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(57) ABSTRACT 

A plasmonic phase modulator and a method of phase modu 
lation employ modulation of Surface plasmons. The plas 
monic phase modulator includes a semiconductor Substrate 
configured to provide a surface charge that forms a plasmonic 
channel at the substrate surface. The modulator further 
includes an electrode and an insulator between the electrode 
and the semiconductor Substrate. The electrode is configured 
to provide an electric field that influences the surface charge. 
The electric field includes a bias field component and a modu 
lation field component. The Surface plasmon is Supported 
within the plasmonic channel at an interface between the 
semiconductor Substrate Surface and the insulator. A phase of 
the Surface plasmon in the plasmonic channel is modulated by 
changes in the electric field. The method includes propagat 
ing the Surface plasmon in the plasmonic channel and varying 
the modulation field component to modulate the phase of the 
propagating Surface plasmon. 

15 Claims, 3 Drawing Sheets 
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SEMCONDUCTOR-BASED PLASMONIC 
PHASE MODULATOR AND METHOD 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

NAA 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH ORDEVELOPMENT 

NAA 

BACKGROUND 

1. Technical Field 
The invention relates to photonic devices. In particular, the 

invention relates to photonic devices that use Surface plas 
OS. 

2. Description of Related Art 
A consistent trend in integrated circuits (ICs) is toward an 

increase in data rate or equivalently an increase in bandwidth 
of data channels within the IC. Concomitant with the 
increased bandwidth is a desire to reduce an overall size of the 
IC, which typically has included pressure to decrease a size of 
individual components that make up portions of the IC. Pho 
tonics, the use of optical signals for processing and transport 
ing data in ICs, has been developed to facilitate much higher 
bandwidths than is possible with more conventional, purely 
electronic ICs. However, photonic components often require 
considerably larger dimensions or Surface real estate on the 
IC than functionally equivalent electronic components. Rela 
tively recently the use of Surface plasmons in place of or in 
conjunction with conventional optical signals in photonic ICs 
has attracted a great deal of interest. A Surface plasmon at a 
given frequency generally has a wavelength that is consider 
ably smaller than a wavelength of an optical signal in free 
space or a dielectric waveguide at the same frequency. As 
Such, photonic components based on Surface plasmons may 
be much smaller than similar purely conventional photonic 
components. 
A principle component of many photonic ICs is a modula 

tor. A modulator is used to vary or modulate an intensity 
and/or a phase of a signal passing through the modulator. For 
example, a modulator may be used to impress a data stream 
onto an optical signal acting as a carrier to facilitate transmit 
ting the data stream from one point to another either within an 
IC or between ICs or other photonic system elements. Plas 
monic modulators based on changing a phase of gallium (Ga) 
metal used to Support propagation of a Surface plasmon have 
been demonstrated. The phase change (e.g., between a solid 
C-Ga phase and a metallic Ga liquid phase) is induced by 
changing a temperature of the Ga metal. Another approach is 
based on modulating guided long range Surface plasmon 
polaritons (LRSPPs) by either heating a polymer dielectric 
layer to induce loss in the propagating plasmon mode or 
employing a Mach-Zehnder (MZ) interferometer and using 
heat via a thermo-optic effect to change a phase length of one 
arm relative to another arm of the MZ interferometer to affect 
plasmon modulation. 

However, these plasmonic modulators generally cannot 
achieve sufficient modulation bandwidths to be useful for 
high bandwidth application (e.g., data rates above 10 GHz). 
As such, there is considerable interest in providing means for 
modulating Surface plasmons that will facilitate high data rate 
modulation. Providing Such means would satisfy a long felt 
need. 
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2 
BRIEF DESCRIPTION OF THE DRAWINGS 

The various features of embodiments of the present inven 
tion may be more readily understood with reference to the 
following detailed description taken in conjunction with the 
accompanying drawings, where like reference numerals des 
ignate like structural elements, and in which: 

FIG. 1 illustrates a cross sectional view of a plasmonic 
phase modulator, according to an embodiment of the present 
invention. 

FIG. 2 illustrates a block diagram of the plasmonic phase 
modulator of FIG. 1, according to an embodiment of the 
present invention. 

FIG. 3 illustrates a cross sectional view of an exemplary 
embodiment of the plasmonic phase modulator of FIG. 1 that 
employs gratings as input and output couplers, according to 
an embodiment of the present invention. 

FIG. 4 illustrates a perspective view of an exemplary 
embodiment of the plasmonic phase modulator of FIG. 1 with 
input and output ports provided by plasmonic waveguides, 
according to an embodiment of the present invention. 

FIG. 5 illustrates a cross sectional view of an exemplary 
embodiment of the plasmonic phase modulator, according to 
yet another embodiment of the present invention. 

FIG. 6 illustrates a flow chart of a method of modulating a 
Surface plasmon, according to an embodiment of the present 
invention. 

DETAILED DESCRIPTION 

Embodiments of the present invention facilitate phase 
modulation of a propagating Surface plasmon. In particular, 
embodiments of the present invention provide a plasmonic 
channel comprising a Surface charge at an interface between 
a semiconductorandan insulator (e.g., a dielectric adjacent to 
a surface of the semiconductor). The plasmonic channel Sup 
ports the propagating Surface plasmon. The plasmonic phase 
modulator varies or modulates a density of the Surface charge 
about a bias point of the Surface charge that forms and main 
tains the plasmonic channel. The modulation of the Surface 
charge density about the bias point, in turn, modulates a phase 
of a surface plasmon propagating in the plasmonic channel. 
AS Such, the plasmonic modulator is essentially a semicon 
ductor-based plasmonic phase modulator, according to the 
embodiments of the present invention. 

In various embodiments, the plasmonic phase modulator of 
the present invention may be implemented with sub-wave 
length dimensions. For example, in Some embodiments, the 
plasmonic phase modulator is useful for optical wavelengths 
of about 1.5-1.6 microns (Lm). According to these embodi 
ments, the plasmonic phase modulator may be implemented 
having dimensions of less than about 1 um in length and less 
than about 0.5um in width, for example. The sub-wavelength 
dimensions and the plasmonic phase modulator being semi 
conductor-based enable Sub-wavelength-scale data links to 
be realized in photonic and plasmonic integrated circuits 
(ICs) that employ semiconductor substrates for active ele 
ments and optical waveguides, for example. 

Various embodiments the plasmonic phase modulator, 
according to the present invention, comprise a semiconductor 
Substrate having a Surface at or defined by an interface 
between the semiconductor and an insulator (e.g., a dielectric 
or a vacuum). The various embodiments generally employ an 
ability of a surface charge at the semiconductor Substrate 
Surface (i.e., the semiconductor-insulator interface) to Sup 
porta Surface plasmon. According the various embodiments, 
an electric field is employed to influence a Surface charge 
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density of the semiconductor substrate at the surface. The 
electric field may be controllably varied in one or both of 
polarity and intensity. The controllably varied electric field 
both establishes or forms the plasmonic channel and control 
lably modulates the surface charge density within the formed 
plasmonic channel. The controllable modulation of the sur 
face charge density interacts with a dispersion characteristic 
of the Surface plasmon propagating in the plasmonic channel 
to produce a phase modulation of the Surface plasmon. 

In some embodiments, the electric field comprises a first 
field component referred to as a bias field component. The 
bias field component forms the plasmonic channel. In par 
ticular, the bias field component establishes a bias point of the 
Surface charge density. The Surface charge density bias point 
is defined as a predetermined charge density that Supports the 
Surface plasmon at the semiconductor-insulator interface. In 
Some embodiments, the bias field component is Substantially 
constant in value or level and may be referred to as a direct 
current (DC) field component. For example, an electric field 
level is selected that produces a sufficiently dense surface 
charge so that the plasmonic channel is created and the Sur 
face plasmon is able to propagate. The electric field with the 
selected strength is then applied and maintained in order to 
form and maintain the plasmonic channel. 

In various embodiments, the electric field further com 
prises a second field component referred to as a modulation 
field component. The modulation field component comprises 
a varying electric field level about or around the electric field 
level established by the bias field component. In some 
embodiments, the modulation field component level may 
vary one or both of above and below the bias field component 
level. For example, the bias field component may establish an 
electric field at a first level (e.g., E). The modulation field 
component may be represented by a change in the electric 
field level (e.g., ÖE) that is one or both of a positive and a 
negative deviation in the electric field level around the first 
level (e.g., EtöE). 

In some embodiments, bias field component of electric 
field may facilitate operation of the plasmonic phase modu 
lator as a binary Switch with respect to the Supported Surface 
plasmon. Specifically, a controlled presence or absence of the 
Surface charge produced by the bias field component is 
employed to essentially turn ON or turn OFF the plasmonic 
channel through the plasmonic phase modulator. When 
turned ON, the plasmonic channel formed by the presence of 
the Surface charge essentially Supports propagation of the 
Surface plasmon and allows the Surface plasmon to propagate 
through the plasmonic phase modulator. Alternatively, when 
turned OFF, the plasmonic channel effectively disappears 
(e.g., the Surface charge is not present at the semiconductor 
insulator interface) and propagation of the Surface plasmon is 
blocked. In particular, the Surface plasmon cannot propagate 
through the plasmonic phase modulator in the absence of the 
plasmonic channel provided by the Surface charge. For 
example, the presence or absence of the plasmonic channel 
may be controlled by the presence or absence of the bias field 
component of the electric field. 

In some embodiments, the Surface charge comprises 
charge species or free carriers of the semiconductor that accu 
mulate at the semiconductor-insulator interface under the 
influence of the electric field (i.e., in particular, under the 
influence of the bias field component of the electric field). In 
other words, the plasmonic phase modulator Substantially 
operates in an accumulation mode when considering the 
formation and maintenance of the plasmonic channel, in 
some embodiments. In some of these embodiments, the free 
carriers are electrons and the electric field creates what may 
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4 
be considered a 2-dimensional electron gas (2DEG) at the 
semiconductor surface. The 2DEG produced by the accumu 
lation of free electrons acts as the plasmonic channel. In other 
words, the exemplary 2DEG is the surface charge that sup 
ports the Surface plasmon within the plasmonic channel. 
Similarly, a 2-dimensional hole gas (2DHG) may be created 
by the accumulation of holes at the semiconductor Surface. 

In some embodiments, majority carriers of the semicon 
ductor Substrate provide the Surface charge. For example, a 
semiconductor Substrate, in which the majority carriers are 
electrons, may provide the surface charge as the 2DEG. For 
an exemplary semiconductor Substrate in which the majority 
carriers are holes, the Surface charge may be provided as a two 
dimensional hole gas (2DHG), for example. In other embodi 
ments, the Surface charge is provided by minority carriers of 
the semiconductor. In some embodiments, the semiconductor 
Substrate may comprise a semiconductor layer or layers on 
top of an insulator layer. Such a semiconductor Substrate may 
be referred to herein as a semiconductor on insulator (SOI) 
substrate. 

In some embodiments, the plasmonic phase modulator has 
or employs an electrode adjacent to but electrically separated 
from the semiconductor Surface (e.g., a Surface of the semi 
conductor substrate). The electrode may be separated from 
the semiconductor Surface by the insulator (e.g., of the semi 
conductor-insulator interface), for example. The electrode 
comprises a conductive material. In some of these embodi 
ments, the electrode provides the electric field. In particular, 
the electrode may provide one or both of the bias field com 
ponent and the modulation field component of the electric 
field. In some embodiments, a Voltage is applied to the elec 
trode produces the electric field. The conductive nature of the 
electrode accepts the voltage and produces the electric field 
that extends to the semiconductor surface. In other embodi 
ments, one or both of the bias field component and the modu 
lation field component of the electric field are provided by an 
external source (e.g., another electrode or a combination of 
electrodes and other electric field sources). 

In some embodiments, the electrode may comprise a metal 
or a conductive metal oxide, a conductive metal nitride, or 
similar conductive compound comprising a metal. Essen 
tially any metal or conductive metal compound may be 
employed. For example, the insulator may comprise a thin 
layer, and the metal may be deposited on a surface of the 
insulator as a layer using one or both of evaporative deposi 
tion and sputter deposition. In other embodiments, the elec 
trode may comprise a doped semiconductor. For example, the 
doped semiconductor may be a layer of polysilicon that is 
heavily doped to act as a conductor. The polysilicon layer may 
be deposited or grown on the insulator layer, for example. 
An optical signal may be one or both of coupled into and 

coupled out of the plasmonic phase modulator, according to 
various embodiments of the present invention. The optical 
signal coupled into plasmonic phase modulator excites the 
formation of the Surface plasmon within the plasmonic chan 
nel of the plasmonic phase modulator. As such, a coupler that 
couples the optical signal into the plasmonic channel and 
excites the Surface plasmon is a means for exciting the Surface 
plasmon, according to Some embodiments. In other embodi 
ments, the means for exciting the Surface plasmon may fur 
ther comprise the optical signal and the coupler. In yet other 
embodiments, the means for exciting may directly excite the 
Surface plasmon in the plasmonic channel (e.g., by electrical 
stimulation of the carrier gas, for example). The optical signal 
coupled out of the plasmonic phase modulator is produced 
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from the Surface plasmon and represents or carries the modu 
lation that was imparted on the Surface plasmon by the plas 
monic phase modulator. 

For example, an optical signal propagating in an optical 
waveguide or as a surface plasmon on a metal-based plas 
monic waveguide adjacent to the plasmonic phase modulator 
may be coupled into the plasmonic phase modulator to excite 
the Surface plasmon. In another example, an unguided optical 
beam (e.g., a free space optical beam) incident on an input end 
of the plasmonic phase modulator may be coupled into the 
plasmonic phase modulator and to excite the Surface plasmon 
in the plasmonic channel. Similarly, the Surface plasmon may 
be coupled out of the plasmonic phase modulator following 
modulation. For example, the modulated Surface plasmon 
may be coupled out of the plasmonic phase modulator and 
into one of an optical waveguide and a plasmonic waveguide. 
In another example, the modulated Surface plasmon may be 
coupled out of the plasmonic phase modulator as an unguided 
optical beam. 

In some embodiments, a coupler is employed to one or both 
of couple the incident optical signal into and couple the 
modulated Surface plasmon out of the plasmonic phase 
modulator. The coupler that couples the incident optical sig 
nal into (i.e., input coupler) essentially transforms a wave 
vector of the incident optical signal into a wave vector of the 
Surface plasmon in the plasmonic channel of the plasmonic 
phase modulator. Likewise, the coupler that couples the Sur 
face plasmon out of the plasmonic phase modulator (i.e., 
output coupler) Substantially transforms the Surface plasmon 
wave vector into a wave vector associated with one or more of 
an optical waveguide, a plasmonic waveguide, and a free 
space optical beam. 
The terms semiconductor and semiconductor materials 

as used herein independently include, but are not limited to, 
group IV, group III-V and group II-VI semiconductor mate 
rials from the Periodic Table of the Elements, including com 
pound semiconductor materials, and combinations thereof, or 
another semiconductor material that forms any crystal orien 
tation in lieu of or in combination with any of the semicon 
ductor materials from the groups listed above. For example, 
and not by way of limitation, a semiconductor Substrate may 
be a silicon-on-insulator (SOI) wafer witha (111)-oriented or 
a (110)-oriented silicon layer (i.e., top layer), or a single, 
free-standing wafer of (111) or (110) silicon, depending on 
the embodiment. The semiconductor materials that are ren 
dered electrically conductive, according to Some embodi 
ments herein, are doped with a dopant material to impart a 
targeted amount of electrical conductivity (and possibly other 
characteristics) depending on the application. 
An insulator or an insulator material useful for the various 

embodiments of the invention is any material that is capable 
of being made insulating including, but not limited to, a 
semiconductor material from the groups listed above, another 
semiconductor material, and an inherently insulating material 
(e.g., a dielectric). Moreover, the insulator material may bean 
oxide, a carbide, a nitride or an oxynitride of any of the 
above-referenced semiconductor materials such that insulat 
ing properties of the material are facilitated. For example, the 
insulator may be a silicon oxide (SiO). Alternatively, the 
insulator may comprise an oxide, a carbide, a nitride or an 
oxynitride of a metal (e.g., aluminum oxide) or even a com 
bination of multiple, different materials to form a single insu 
lating material, or the insulator may be formed from multiple 
layers of insulating materials. 
A surface plasmon is defined herein as a Surface wave or 

a plasma oscillation of a Surface charge at a Surface of a 
plasmon Supporting material adjacent to an insulator (e.g., a 
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6 
dielectric material or a vacuum). In particular, the Surface 
plasmon is defined as a coherent oscillation of charged spe 
cies at or closely associated with the semiconductor-insulator 
interface. The charged species that provide the Surface charge 
comprises charges or carriers (e.g., electrons or holes) that are 
free to oscillate while still being essentially bound to the 
Surface of the plasmon Supporting material. For example, the 
Surface plasmon may be the collective oscillations of a two 
dimensional electron gas (2DEG) in or at a Surface of a 
semiconductor (i.e., the plasmon Supporting material) adja 
cent to an overlying insulator. Surface plasmons are also 
referred to as Surface plasmon polaritons especially when 
considering them in terms of a quasiparticle. A material is 
said to support a Surface plasmon and hence is a plasmon 
Supporting material if a bound Surface charge exists or can 
exist at the surface of the material and if the bound surface 
charge provides for the formation the Surface plasmon. 

Further by definition, Surface plasmons and by extension, 
plasmonic modes, are specifically confined to the Surface of 
the plasmon Supporting material at an interface between the 
plasmon Supporting material and an overlying insulator mate 
rial, as defined herein. However, while confined to the Sur 
face, the Surface plasmon may propagate along the interface. 
As such, energy associated with the Surface plasmon may be 
transferred along the plasmon Supporting material from one 
point to another. For example, an optical signal incident from 
a vacuum oran overlying dielectric material on a surface of a 
Surface plasmon Supporting material may excite surface plas 
mons that propagate along the Surface according to plasmonic 
modes associated with the material and a structure of the 
material. 

Surface plasmons on the plasmon Supporting material Sur 
face oscillate at the same frequency ()(c)=2 Juf) as the fre 
quency of an incident optical field or another excitation 
Source (e.g., another plasmon) used to excite the Surface 
plasmons. However, Surface plasmons are not generally con 
strained by a diffraction limitation in the optical domain. As 
Such, a wavelength of a Surface plasmon is generally shorter, 
and in Some cases much shorter, than a wavelength of the 
incident optical field that excites the Surface plasmon. In 
particular, Surface plasmons are characterized by a wave vec 
tork, which is related to a wavelength we of the Surface 
plasmon by equation (1). 

(1) k = i P = , 

In turn, the Surface plasmon wave vector k is related to 
frequency () by a dispersion characteristic or relation ()-k 
for the plasmon Supporting material. The dispersion relation 
()-k for the plasmon Supporting material along with equa 
tion (1) establish how short the surface plasmon wavelength 
w is compared to a free space wavelength wo. 
As noted above, Surface plasmon Supporting materials are 

materials that have or can Supporta Surface charge that is free 
to oscillate and Support the Surface plasmon. Materials such 
as, but not limited to, metals and certain organometallics that 
exhibit a dielectric constant having a negative value real part 
are examples of plasmon Supporting materials. Noble metals 
Such as, but not limited to, gold (Au), silver (Ag) as well as 
Some other metals, most notably copper (Cu) and aluminum, 
are materials that are known to Support Surface plasmons at or 
near to optical frequencies. 

In metals (e.g., noble metals), the Surface plasmon disper 
sion relation ()-k is given by equation (2) 
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(2) &n (co) &d kpea = Pineiai (&n (co) + ed) 

where c is the speed of light, 6 (CD) is a complex dielectric 
constant of the metal and 6 is a dielectric constant of an 
insulator (i.e., a dielectric material) at an interface between 
the metal and the insulator where the Surface plasmon is 
Supported. 
A semiconductor may also support a Surface plasmon and 

thus is a plasmon Supporting material. Specifically, in a semi 
conductor the Surface plasmon is Supported by a Surface 
charge that forms a plasmonic channel. The Surface plasmon 
dispersion relation for a semiconductor material in terms of 
the plasmon frequency () may be given by equation (3) 

g’Nskip (3) 
(OP 

where Nsis a two dimensional (2-D) surface charge density or 
2-D carrier gas (2DCG) at the semiconductor-insulator inter 
face (i.e., semiconductor Surface), q is a charge of free carriers 
(e.g., the charge or either the electrons or holes) that comprise 
the surface charge, mo is an effective mass of a carrier (e.g., 
effective mass of an electron or a hole) in the semiconductor, 
and 6 is the free space permittivity. Using equation (3), 
phase velocity V, and group velocity V of the surface plas 
mon in the plasmonic channel at the semiconductor Surface is 
given by equations (4) and (5). 

(4) (op q°Ns 
Vp = kp no&okp 

d (op 1 g’Ns (5) 
'8 dike 2 Winek, 

An effective index of refraction of the 2DCG-based surface 
plasmon at the semiconductor-insulator interface can be 
derived from equation (4) as given by equation (6). 

C (6) 

Further, using the above-relationships, a ratio of 2DCG-based 
surface plasmon effective refractive indices at two different 
Surface charge densities is given by equation (7) 

nP2 y P. VNs kP2 Ns| (7) 
nP VP2 WNik Ns2 

where numbered subscripts having either 1 or 2 (e.g., p1, 
p2, s1, s2) refer respectively to the two different charge den 
sities and where it is assumed that a fixed Surface plasmon 
frequency () is employed. In particular, if the Surface plas 
mon frequency () is held constant for the two different 
charge densities Ns and Ns, then from equation (3) it can be 
shown that WNsk-VNike, which leads directly to the 
result in equation (7). Namely, a change in the effective index 
of refraction An of the Surface plasmon at the semiconduc 
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8 
tor-insulator interface is proportional to a change in the Sur 
face charge density ANs, as given by equation (8). 

Anp ANs 
np Ns2 

(8) 

Further, a change in the effective index of refraction An, that 
provides a phase change of t-radians (180 degrees) within the 
plasmonic phase modulator is given by equation (9) 

(9) 

where wo is the free-space operating wavelength and L repre 
sents a length of the plasmonic channel of the plasmonic 
phase modulator. For example, if the plasmonic channel has a 
length L of 100 nm and assuming a free-space optical wave 
length wo of 1550 nm, an exemplary effective index change 
An of about 7.75 will provide a phase change of t-radians. 
From equation (8) and assuming an initial (i.e., bias point) 
surface charge density Ns of 5x10" cm, the exemplary 
effective index change An of 7.75 can be provided by a 
change in surface charge density ANs of about 2x10" cm 
(i.e., less than 4% change from the bias point Surface charge 
density Ns). 

In various embodiments, the change in the Surface charge 
density is controlled or provided by the modulation field 
component of the electric field. A modulation Voltage applied 
to the electrode, for example, may provide the modulation 
field component. Similarly, the bias field component may be 
provided by a bias component of a Voltage applied to the 
electrode, according to some embodiments. When an applied 
Voltage provides the electric field, the plasmonic phase modu 
lator of the present invention is a Voltage-controlled plas 
monic phase modulator. 

In embodiments of the Voltage-controlled plasmonic phase 
modulator, a bias Voltage V on the electrode Sufficient to 
provide the bias component of the electric field that forms and 
maintains an exemplary plasmonic channel may be deter 
mined from equation (10) 

(10) 

where C is an insulator layer capacitance associated with the 
electrode (i.e., of a capacitor formed by the electrode and 
semiconductor Surface separated by the insulator), Qo is a 
Surface charge that provides a flat band condition in the semi 
conductor, and KT/q is the thermal Voltage of the semicon 
ductor. In equation (10), a first term (i.e., left of the addition 
operator or +) is a Voltage drop across the insulator (or 
insulator layer) while a second term (i.e., to the right of the 
+) represents a potential drop across an accumulation layer 
that forms the plasmonic channel. Similarly, a modulation 
Voltage V, that provides the bias field component is simi 
larly given by equation (11). 

(11) 4 + 2 in Nil) C i NS2 
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However, since the change in Surface charge density ANs 
Sufficient to provide the L-radian phase change is very Small 
compared to the bias point Surface charge Ns, a ratio of 
Ns/Ns is about 1 and the modulation voltage is effectively a 
function of only the first term to the left of the addition 
operator +. For example, for the exemplary change in Sur 
face charge density AN-2x10' cm’ from above and 
assuming an exemplary insulator layer capacitance C of 
about 1.33x10 F/cm, a modulation voltage V of about 
20 mV may be sufficient to provide the L-radian phase change 
in a surface plasmon propagating through the plasmonic 
phase modulator of the present invention. 

For simplicity herein, no distinction is made between a 
substrate or slab and any layer or structure on the substrate 
unless Such a distinction is necessary for proper understand 
ing. Also, herein 2-dimensional carrier gas (2DCG) is 
defined as and used to refer to one or both of a 2-dimensional 
electron gas (2DEG) and a 2-dimensional hole gas (2DHG). 
Further, as used herein, the article 'a' is intended to have its 
ordinary meaning in the patent arts, namely one or more. 
For example, a layer generally means one or more layers 
and as such, the layer means the layer(s) herein. Also, any 
reference herein to top, bottom, upper, lower, up, 
down, left or right is not intended to be a limitation 
herein. Moreover, examples herein are intended to be illus 
trative only and are presented for discussion purposes and not 
by way of limitation. 

FIG. 1 illustrates a cross sectional view of a plasmonic 
phase modulator 100, according to an embodiment of the 
present invention. FIG. 2 illustrates a block diagram of the 
plasmonic phase modulator 100, according to an embodiment 
of the present invention. The plasmonic phase modulator 100 
modulates a phase of a surface plasmon. The Surface plasmon 
generally propagates from an input end 102 to an output end 
104 of the plasmonic phase modulator 100 along a path 
referred to as a plasmonic channel 106. At the input end 102. 
the Surface plasmon is referred to as an unmodulated Surface 
plasmon. At the output end 104, the Surface plasmon has been 
modulated by the plasmonic phase modulator 100 and is 
termed a modulated Surface plasmon. 

The plasmonic phase modulator 100 comprises a semicon 
ductor substrate 110. The semiconductor substrate 110 is 
configured to provide a Surface charge 112 at a surface 114 of 
the semiconductor substrate 110. The surface charge 112 
Supports the Surface plasmon. In particular, the Surface charge 
112 forms the plasmonic channel 106 which, in turn, supports 
the Surface plasmon that propagates therethrough. In some 
embodiments (e.g., as illustrated in FIG. 1), the semiconduc 
tor substrate 110 is essentially planar. 

For example, the semiconductor substrate 110 of the plas 
monic phase modulator 100 may comprise a semiconductor 
of group IV such as, but not limited to, one or both of silicon 
(Si) and germanium (Ge). In another example, the semicon 
ductor substrate 110 may comprise a III-V compound semi 
conductor Such as, but not limited to, gallium arsenide (GaAs) 
or indium phosphide (InP). The semiconductor substrate 110 
may be doped with a dopant to increase an available quantity 
of free carriers (e.g., electrons or holes). For example, Si 
doped with an n-type dopant such as, but not limited to, 
phosphorous (P) may be used as the semiconductor Substrate 
110 to provide surface electrons in the form of a 2DEG for 
Supporting the Surface plasmon. In another example, the 
semiconductor substrate 110 may be effectively undoped 
(e.g., unintentionally or lightly doped) or intrinsic. 
The Surface charge 112 comprises free charges or carriers 

of the semiconductor substrate 110. In some embodiments, 
the carriers represent majority carriers of the semiconductor 
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substrate 110. The carriers may be naturally present in suf 
ficient quantity or at a Sufficient density that provides the 
Surface charge 112 and creates the plasmonic channel 106, in 
Some embodiments. For example, the Sufficient density, and 
thus the surface charge 112, may be provided by the presence 
of a dopant at a predetermined concentration in the semicon 
ductor substrate 110. The exemplary surface charge 112 pro 
vided by the dopant that produces accumulated carriers at the 
Surface 114 may be modulated (e.g., changed in density) by 
the application of an electric field or another means for modu 
lating that essentially moves some of the carriers away from 
the surface 114, for example. 

In other embodiments, the surface charge 112 and, by 
extension, the plasmonic channel 106 are provided by the 
Substrate carriers that are attracted to and Subsequently accu 
mulated at the surface 114. For example, an electric field may 
be employed to attract and accumulate majority carriers to the 
surface 114 of the semiconductor substrate 110 to provide the 
Surface charge 112. In these embodiments, the plasmonic 
phase modulator 100 Substantially operates in an accumula 
tion mode. 

In general, the accumulated Surface charge 112 at the Sur 
face represents a two-dimensional electrongas (2DEG) when 
the majority carriers are electrons and a two-dimensional hole 
gas (2DHG) when the majority carriers are holes. For 
example, the substrate may be silicon (Si) that is either intrin 
sic or lightly doped with an n-type dopant. For Such an exem 
plary semiconductor substrate 110, the majority carriers are 
electrons and the surface charge 112 is essentially a 2DEG. 

In other embodiments, the Surface charge 112 comprises 
minority carriers. For example, the Surface charge 112 may be 
provided by a surface inversion charge induced by migration 
of thermally generated minority carriers to the surface 114 of 
the semiconductor substrate 110 wherein the minority carri 
ers achieve a Sufficiently high density to overwhelm a major 
ity carrier density at the surface 114. By overwhelming the 
majority carrier density, the minority carriers essentially 
invert the Surface charge type. 

In some embodiments, the plasmonic phase modulator 100 
further comprises an electrode 120 adjacent to but spaced 
apart from the semiconductor substrate surface 114. The elec 
trode 120 comprises a conductive material and provides the 
electric field. The electric field provided by the electrode 120 
influences a density of the surface charge 112 provided by the 
semiconductor substrate 110. In particular, the electric field 
comprising a bias field component and a modulation field 
component, in Some embodiments. 

In some embodiments, the bias component of the electric 
field influences the Surface charge density by inducing for 
mation of the plasmonic channel 106 comprising the Surface 
charge 112. For example, the electric field may attract carriers 
to the surface of the semiconductor substrate 110. The 
attracted carriers accumulate at the semiconductor Substrate 
surface 114 to form the plasmonic channel 106. Continued 
presence of the bias component further maintains the plas 
monic channel 106 facilitating propagation of the Surface 
plasmon therethrough. In some embodiments, such as when 
the semiconductor substrate 110 is essentially planar, the 
electrode 120 is also essentially planar (e.g., see FIG. 1). 

In some embodiments, the modulation component of the 
electric field varies or modulates a phase of the surface plas 
mon propagating in the plasmonic channel 106. The Surface 
plasmon phase is a function of the modulation field compo 
nent as has been established above. In particular, a change in 
the phase is controlled by a change in the effective index of 
refraction An, which is a function of (i.e., is proportional to) 
a change in the Surface charge density ANs, as given by 
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equation (8), in some embodiments. The modulation field 
component determines the change in Surface charge density 
ANs. 

In some embodiments, the electrode 120 comprises a 
metal. For example, the electrode 120 may comprise one or 
more of gold (Au), silver (Ag), copper (Cu), titanium (Ti), and 
tungsten (W), as well as various combinations and alloys 
thereof. In other embodiments, the electrode 120 comprises 
the metal and another material alloyed with or chemically 
bonded to the metal. For example, the electrode 120 may 
comprise a conductive oxide or a nitride of the metal. In yet 
other embodiments, the electrode 120 comprises a doped 
semiconductor. For example, the electrode 120 may comprise 
polysilicon (p-Si) that is doped with sufficient dopant to ren 
der the polysilicon electrically conductive. Essentially any 
conductive material that is or can be employed to fabricate 
conductive traces or contact pads for semiconductor inte 
grated circuits (ICs) may be employed to realize the electrode 
120, for example. 

In some embodiments, the electrode 120 is connected to a 
Voltage source (not illustrated) that acts as the control input. 
The voltage source provides a voltage to the electrode 120 
Such that the Voltage produces an electric field. The Voltage 
Source is configured to provide a bias Voltage that produces 
the bias component of the electric field. The voltage source is 
independently configured to provide a modulation Voltage 
that produces the modulation field component of the electric 
field. For example, the bias Voltage and modulation Voltage 
may be determined according to equations (10) and (11) 
above. 

According to Some embodiments, the plasmonic phase 
modulator 100 includes means for applying a variable electric 
field that comprises the electrode 120 with the attached volt 
age source. In another embodiment, the means for applying a 
variable electric field may comprise a pair of electrodes (not 
illustrated) connected to a pair of Voltage sources. A first 
electrode of the electrode pair in conjunction with a first 
Voltage source of the Voltage source pair may provide the bias 
field component, for example. Similarly, a second electrode 
and second Voltage source of the respective pairs may provide 
the modulation field component, for example. In yet another 
embodiment, the electric field or more particularly, one or 
both of the modulation field component and the bias field 
component of the electric field may be provided by another 
electric field generator instead of or in addition to a combi 
nation of an electrode and a voltage source. FIG. 2 illustrates 
the means for applying 120 in accordance with some embodi 
mentS. 
The plasmonic phase modulator 100 further comprises an 

insulator 130. The insulator 130 is located between and 
spaces apart the electrode 120 and the semiconductor sub 
strate 110. The surface plasmon is supported at an interface 
between the semiconductor surface 114 and the insulator 130 
(i.e., the semiconductor-insulator interface). The semicon 
ductor-insulator interface corresponds to the Substrate Sur 
face 114 herein. 

In some embodiments, the insulator 130 comprises a planar 
layer on the semiconductor surface 114. In some of these 
embodiments, the insulator 130 may comprise a relatively 
thin layer of a dielectric. Further, in some of these embodi 
ments, the dielectric may be a high-k dielectric. A high-k 
dielectric is defined herein as a dielectric material having a 
dielectric constant that is higher than that of silicon dioxide 
(SiO). Examples of high-k dielectrics include, but are not 
limited to, hafnium oxide (H?O), Zirconium oxide (ZrO2) 
and Zirconium silicate (ZrSi). In general, a thickness of the 
insulator 130 and a dielectric constant of the insulator are 
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selected to facilitate achieving a particular electric field level 
or intensity at the semiconductor Surface 114 for a given 
voltage that is applied to the electrode 120. 

For example, the insulator 130 may comprise a dielectric 
having a thickness of less than about 2 nanometers (nm) and 
a dielectric constant of greater than about 10. In another 
example, the dielectric constant may be greater than or equal 
to about 30. When the insulator 130 has a thickness of 
between about 1 nm and about 2 nm and a dielectric constant 
of about 30, for example, an applied voltage on the electrode 
120 of about 4 volts (V) may produce an accumulated density 
of the surface charge 112 at the surface 114 of an exemplary 
Sisemiconductor substrate 110 of about 10" cm. A surface 
charge density of about 10" cmi would result in a plasmon 
wavelength of about 14 nm when excited by optical radia 
tion having a free space of wavelength of about 1.55 microns 
(Lm), for example. Further, an exemplary 20 mV modulation 
Voltage may be sufficient to change the Surface plasmon phase 
by JL-radians. An R-C time constant for Such an exemplary 
plasmonic phase modulator 100 may support a modulation 
bandwidth on the order of about 160 GHz, in some embodi 
mentS. 

In some embodiments, the plasmonic phase modulator 100 
further comprises an input port 140 at the input end 102 of the 
plasmonic phase modulator 100 as shown in FIG. 2. The input 
port 140 essentially provides means for introducing a signal 
from an external source into the plasmonic channel 106 of the 
plasmonic phase modulator 100. The signal may be either an 
optical signal or plasmonic signal (i.e., also essentially an 
optical signal), for example. In some embodiments, the plas 
monic phase modulator 100 further comprises an input cou 
pler 150. The input coupler 150 converts a wavevector of the 
signal at the input port 140 into a wave vectork of the surface 
plasmon Supported by the Surface charge 112 that forms the 
plasmonic channel 106. The input coupler 150 is positioned 
adjacent to the input end 102 of the plasmonic phase modu 
lator 100. 

For example, the input port 140 may comprise an optical 
beam 140 and the input coupler 150 may comprise a grating 
150 positioned adjacent to the input end 102 of the plasmonic 
phase modulator 100. The grating 150 receives the incident 
optical beam 140 and couples energy of the optical beam 140 
into the plasmonic phase modulator 100 as the surface plas 
mon. In particular, the optical grating 150 converts a wave 
vector of the optical beam into the wave vector k of the 
Surface plasmon. 

In another example, the input port 140 comprises an optical 
waveguide that carriers an optical signal. For example, the 
optical waveguide may be a slab waveguide (e.g., a ridge 
waveguide) in a portion of the semiconductor substrate 110 
beyond or external to the plasmonic phase modulator 100. An 
end of the optical waveguide positioned adjacent to the input 
end 102 of the plasmonic phase modulator 100 provides the 
input port 140. The input coupler 150 is positioned between 
the end of the input port optical waveguide 140 and the input 
end 102 of the plasmonic phase modulator 100. For example, 
the input coupler 150 may be a gap 150 having a predeter 
mined width across which an evanescent field extends to 
couple the optical signal into the Surface plasmon of the 
plasmonic phase modulator 100. 

In yet another example, the input port 140 comprises a 
plasmonic waveguide that carriers a Surface plasmon having 
a wave vector characteristic of the plasmonic waveguide. For 
example, the plasmonic waveguide may comprise a strip of a 
noble metal on a surface of the semiconductor substrate 110 
beyond the input end 102 of the plasmonic phase modulator 
100. An end of the plasmonic waveguide provides the input 
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port 140. The input coupler 150 for this example, essentially 
converts the wave vector Surface plasmon of the plasmonic 
waveguide into the wave vectork of the Surface plasmon of 
the plasmonic phase modulator 100. In other words, the input 
coupler 150 provides for a transitioning of the surface plas 
mon guided on the noble metal strip to the Surface plasmon 
that propagates on the Surface charge 112 within the plas 
monic channel 106 of the plasmonic phase modulator 100. 

In some embodiments, the plasmonic phase modulator 100 
further comprises an output port 160. The output port 160 
essentially provides means for receiving and carrying away 
the modulated Surface plasmon from the plasmonic channel 
106 of the plasmonic phase modulator 100. For example, the 
received modulated Surface plasmon may be carried away 
from the plasmonic phase modulator 100 as either an optical 
signal or plasmonic signal. In various embodiments, the out 
put port 160 may be essentially similar to one or more of the 
exemplary input ports 140, described above. For example, the 
output port 160 may comprise one of an optical waveguide 
and a plasmonic waveguide. 

In some embodiments, the plasmonic phase modulator 100 
further comprises an output coupler 170. The output coupler 
170 converts the wave vector k of the modulated surface 
plasmon in the plasmonic channel 106 into a wave vector 
compatible with the output port 160. The output coupler 170 
is positioned adjacent to the output end 104 of the plasmonic 
phase modulator 100. In various embodiments, the output 
coupler 170 may be essentially similar to any of the exem 
plary input couplers 150, described above. For example, the 
output coupler 170 may comprise a grating that converts the 
surface plasmon of the plasmonic phase modulator 100 into 
an output optical beam. 

FIG. 3 illustrates a cross sectional view of an exemplary 
embodiment of the plasmonic phase modulator 100 of FIG. 1 
that employs gratings as both the input coupler 150 and the 
output coupler 170, according to an embodiment of the 
present invention. Illustrated bold arrows 140, 160 in FIG. 3 
depict input and output optical beams that act as respectively 
as input and output ports 140, 160. FIG. 4 illustrates a per 
spective view of an exemplary embodiment of the plasmonic 
phase modulator 100 of FIG. 1 comprising both the input 
coupler 150 and the output coupler 170 that are provided by 
tapered metal-insulator-metal (MIM) plasmonic waveguides, 
according to an embodiment of the present invention. 

FIG. 5 illustrates a cross sectional view of an exemplary 
embodiment of the plasmonic phase modulator 100, accord 
ing to yet another embodiment of the present invention. In 
particular, as illustrated, the plasmonic phase modulator 100 
comprises the semiconductor substrate 110, an electrode 120 
and an insulator layer 130 sandwiched between the electrode 
120 and the semiconductor substrate 110. As illustrated, the 
semiconductor Substrate 110 is a semiconductor-on-insulator 
(SOI) substrate. For example, the SOI substrate may com 
prise a semiconductor layer 110a of silicon (Si) on top of an 
insulating layer 110b of silicon dioxide (SiO2). In this exem 
plary configuration, the semiconductor substrate 110 that 
provides the plasmonic channel and Supports the Surface plas 
mon may comprise a portion of the Si Semiconductor layer 
110a under the electrode 120, for example. 

Further as illustrated, the input port 140 is provided by an 
input portion of an optical waveguide 140, while another 
portion of an optical waveguide 160 provides the output port 
160. For example, one or both of the input optical waveguide 
140 and the output optical waveguide 160 may be a strip 
optical waveguide (i.e., a photonic wire waveguide) formed in 
the semiconductor layer 110a of the SOI substrate 110. Other 
optical waveguides including, but not limited to, a slot optical 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

14 
waveguide and a ridge optical waveguide may be employed 
instead of a strip waveguide for the input and output optical 
waveguides 140, 160. 

Further as illustrated in FIG. 5, the plasmonic phase modu 
lator 100 further comprises an input coupler 150 imple 
mented as a sloped grating coupler 150. Also as illustrated, 
the plasmonic phase modulator 100 further comprises an 
output coupler 170 realized as another sloped grating coupler. 
In another embodiment (not illustrated), one or both of the 
input and output couplers 150, 170 may be implemented as a 
plasmonic taper. A plasmonic taper comprise a vertically 
stacked metal-insulator-metal plasmonic waveguide that is 
adiabatically tapered from a dimension close to that of the 
optical waveguide to a deep Sub-wavelength dimension at an 
opposite end adjacent to the electrode 120 of the plasmonic 
phase modulator 100. In particular, the deep sub-wavelength 
dimension may be similar to a width of the electrode 120 
perpendicular to a direction of propagation of the Surface 
plasmon within the plasmonic phase modulator 100. 

Herein, a sloped grating coupler comprises a sloped Sur 
face of the semiconductor layer 110a, wherein the coupler is 
formed into the semiconductor layer (e.g., by etching) of the 
SOI substrate 110. The sloped surface comprises an ultra-fine 
grating that is formed therein. In an example, the ultra-fine 
grating may have a pitch of about 16 mm for a first order 
diffraction or about 22 nm for a second order diffraction when 
it is interfaced to an Si Strip optical waveguide that has an 
optical mode with an effective wavelength of about 440 nm. 
In some embodiments, the ultra-fine grating is also formed in 
a layer of insulator and a layer of conductor that overlies the 
grating of the semiconductor material (e.g., as illustrated). 
The conductor may be material used to form the electrode 120 
(e.g., metal or doped-polysilicon) while the insulator may be 
an extension of the insulator 130. Coupling between the ultra 
fine grating and the Surface plasmon within the plasmonic 
channel of the plasmonic phase modulator 100 is governed by 
equation (12) 

27 
Ap 

27tcost 2nt 
-- - - 
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where m is a diffraction order, A is a grating period and, 0 is 
the grating slope as illustrated in FIG. 5. In some embodi 
ments, an area above and between the ultra-fine grating of the 
sloped grating coupler 150, 170 and an interfaced optical 
waveguide (e.g., the input or output optical waveguides 140, 
160) comprises a relatively high index dielectric fill material. 
The relatively high index dielectric fill material has an index 
of refraction that is higher than or relative to an index of 
refraction of the semiconductor. For example, the relatively 
high index dielectric fill material may have a refractive index 
of about 3-4 when the semiconductor is Si. 

In some embodiments, the plasmonic phase modulator 100 
according to the present invention may be employed to imple 
ment an amplitude modulator. For example, in some embodi 
ments, switching on and off or varying a level of the bias field 
component may be used to amplitude modulate the Surface 
plasmon propagating in the plasmonic channel. In another 
embodiment (not illustrated), the plasmonic phase modulator 
may be used in a Mach-Zehnder configuration as an ampli 
tude modulator to modulate an amplitude of an optical signal 
coupled into and out of the plasmonic channel. In particular, 
the plasmonic phase modulator may be positioned in one of 
two parallel optical paths of a Mach-Zehnder interferometer. 
Switching a phase of an optical signal using the plasmonic 
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phase modulator between 0-radians (0 degrees) and t-radians 
(180 degrees) will provide an ON-OFF modulation of an 
optical signal passing through the Mach-Zehnder interferom 
eter. Advantageously, a length of the plasmonic phase modu 
lator according to some embodiments of the present invention 
is much Smaller (i.e., shorter) than conventional phase modu 
lator that is normally used with Mach-Zehnderconfigurations 
for amplitude modulation. 

FIG. 6 illustrates a flow chart of a method 200 of phase 
modulating a Surface plasmon, according to an embodiment 
of the present invention. The method 200 of phase modulating 
a Surface plasmon comprises propagating 210 a Surface plas 
mon in a plasmonic channel at an interface between an insu 
lator and a Surface of a semiconductor adjacent to the insula 
tor. In some embodiments, the plasmonic channel comprises 
an accumulated Surface charge at the semiconductor-insula 
tor interface. In various embodiments, the insulator may be 
either a material comprising a dielectric (i.e., a dielectric) or 
a vacuum. For example, the provided semiconductor Sub 
strate may be a silicon (Si) Substrate that has a surface coated 
with a layer of a dielectric insulator material such as, but not 
limited to, silicon dioxide (SiO2), hafnium oxide (H?O), 
Zirconium oxide (ZrO2) and Zirconium silicate (ZrSia). 
The method 200 of phase modulating a surface plasmon 

further comprises varying 220 a modulation field component 
of an electric field that modulates a density of the accumu 
lated Surface charge about a bias point. The bias point is 
defined as a density of the accumulated Surface charge that 
establishes and maintains the plasmonic channel at a level 
Sufficient to Support the propagating Surface plasmon. Modu 
lating the Surface charge density in the plasmonic channel by 
varying 22 the modulation field component modulates a 
phase of the propagating Surface plasmon. 

In some embodiments, the method 200 of phase modulat 
ing a surface plasmon further comprises forming 230 the 
plasmonic channel by applying a bias component of the elec 
tric field. The bias field component accumulates the surface 
charge at the semiconductor-insulator interface. In particular, 
the bias field component determines the bias point. In some 
embodiments, the Surface charge comprises a 2-dimensional 
electron gas (2DEG). In other embodiments, the surface 
charge comprises a 2-dimensional hole gas (2DHG). 

In some embodiments, a Voltage that is applied to an elec 
trode provides one or both of the bias field component and the 
modulation field component. The electrode is adjacent to a 
side of the insulator that is opposite a side adjacent to the 
semiconductor. In some embodiments, the electrode com 
prises a doped semiconductor. In other embodiments, the 
electrode comprises another conductive material Such as, but 
not limited to, metal. For example, the electrode may com 
prise any of the materials described above for the electrode 
120 of the plasmonic phase modulator 100. In some embodi 
ments, the Voltage comprises a bias Voltage. In some embodi 
ments, the Voltage further comprises a modulation Voltage. 

In some embodiments, the method 200 of phase modulat 
ing a Surface plasmon further comprises coupling (not illus 
trated) an incident signal (e.g., optical signal or plasmonic 
signal) into the Surface plasmon before varying 220 the 
modulation field component. Coupling an incident signal 
before varying 220 the modulation field component provides 
a conversion between a wave vector of the incident signal and 
a wave vector of the Surface plasmon. For example, coupling 
may comprise employing the input coupler 150 in conjunc 
tion with the input port 140 described above with respect to 
the plasmonic phase modulator 100. 

In some embodiments, the method 200 of modulating a 
Surface plasmon further comprises coupling 240 the Surface 
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plasmon into an output signal (e.g., an optical signal or a 
plasmonic signal) after varying 220 the modulation field.com 
ponent. Coupling 240 the Surface plasmon after varying 220 
provides a conversion between the wave vector of the surface 
plasmon and a wave vector of the output signal. Coupling 240 
the Surface plasmon may comprise employing the output 
coupler 170 in conjunction with the output port 160 described 
above with respect to the plasmonic phase modulator 100, for 
example. 

Thus, there have been described embodiments of a plas 
monic phase modulator and a method of phase modulating a 
Surface plasmon employing a modulated Surface charge at a 
semiconductor-insulator interface. It should be understood 
that the above-described embodiments are merely illustrative 
of some of the many specific embodiments that represent the 
principles of the present invention. Clearly, those skilled in 
the art can readily devise numerous other arrangements with 
out departing from the scope of the present invention as 
defined by the following claims. 
What is claimed is: 
1. A plasmonic phase modulator comprising: 
a semiconductor Substrate configured to provide a surface 

charge at a surface of the semiconductor Substrate, the 
Surface charge forming a plasmonic channel that Sup 
ports a Surface plasmon; 

an electrode configured to provide an electric field that 
influences the Surface charge, the electric field compris 
ing a bias field component and a modulation field com 
ponent; and 

an insulator between the electrode and the semiconductor 
Substrate, the Surface plasmon being Supported within 
the plasmonic channel at an interface between the semi 
conductor Substrate surface and the insulator; 

wherein a phase of the Surface plasmon in the plasmonic 
channel is modulated by changes in the electric field. 

2. The plasmonic phase modulator of claim 1, wherein the 
Surface charge comprises majority carriers of the semicon 
ductor Substrate that accumulate at the semiconductor Sub 
strate Surface to form the plasmonic channel, a strength of the 
Surface plasmon within the plasmonic channel being a func 
tion of the bias field component of the electric field. 

3. The plasmonic phase modulator of claim 1, where the 
phase of the Surface plasmon within the plasmonic channel is 
a function of the modulation field component. 

4. The plasmonic phase modulator of claim 1, further com 
prising a Voltage source electrically connected to apply a 
voltage to the electrode such that the electric field is produced, 
the Voltage source being configured to provide a bias Voltage 
that produces the bias field component of the electric field and 
independently being configured to provide a modulation Volt 
age that produces the modulation field component of the 
electric field. 

5. The plasmonic phase modulator of claim 1, wherein the 
electrode comprises a doped semiconductor. 

6. The plasmonic phase modulator of claim 5, wherein the 
doped semiconductor of the electrode comprises polysilicon, 
and wherein the semiconductor Substrate comprises silicon. 

7. The plasmonic phase modulator of claim 1, wherein both 
the insulator and the electrode are essentially planar layers on 
the semiconductor Surface, the insulator planar layer com 
prising a dielectric having a thickness of less than about 2 
nanometers and having a dielectric constant that is equal to or 
greater than about 30. 

8. The plasmonic phase modulator of claim 1, further com 
prising: 

an input port comprising one of an optical waveguide, a 
plasmonic waveguide, and an unguided optical beam; 
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a coupler that converts a wave vector of the input port into 
a wave vector of the Surface plasmon Supported by the 
Surface charge; 

an output port comprising one of an optical waveguide, a 
plasmonic waveguide, and an unguided optical beam; 
and 

a coupler that converts a wave vector of the Surface plas 
mon into a wave vector of the output port, 

wherein a signal incident at the input port is coupled by the 
coupler into the plasmonic phase modulator as the Sur 
face plasmon. 

9. The plasmonic phase modulator of claim 1, further com 
prising a Mach-Zehnder configuration to modulate an ampli 
tude of an optical signal coupled into and out of the plasmonic 
channel. 

10. A plasmonic phase modulator comprising: 
a plasmonic channel in a Surface of a semiconductor Sub 

strate at an interface between the semiconductor sub 
strate and an insulator, the plasmonic channel Support 
ing a surface plasmon; and 

means for applying a variable electric field, the electric 
field varying a density of a 2-dimensional carrier gas 
(2DCG) at the semiconductor-insulator interface to 
modulate a phase of the Surface plasmon, 

wherein the plasmonic channel comprises the 2-dimen 
sional carrier gas (2DCG) at the semiconductor-insula 
tor interface. 

11. The plasmonic phase modulator of claim 10, wherein 
the means for applying comprises an electrode separated 
from the surface of the semiconductor substrate by the insu 
lator, the electrode providing the electric field that varies a 
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density of the 2DCG about a bias point of the plasmonic 
channel to modulate the Surface plasmon phase. 

12. The plasmonic phase modulator of claim 11, wherein 
the electrode comprises a doped semiconductor adjacent to a 
side of the insulator opposite a side of the insulator that forms 
the interface with the semiconductor substrate surface. 

13. The plasmonic phase modulator of claim 11, wherein 
the means for applying further induces formation of the 
2DCG at the surface by attracting majority carriers of the 
semiconductor Substrate to the Surface, the majority carriers 
accumulating at the Surface as the 2DCG. 

14. The plasmonic phase modulator of claim 11, further 
comprising: 
means for input coupling an incident optical signal to the 

plasmonic phase modulator, the means for input cou 
pling providing a wave vector conversion between a 
wave vector of the incident optical signal and a wave 
vector of the surface plasmon supported by the 2DCG: 
and 

means for output coupling an output optical signal from the 
plasmonic phase modulator, the means for output cou 
pling providing a wave vector conversion between the 
wave vector of the surface plasmon and a wave vector of 
the output optical signal, 

wherein the output optical signal comprises a modulated 
version of the input optical signal. 

15. The plasmonic phase modulator of claim 14, wherein 
one or both of the means for input coupling and the means for 
output coupling comprise a sloped grating coupler. 
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