a 4-level
phase shift with respect to light of a wavelength of 1265 nm. That is, when light of a

wavelength of 1264 om is 1ocident onto the optical modulation device 100, a phase
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shift of 0, 90°, 180°, and 270° may occur by changing the carrier concentration, i.e.
changing voltage applied between the metal layer 110 and the nano-antennas NA.

[74] Values of voltages applied between the metal laver 110 and the plurality of
nano-antennas NA may have a predetermined regularity, and thus the optical
modulation device 100 may {function as a phase grating.

[75] The optical modulation device 100 may be utilized as a dynamic phase grating
according to an exemplary embodiment described below with reference to FIGS. 8
through 15 below.

[76] FIG. 8 15 a perspective view of a sample structure for a computer simulation in
which the optical modulation device 100 is utilized as dynamic phase grating,
according to an exemplary embodiment. FIG. 9 1s a perspective view of detailed di-
mensions of a unit block of the sample stracture of FIG. §.

[77] Referring to FIG. 8, the sample structure used for the computer simulation may
include 64 unit blocks arranged in a y direction. Dimensions of the unit blocks may be
the same as shown in FIG. 9 and have a unit of nm. A boundary condition defining that
the unit blocks are repeatedly continuous in an x direction may be applied during the
computer simulation. L is equal to 180 nm, that is, a length capable of modulating hight
of a wavelength of 1250 nm. The operating wavelength of the device may be changed
by adjusting L. In the computer siroulation, it 1s given that the metal layer 110 and the
nano-antennas NA are made of Au, the permittivity variation layer 130 ts made of T,
and the permittivity dielectric material layer 150 is made of ALO;.

[78] F1G. 10 is a graph of an example of a pattern of a voltage applied to the sample
structure of FIG. § and a phase shift of incident light with respect to the voltage pattern
and a direction of 1* order diffraction light.

[79] The voltage V1 shown in FIG. 10 15 applied between the metal layer 110 and the
nano-antennas NA at a regular period A of 2Zum in the sample structure of F1G. 8. That
is, the voltage V1 may be applied between the metal layer 110 and each of the vano-
antennas NA in four unit blocks in a y direction, and no voltage may be applied
between the metal layer 110 and each of the nano-antennas NA in next four unit
blocks. Voltages may be applied to 64 unit blocks with this regular period. The voltage
V1 may be determined so that the phase shift 1s 71, 1.e., 180°.

[30] Since the voltage is regularly applied, an area having the phase shift of 1807 and
an area having no phase shift are repeated at the same period as the voltage applying
period Aof 2um along the surface of the optical modulation device 100, I Light is
incident onto such a phase grating, according to the computer simulation results, I#
and -1* order diffraction light corresponding to a shape in which a phase shift from 0°
to 180°at the period of 2um may occur.

[81] FIG. 11 is a graph of light infensity with respect to a diffraction angle when a
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voltage pattern as shown in FIG. 10 is applied to the sample structore of FIG. 8.

[32] Referring to FIG. 11, an intensity peak appears at the diffraction angles 40° and
-40°, due to the symmetry of the phase grating. That is, as is shown in the graph of
FI1G. 10, 1+ order diffraction light and -1 order diffraction light may to a direction of
incident Hight.

[83] FIG. 12 is a graph of another example of shapes of voltages applied to the
sample structure of FIG. § and a resultant phase shift of incident light with respect to
the voltage shapes and a direction of 1% order diffraction light.

[84] Referring to the graph of FIG. 12, the voltages V1, V2, and V3 may be applied
at a regular period so that a phase grating having no symmetry may be formed.

[285] The voltage pattern of V1, V2, V3 of three values that may cause phasc shifts of
276G°, 180°, and 90°and no voltage application may be applied between the metal layer
110 and the nano-antennas NA at the period A of 2um. That is, the voltage V1 may be
applied between each of the nano-antennas NA and the metal layer 110 in two unit
blocks in a y direction, the voltage V2 may be applied between cach of the nano-
antennas NA and the metal layer 110 in next two unit blocks, the voltage V3 may be
applied between each of the nano-antennas NA and the metal layer 110 in next two
unit blocks, and no voltage may be applied between cach of the nano-antennas NA and
the metal layer 110 10 next two unit blocks. Such a regular period may be repeatedly
apphed to 64 unit blocks.

[86] Since voltages are apphied at a regular period, an area having the phase shift of
2770°, an area having the phase shift of 1807, an area having the phase shift of 90°, and
an arca having no phase shift are repeated at the same period as the voltage applying
period A of Zum along the surface of the optical modulation device 100. If light is
incident onto such phase grating, as shown, it is determined that 1% order diffraction
light corresponding to a shape in which a phase gradually shifts from 270° to 0° at the
period of 2um may .

(871 FI1G. 13 i3 a graph of light intensity with respect to a diffraction angle when a
voltage pattern as shown in FIG. 12 is applied to the sample structure of FIG. 8.

[28] Referring to FIG. 13, when the diffraction angle 1s 40°, an intensity peak
appears. As compared with the graph ol FIG. 11, the intensily peak appears at the
diffraction angle of 40° and does not appear at a diffraction angle of -40°. The peak
value 13 about 2 times greater than that of FIG. 11. Such a difference is due to the
phase gating of FIG. 12 having no symmetry, as compared to the symmetry of the
phrase grating of FI1G. 10.

[89] FIG. 14 is a graph of another example of shapes of the voltage applied to the
sample structure of FIG. § and a phase shift of incident light with respect to the voltage

shapes and a direction of P order diffraction hight.
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{93]

[94]

[97]

[98]

[99]

[90] The voltage applying pattern of FIG. 14 has a shape in which the period A
increase to 4uum, as compared to that of FIG. 12. The voltage patiern of V1, V2, V3 of
three values that may cause phase shifts of 270°, 180°, 90° and no voltage application
may be applied between the metal layer 110 and the nano-aniennas NA at the period A
of 4pm. That 1s, the voltage V1 may be applied between each of the nano-antennas NA
and the metal layer 110 in four unit blocks in a y direction, the voltage V2 may be
applied between each of the nano-antennas NA and the metal layer 110 in next four
unit blocks, the voltage V3 may be apphied between each of the nano-antennas NA and
the metal layer 110 in next four unit blocks, and no voltage may be applied between
each of the nano-antennas NA and the metal layer 110 in next four unit blocks. Such a
regular period may be repeatedly applied to 64 unit blocks.

[91] Since the voltages are regularly applied, an area having the phase shift of 2707,
an area having the phase shift of 180°, an area having the phase shift of 90°, and an
area having no phase shift are repeated at the same period as the voltage applying
period A of 4um along the surface of the optical modulation device 100. I light i
incident to such a phase grating, as shown, it is deferroined that a 1% order diffraction
light corresponding to a shape itn which a phase gradually shifts from 270° to (°at the
period of 47m may occur.

192] FIG. 15 1s a graph of light intensity with respect to a diffraction angle when the
voltage pattern shown in FIG. 14 1s applied to the sample structare of FIG. 8.

[93] As described with reference to FIGS. ¥ through 15, the optical modulation
device 100 may be used as a phase grating according to the shapes of several applied
voltage. According to results above, it may be seen that a phase shift control of 2
may be possible with respect to light of a near IR wavelength by using I'TO to form the
permttivity variation layer 130. Thus, light of a different wavelength band may be
controlled by utihizing a different material for of permittivity variation layer 130 and/or
using nano-antennas NA with shapes having different dirnensions.

[94] The applied voltage patterns shown herein are examples. A regular period of the
voltage pattern applied may be varied, thereby achieving various light modulation
results. A phase shift may have various levels including 2 or 4. This may be used to
perform light modulation functions such as beam shaping or beam steering.

951 FIG. 16 1s a perspective view of a unit block of an optical modulation device
100, according to another exemplary embodiment.

[96] The optical modulation device 100" may include the metal layer 110, the per-
mittivity variation layer 130, and a nano-antenna NA'. The nano-antenna NA" may
have a shape including a nano pattern engraved in a metal material M, unlike the
embossed shape of the nano-anntena NA of FIG. 2. That is, the nano-antenna NA' may

have a shape that is the mverse of the shape of the nano-anntena NA of FIG. 2. A sub-
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[100]

[101]

[102]

[103]

[104]

[105]

[106]

(167}

[108]

[109]

stantially cross-shaped through hole NH may be engraved in the metal material M.

{971 Although the cross-sectional shapes of the nano-antennas NA and NA? are il-
lastrated as being substantially cross-shaped, this is merely exemplary. The nano-
antennas NA and NA' may have any of various shapes.

98] FIGS. 17A through 17D show exemplary shapes of nano-antennas that may be
used in a unit block of an optical modulation device, according to exemplary em-
boduments.

[99] Referring to FIG. 17A, a cross-sectional shape of the nano-antenna NA may be
circalar. A nano-antenna NA with such a shape may be used in the optical modulation
device 100 of FIG. 1. A plurality of circular nano-antennas NA may be arranged to be
connecied to cach other in one direction to form a nano-antenna line NAL.

100} Referring to FIG. 178, a cross-sectional shape of the nano-antenna NA may be
oval. A nano-antenna NA with such a shape may be used in the optical modulation
device 100 of FIG. 1. A plurality of oval nano-antennas NA may be arranged to be
connected to cach other in one direction, for example, along a major axis, to form a
nano-antenna line NAL. The plurality of oval nano-antennas NA may be arranged to
be connected to each other in a different direction {rom the major axis, for example,
along a minor axis or in another direction, to form the nano-antenna line NAL.

[101] Referring to FIG. 17C, the nano-antenna NA may have a star (*) shape in
which three nano rods intersect. A plurality of star shape nano-antennas NA may be
connected to each other in one direction, for exampie, a length direction of one of the
three nano rods, to form the nano-antenna line NAL of the optical modulation device
100 of FIG. 1.

[102] The nano-antenna NA of FIG. 17D may have a shape 1o which a plurality of
nano pattern through holes NH are formed in the metal material M. A plurality of such
shape of nano-antennas NA may be connected to cach other, for example, in an x
direction, to form the nano-anienna lne NAL of FIG. 1.

[103] The shapes of FIGS. 17A through 17D are exemplary. In addition, the nano-
antenna NA may have any of various shapes, for example, polygonal shapes, nano
rods, etc..

(104} FIG. 18 is a cross-sectional view of a unit block of an optical modulation
device 20{, according to another exemplary embodiment.

[105] The optical modulation device 200 may include a metal layer 210, a dielectric
material layer 250, a permittivity variation layer 230, and a nano-antenna NA.

[ 106} The optical modulation device 200 of the present embodiment s different from
the optical modulation device 100 of FIG. 2 in the arrangement of the dielectric
material layer 250 and the permittivity variation layer 230. That is, the dielectric

material layer 250 may be provided on the metal layer 210, the permuattivity variation
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[110}]

111}

[112]

[113]

[114]

[115]

layer 230 may be provided on the dielectric material layer 250, and the nano-antennal
NA may be provided on the permittivity variation layer 230. The plurality of nano-
anternas NA may be arranged (o be connected to each other in an x direction to form
the nano-antenna hne NAL. The pernuttivity variation layer 230 may be patterned in
the same shape as the nano-antenna NA.

[107] If voltage is applied between the metal layer 210 and the nanoc-antennal NA, an
active area 235 may be formed in the permuttivity variation layer 230. The active area
235 may be formed in the region of the permittivity variation layer 230 adjacent to the
dielectric material layer 250, may have a carrier concentration that varies according to
a change in the applied voltage, and may thereby function as a gate that adjusts and
controls optical modulation performance.

[108] FIG. 19 1s a cross-sectional view of a unit block of an optical modulation
device 30{, according to another exemplary embodiment.

[109] The optical modulation device 300 may include a metal layer 310, a dielectric
material layer 350, a permittivity variation layer 330, and a nano-antenna NA.

[110] The optical modulation device 300 of the present exemplary embodiment is
different from the optical modulation device 200 of FIG. 18 in that the permittivity
variation layer 330 is not patterned in the same shape as the nano-antenna NA. That is,
the dielectric material layer 350 and the pernmttivity variation layer 330 may be formed
on an entire surface the metal layver 310, and the nano-antenna NA may be formed in a
predetermined patiern on the permittivity variation layer 330. The plurality of nano-
anternas NA may be arranged (o be connected to each other in an x direction to form
the nano-antenna hne NAL.

[111] If a voltage is applied between the metal layer 310 and the nano-antennal NA,
an active area 335 may be formed in the permittivity variation layer 330. The active
arca 335 may be formed in a region of the permittivity variation layer 330 adjacent to
the dielectric material layer 350, may have a carrier concentration that varies according
to a change in the applied voltage, and may thereby function as a gate that adjusts and
controls optical modulation performance.

[112] In the above-described optical modulation device, a material of a permittivity
variation layer, a shape and/or dimnensions of a nano-antenna, and a form of the applied
voltage may be changed in any of various ways, thereby providing various optical
modulation performances in a desired wavelength band. For example, in the structure
of FIG. 1, a plurality of nano-antennas may be arranged in a matrix shape to form a
plasmonic nano-antenna layer, and voltage applying means may be configured to indi-
vidually control the voltage between each of the nano-antennas and a metal layer. The
nano-antennas included in the plasmonic nano-antenna layers illustrated herein have

the same shape, but this s merely exemplary. Nano-antennas within the same
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[117]

[118]

[119]

plasmonic nano-antenna layer may have different shapes. Alternatively, nano-antennas
in the same plasmonic nano-antenna layer may have the same shape, but different di-
mensions, so that a resonance wavelength band may be differently in each area.

[113] The above-described optical modulation device may 1nclude the plasmonic
nano-anienna layer and the permittivity variation layer and may modulate incident
light in any of various shapes by utilizing, as a gate, an area of the permittivity
variation layer in which a carrier concentration varies,

[114] The above-described optical modulation device may be manufactured to have a
sinmall size and may enable fast driving. Thus, the optical modualation device may be
used in any of various optical apparatuses, thereby improving the performance thereof.

[115] It should be understood that exemplary embodiments described herein should
be considered in a descriptive sense only and not for purposes of limitation. De-
scriptions of features or aspects within each exemplary embodiment should typically
be considered as available for other similar features or aspects in other exemplary em-
boduments.

[116] While one or more exemplary embodiments have been described with
reference to the figures, it will be understood by those of ordinary skill in the art that
various changes in form and details may be made therein without departing from the

spirit and scope as defined by the following claims.
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[Claim 1}

[Claim 2]

[Claim 3]

[Claim 4]

[Claim 5]

[Claim 6]

[Claim 7]

[Claim 8]

[Claim 9]

[Claim 10}

[Claim 11}

PCT/US2016/016475

Claims

An optical modulation device comprising:

a plasmonic nano-antenna layer;

a metal layer;

a permittivity variation layer disposed between the plasmonic nano-
antenna layer and the metal layer, the pernuttivity variation layer
having a permittivity that varies according to a signal apphied thereto;
and

a dielectric material layer disposed between the plasmonic nano-
antenna layer and the metal fayer.

The optical modulation device of claim 1, further comprising: a signal
applying means configured to apply a signal to the permittivity
variation layer, thereby causing a change in the permittivity of the per-
mittivity variation layer.

The optical modulation device of claim 2, wherein the signal applying
means comprises a power source configured to apply a voltage between
the plasmonic nano-antenna layer and the metal layer.

The optical modulation device of claim 3, wherein the permittivity
variation layer comprises an electro-optic material having a permittivity
that varies according to an electrical signal applied thereto.

The optical modulation device of claim 4, wherein the permittivity
variation layer comprises a transparent conductive material.

The optical modulation device of claim 4, wherein the permittivity
variation layer comprises a transition metal nitride.

The optical modulation device of claim 4, wherein the permuttivity
variation layer comprises an active area having a carrier concentration
that varics according to a voltage applied between the plasmonic nano-
antenna layer and the metal layer.

The optical modulation device of claim 7, wherein the active area of the
permittivity variation layer is adjacent to the dielectric material layer.
The optical modulation device of claim 7, wherein a real part of a di-
electric constant of the permitfivity variation layer is equal to O in a pre-
determined wavelength band.

The optical modulation device of claim 9, wherein the predetermined
wavelength band is different according to the carrier concentration in
the active area.

The optical modulation device of claim 9, wherein the vollage applied
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[Claim 12}

[Claim 13}

[Claim 14]

[Claim 15]

[Claim 16}

[Claim 17}

[Claim 18}

[Claim 19}

[Claim 20}

[Claim 21}

16

PCT/US2016/016475

by the power source between the plasmonic nano-antenna layer and the
metal layer is in a range including a voltage value at which a resonance
wavelength band of the plasmonic nano-antenna layer and the prede-
termined wavelength band are identical.

The optical modulation device of claim 4,

wherein the plasmonic nanc-antenna layer comprises a plurality of
nano-antenna lhines spaced apart from each other in a first direction, and
wherein each of the plurality of nano-anicnna Hines comprises a
plurality of nano-antennas connected to each other in a second direction
different from the first direction.

The optical modulation device of claim 12, wherein each of the
plurality of nano-antennas has a crisscross shape in which a nano rod
having a length in the first direction and a nano rod having a length in
the second direction cross each other.

The optical modulation device of claim 12, wherein each of the
plurality of nano-antennas 15 one of circular, oval, polygonal, X-shaped,
and star-shaped.

The optical modulation device of claim 12, wherein the power source is
configured to independently apply a voltage between each of the
plurality of nano-antenna lines and the metal fayer.

The optical modulation device of claim 15, wherein values of voltages
applicd between the metal layer and each of the plurality of nano-
antenna lines have a predetermuned regularity jo the {irst direction.

The optical modulation device of claim 1,

wherein the permittivity variation layer is disposed on the metal layer
and the dielectric material layer 1s disposed on the permittivity
variation layer.

The optical modulation device of claim 1,

wherein the dielectric material layer is disposed on the metal layer and
the permittivity variation layer is disposed on the dielectric material
layer.

The optical modulation device of claim 18, wherein the permittivity
variation layer is patierned in a same shape as the plasmonic nano-
antenna layer.

The optical modulation device of claim 1, wherein the plasmonic nano-
antenna layer comprises a metal material and a nano pattern of a
plurality of through holes formed in the metal material.

An optical apparatus comprising the optical modulation device of claim
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[Claim 22}

PCT/US2016/016475

1.

An optical modulation device comprising:

a plasmonic nano-antenna layer comprising a two-dimensional array of
a plurality of nano-antennas;

a metal layer;

a permutfivity variation layer disposed between the plasmonic nano-
antenmna layer and the metal layer, wherein the permittivity variation
layer comprises a two-dimensional array of a plurality of active areas,
corresponding to the two-dimensional array of the plarality of nano-
antennas, each of the plurality of active areas having a carrier con-
centration that varies according to a voltage applied thereto; and

a dielectric material layer disposed between the plasmonic nano-

antenna layer and the metal layer.
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