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OPTICAL MODULATING DEVICE HAVING 
GATE STRUCTURE 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application claims the benefit of Korean Patent 
Application No. 10-2015-0107515, filed on Jul. 29, 2015, in 
the Korean Intellectual Property Office, and U.S. Provisional 
Application Ser. No. 62/111,583, filed on Feb. 3, 2015, in the 
United States Patent Trademark Office, the disclosures of 
which are incorporated herein in their entirety by reference. 

BACKGROUND 

1. Field 
Apparatuses consistent with exemplary embodiments 

relate to optical devices that modulate light. 
2. Description of the Related 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 various structures for control 
ling these properties in a desired way. 
As an example, anisotropic liquid crystals and microelec 

tromechanical system (MEMS) structures, utilizing micro 
mechanical movements to block light or control reflection 
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 us 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. 

SUMMARY 

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 
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-an 
tenna layer, a metal layer that faces the plasmonic nano 
antenna 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 mate 
rial 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 Voltage between the plasmonic nano 
antenna layer and the metal layer. 
The permittivity variation layer may include an electro 

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

conductive material. 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

2 
The permittivity variation layer may include a transition 

metal nitride. 
The permittivity variation layer may include an active 

area having a carrier concentration that varies according to 
a Voltage applied between the plasmonic nano-antenna layer 
and the metal layer. 
The permittivity variation layer may include a heavily 

doped semiconductor. 
The active area of the permittivity variation layer may be 

adjacent to the dielectric material layer. 
A real part of a dielectric constant of the permittivity 

variation layer may be equal to 0 in a predetermined 
wavelength band. 
The predetermined wavelength band may be different 

according to the carrier concentration in the active area. 
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. 
The plasmonic nano-antenna layer may include a plurality 

of nano-antenna lines spaced apart from each other in a first 
direction, and each of the plurality of nano-antenna lines 
may include a plurality of nano-antennas connected to each 
other in a second direction different from the first direction. 

Each of the plurality of nano-antennas may have a criss 
cross 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. 

Each of the plurality of nano-antennas may be one of 
circular, oval, polygonal, X-shaped, and star-shaped. 
The power source may be configured to independently 

apply a Voltage between each of the plurality of nano 
antenna lines and the metal layer. 

Values of voltages applied between the metal layer and 
each of the plurality of nano-antenna lines may have a 
predetermined regularity in the first direction. 
The permittivity variation layer may be provided on the 

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

metal layer and the permittivity variation layer is provided 
on the dielectric material layer. 
The permittivity variation layer may be patterned in a 

same shape as the plasmonic nano-antenna layer. 
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. 

According to an aspect of an exemplary embodiment, an 
optical apparatus includes the optical modulation device. 

BRIEF DESCRIPTION OF THE 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; 

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

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



US 9,632,216 B2 
3 

FIG. 4 is a graph of a permittivity variation with respect 
to a carrier concentration formed in an active area of a 
permittivity variation layer employed in the optical modu 
lation device of FIG. 1; 

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

FIG. 6 is 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; 10 

FIG. 7 is a graph of a phase shift 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; 

FIG. 8 is a perspective view of a sample structure for a 15 
computer simulation in which an optical modulation device 
is utilized as a dynamic phase grating, according to another 
exemplary embodiment; 

FIG. 9 is a perspective view of detailed values of a unit 
block of the sample structure of FIG. 8: 2O 

FIG. 10 is 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 light with respect to the Voltage shape and a 
direction of a 1 order diffraction light; 

FIG. 11 is a graph of a light intensity with respect to a 25 
diffraction angle when a voltage pattern shown in FIG. 10 is 
applied to the sample structure of FIG. 8: 

FIG. 12 is a graph of other examples of shapes of Voltages 
applied to the sample structure of FIG. 8 and a phase shift 
of incident light with respect to the voltage forms and a 30 
direction of a 1st order diffraction light; 

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

FIG. 14 is a graph of other examples of shapes of voltages 35 
applied to the sample structure of FIG. 8 and a phase shift 
of incident light with respect to the Voltage shapes 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 is 40 
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 embodi 
ment, 

FIGS. 17A through 17D show exemplary shapes of nano- 45 
antennas that may be employed in a unit block of an optical 
modulation device, according to an exemplary embodiment; 

FIG. 18 is a cross-sectional view of a unit block of an 
optical modulation device, according to another exemplary 
embodiment; and 50 

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

DETAILED DESCRIPTION 55 

Exemplary embodiments will now be described more 
fully with reference to the accompanying drawings. Like 
reference numerals in the drawings denote like elements, 
and, in the drawings, the sizes of elements may be exag- 60 
gerated for clarity and for convenience 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, 65 
it can be directly on the other layer or substrate, or inter 
vening layers may also be present. Expressions such as “at 

4 
least one of, when preceding a list of elements, modify the 
entire list of elements and do not modify the individual 
elements of the list. 

FIG. 1 is a schematic perspective view of a structure of an 
optical modulation device 100, according to an exemplary 
embodiment. FIG. 2 is 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. 

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 faces 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 is 
disposed between the plasmonic nano-antenna layer 170 and 
the metal layer 110. 
To vary the permittivity 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 in the 
permittivity variation layer 130 but the signal applying 
means is not limited thereto. 

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. 
The plasmonic nano-antenna layer 170 may include a 

plurality of nano-antennas NA formed of conductive mate 
rials. The nano-antennas NA are artificial structures, each 
having shapes with dimensions of a Sub-wavelength. The 
nano-antennas NA act to strongly collect light in a prede 
termined wavelength band. In this regard, the term “sub 
wavelength' means a dimension Smaller than an operating 
wavelength of the nano-antennas NA, i.e., the predetermined 
wavelength band. The dimensions of the shapes of the 
nano-antennas NA, which are sub-wavelength are for 
example, at least one of a thickness, a width, and a height of 
the nano-antennas NA, and a spacing between the nano 
antennas NA. 
A function of nano-antennas NA is performed by Surface 

plasmon resonance that occurs at a boundary between a 
metal material and a permittivity material. A resonance 
wavelength varies according to a detailed shape of the 
nano-antennas NA. 
As shown, the plasmonic nano-antenna layer 170 may 

include a plurality of nano-antenna lines NAL Spaced apart 
from each other in a first direction, for example, a y 
direction, as shown in FIG. 1. Each 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 limited thereto. The 
first direction and the second direction may be any directions 
that are not parallel to each other. 

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, 
Ti, ruthenium (Ru), rhodium (Rh), palladium (Pd), platinum 
(Pt), silver (Ag), osmium (OS), iridium (Jr), and gold (Au) 
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may be employed, and an alloy including one of these metals 
may be employed. A secondary material having good con 
ductivity Such as graphene or a conductive oxide may also 
be used. 

The permittivity variation layer 130 may be formed of a 
material having an optical characteristic that varies accord 
ing to the external signal. The external signal may be an 
electrical signal. The permittivity variation layer 130 may be 
formed of for example, a transparent conductive oxide 
(TCO) such as ITO (indium tin oxide), IZO (indium zinc 
oxide), AZO (aluminum zinc oxide), or GZO (gallium zinc 
oxide), or some combination thereof. A transition metal 
nitride such as TiN, ZrN, HfN, and TaN may be used. In 
addition, an electro-optic material having an effective per 
mittivity that varies if an electric signal is applied, e.g., 
LiNbO, LiTaC), KTN (potassium tantalite niobate), and 
PZT (lead 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. Si, InCaAs, InAs, InSb, Ge. 
InGaSb, GaSb are some examples. 
The external signal is 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 tem 
perature or higher if heat is applied, for example, VO, 
VO,O, EuO, MnO, CoO, CoO, LiCoO, or CaRuO may 
be employed as the permittivity variation layer 130. 

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 light. 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, ruthenium 
(Ru), rhodium (Rh), palladium (Pd), platinum (Pt), silver 
(Ag), osmium (OS), iridium (Ir), and gold (Au). 
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. 

Referring to FIG. 3, the permittivity variation layer 130 
may include an active area 135 having a carrier concentra 
tion 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 modula 
tion device 100 is changed based on the carrier concentra 
tion 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. 
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 incident 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 concentra 
tion of the active area 135 may vary, and thus, the reflection 
and diffraction of the incident light may vary. 
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6 
The permittivity of the permittivity variation layer 130 

may be different for different wavelengths. A relative per 
mittivity 6, with respect to a permittivity of vacuum, eo is 
defined as a dielectric constant. A real part of the dielectric 
constant of the permittivity variation layer 130 is equal to 0 
in a predetermined wavelength band. A wavelength band in 
which the real part of the dielectric constant is equal or 
approximately equal to 0 is referred to as an ENZ wave 
length 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 is 1 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 dielectric constant of most materials 
has a value greater than 1 in most wavelength bands, 
whereas the real part of the dielectric constant may be equal 
to 0 in a specific wavelength. 
When the real part of the dielectric constant is equal or 

approximately equal to 0, the dielectric material exhibits a 
peculiar optical property. The optical modulation 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 permittivity variation layer 130 may 
be set to be similar to each other, thereby further increasing 
a range of the optical modulation performance that may be 
adjusted according to the applied Voltage. 
The ENZ wavelength area of the permittivity variation 

layer 130 varies according to the carrier concentration 
formed 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-antenna 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. 

FIG. 4 is a graph of a permittivity variation with respect 
to a carrier concentration formed in the active area 135 of the 
permittivity variation layer 130 employed in the optical 
modulation device 100 of FIG. 1. FIG. 5 is an enlarged graph 
of a circular part of FIG. 4. 
The horizontal axes of the graphs denote a wavelength, 

and the vertical axes denote a real part of a relative permit 
tivity er, i.e. a dielectric constant. 

Referring to the graphs, the curve of the change of the 
dielectric constant with respect to wavelength varies accord 
ing to the carrier concentration. For example, when the 
carrier concentration is 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 about 1400 nm. If the carrier concentration is lower than 
1x10 cm, the ENZ wavelength band tends to slightly 
move to a long wavelength band. 
The carrier concentration formed in the active area 135 of 

the permittivity variation layer 130 may be determined 
according to an applied Voltage, 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. 

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

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 nm is incident onto the optical modulation device 
100, a phase 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. 

Values of voltages applied between the metal layer 110 
and the plurality of nano-antennas NA may have a prede 
termined regularity, and thus the optical modulation device 
100 may function as a phase grating. 
The optical modulation device 100 may be utilized as a 

dynamic phase grating according to an exemplary embodi 
ment described below with reference to FIGS. 8 through 15 
below. 

FIG. 8 is 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 is a perspective view of 
detailed dimensions of a unit block of the sample structure 
of FIG. 8. 

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 con 
tinuous in an X direction may be applied during the computer 
simulation. L is equal to 180 nm, that is, a length capable of 
modulating light of a wavelength of 1250 nm. The operating 
wavelength of the device may be changed by adjusting L. In 
the computer simulation, it is given that the metal layer 110 
and the nano-antennas NA are made of Au, the permittivity 
variation layer 130 is made of ITO, and the permittivity 
dielectric material layer 150 is made of Al-O. 

FIG. 10 is a graph of an example of a pattern of a Voltage 
applied to the sample structure of FIG. 8 and a phase shift 
of incident light with respect to the Voltage pattern and a 
direction of 1 order diffraction light. 
The voltage V1 shown in FIG. 10 is applied between the 

metal layer 110 and the nano-antennas NA at a regular 
period A of 2 um in the sample structure of FIG.8. That is, 
the voltage V1 may be applied between the metal layer 110 
and each of the nano-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 is J.L. i.e., 180°. 

Since the Voltage is regularly applied, an area having the 
phase shift of 180° and an area having no phase shift are 
repeated at the same period as the Voltage applying period A 
of 2 um along the Surface of the optical modulation device 
100. If light is incident onto Such a phase grating, according 
to the computer simulation results, 1 and -1 order dif 
fraction light corresponding to a shape in which a phase shift 
from 0 to 180° at the period of 2 um may occur. 

FIG. 11 is a graph of light intensity with respect to a 
diffraction angle when a voltage pattern as shown in FIG. 10 
is applied to the sample structure of FIG. 8. 

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 FIG. 10. 
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8 
1' order diffraction light and -1' order diffraction light may 
be emitted to a direction of incident light. 

FIG. 12 is a graph of another example of shapes of 
voltages applied to the sample structure of FIG. 8 and a 
resultant phase shift of incident light with respect to the 
voltage shapes and a direction of 1 order diffraction light. 

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. 
The voltage pattern of V1,V2, V3 of three values that 

may cause phase shifts of 270°, 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 2 um. 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 each 
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 each of 
the nano-antennas NA and the metal layer 110 in next two 
unit blocks. Such a regular period may be repeatedly applied 
to 64 unit blocks. 

Since Voltages are applied at a regular period, an area 
having the phase shift of 270°, 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 2 um 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 2 um may 
S1. 
FIG. 13 is 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. 

Referring to FIG. 13, when the diffraction angle is 40°, an 
intensity peak appears. As compared with the graph of FIG. 
11, the intensity peak appears at the diffraction angle of 40° 
and does not appear at a diffraction angle of -40°. The peak 
value is 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 FIG. 10. 

FIG. 14 is a graph of another example of shapes of the 
voltage applied to the sample structure of FIG. 8 and a phase 
shift of incident light with respect to the Voltage shapes and 
a direction of 1' order diffraction light. 
The Voltage applying pattern of FIG. 14 has a shape in 

which the period A increase to 4 um, as compared to that of 
FIG. 12. The voltage pattern 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-antennas NA at the period A of 4 um. That is, 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 applied 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. 

Since the Voltages are regularly applied, an area having 
the phase shift of 270°, an area having the phase shift of 
180°, an area having the phase shift of 90°, and an area 
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having no phase shift are repeated at the same period as the 
Voltage applying period A of 4 um along the Surface of the 
optical modulation device 100. If light is incident to such a 
phase grating, as shown, it is determined that a 1 order 
diffraction light corresponding to a shape in which a phase 
gradually shifts from 270° to 0° at the period of 4 um may 
OCCU. 

FIG. 15 is a graph of light intensity with respect to a 
diffraction angle when the voltage pattern shown in FIG. 14 
is applied to the sample structure of FIG. 8. 
As described with reference to FIGS. 8 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 JL may be possible with respect to light of a near 
IR wavelength by using ITO to form the permittivity varia 
tion layer 130. Thus, light of a different wavelength band 
may be controlled by utilizing a different material for of 
permittivity variation layer 130 and/or using nano-antennas 
NA with shapes having different dimensions. 
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. 

FIG. 16 is a perspective view of a unit block of an optical 
modulation device 100', according to another exemplary 
embodiment. 
The optical modulation device 100' may include the metal 

layer 110, the permittivity 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 
inverse of the shape of the nano-anntena NA of FIG. 2. A 
substantially cross-shaped through hole NH may be 
engraved in the metal material M. 

Although the cross-sectional shapes of the nano-antennas 
NA and NA" are illustrated as being substantially cross 
shaped, this is merely exemplary. The nano-antennas NA 
and NA may have any of various shapes. 

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 embodiments. 

Referring to FIG. 17A, a cross-sectional shape of the 
nano-antenna NA may be circular. 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 connected to each other in one direction to 
form a nano-antenna line NAL. 

Referring to FIG. 17B, 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 each 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 direc 
tion from the major axis, for example, along a minor axis or 
in another direction, to form the nano-antenna line NAL. 

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 example, 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. 
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10 
The nano-antenna NA of FIG. 17D may have a shape in 

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 each other, for 
example, in an X direction, to form the nano-antenna line 
NAL of FIG. 1. 
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. 

FIG. 18 is a cross-sectional view of a unit block of an 
optical modulation device 200, according to another exem 
plary embodiment. 
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. 
The optical modulation device 200 of the present embodi 

ment is 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 dielec 
tric material layer 250 may be provided on the metal layer 
210, the permittivity variation 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-antennas NA may be arranged to be 
connected to each other in an X direction to form the 
nano-antenna line NAL. The permittivity variation layer 230 
may be patterned in the same shape as the nano-antenna NA. 

If Voltage is applied between the metal layer 210 and the 
nano-antennal NA, an active area 235 may be formed in the 
permittivity 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. 

FIG. 19 is a cross-sectional view of a unit block of an 
optical modulation device 300, according to another exem 
plary embodiment. 
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. 
The optical modulation device 300 of the present exem 

plary 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 
permittivity variation layer 330 may be formed on an entire 
surface the metal layer 310, and the nano-antenna NA may 
be formed in a predetermined pattern on the permittivity 
variation layer 330. The plurality of nano-antennas NA may 
be arranged to be connected to each other in an X direction 
to form the nano-antenna line NAL. 

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 area 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. 

In the above-described optical modulation device, a mate 
rial of a permittivity variation layer, a shape and/or dimen 
sions 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 wave 
length band. For example, in the structure of FIG. 1, a 
plurality of nano-antennas may be arranged in a matrix 
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shape to form a plasmonic nano-antenna layer, and Voltage 
applying means may be configured to individually 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 is merely exemplary. Nano-antennas within the same 
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 dimen 
sions, so that a resonance wavelength band may be differ 
ently in each area. 
The above-described optical modulation device may 

include the plasmonic nano-antenna layer and the permit 
tivity 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 thereof. 

It should be understood that exemplary embodiments 
described herein should be considered in a descriptive sense 
only and not for purposes of limitation. Descriptions of 
features or aspects within each exemplary embodiment 
should typically be considered as available for other similar 
features or aspects in other exemplary embodiments. 

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. 

What is claimed is: 
1. An optical modulation device comprising: 
a plasmonic nano-antenna layer; 
a metal layer, 
a permittivity variation layer disposed between the plas 
monic 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 disposed between the plasmonic 
nano-antenna layer and the metal layer. 

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

3. 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. 

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

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

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

7. The optical modulation device of claim 4, wherein the 
permittivity variation layer comprises an active area having 
a carrier concentration that varies according to a Voltage 
applied between the plasmonic nano-antenna layer and the 
metal layer. 
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8. The optical modulation device of claim 7, wherein the 

active area of the permittivity variation layer is adjacent to 
the dielectric material layer. 

9. The optical modulation device of claim 7, wherein a 
real part of a dielectric constant of the permittivity variation 
layer is equal to 0 in a predetermined wavelength band. 

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

11. The optical modulation device of claim 9, wherein the 
Voltage applied by the power Source between the plasmonic 
nano-antenna layer and the metal layer is in a range includ 
ing a Voltage value at which a resonance wavelength band of 
the plasmonic nano-antenna layer and the predetermined 
wavelength band are identical. 

12. The optical modulation device of claim 4, 
wherein the plasmonic nano-antenna layer comprises a 

plurality of nano-antenna lines spaced apart from each 
other in a first direction, and 

wherein each of the plurality of nano-antenna lines com 
prises a plurality of nano-antennas connected to each 
other in a second direction different from the first 
direction. 

13. 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. 

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

15. 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 layer. 

16. The optical modulation device of claim 15, wherein 
values of Voltages applied between the metal layer and each 
of the plurality of nano-antenna lines have a predetermined 
regularity in the first direction. 

17. The optical modulation device of claim 1, 
wherein the permittivity variation layer is disposed on the 

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

18. 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. 

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

20. 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. 

21. An optical apparatus comprising the optical modula 
tion device of claim 1. 

22. An optical modulation device comprising: 
a plasmonic nano-antenna layer comprising a two-dimen 

sional array of a plurality of nano-antennas; 
a metal layer; 
a permittivity variation layer disposed between the plas 

monic nano-antenna layer and the metal layer, wherein 
the permittivity variation layer comprises a two-dimen 
sional array of a plurality of active areas, corresponding 
to the two-dimensional array of the plurality of nano 
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antennas, each of the plurality of active areas having a 
carrier concentration that varies according to a Voltage 
applied thereto; and 

a dielectric material layer disposed between the plasmonic 
nano-antenna layer and the metal layer. 5 
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