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Figure 5 id? 
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Figure 50-0 
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QUANTUM DOTS OF GROUP IV 
SEMICONDUCTOR MATERIALS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of US. Provi 
sional Application Serial No. 60/309,898, ?led on Aug. 2, 
2001, US. Provisional Application Serial No. 60/309,905, 
?led on Aug. 2, 2001, US. Provisional Application Serial 
No. 60/309,979, ?led on Aug. 2, 2001, US. Provisional 
Application Serial No. 60/310,090, ?led on Aug. 2, 2001, 
and US. Provisional Application Serial No. 60/310,095, 
?led on Aug. 2, 2001, the disclosures of Which are incor 
porated herein by reference in their entirety. 

FIELD OF THE INVENTION 

[0002] This invention relates generally to quantum dots. 
More particularly, this invention relates to quantum dots of 
Group IV semiconductor materials. 

BACKGROUND OF THE INVENTION 

[0003] Over the past several years, there has been an 
increasing interest in exploiting the extraordinary properties 
associated With quantum dots. As a result of quantum 
con?nement effects, properties of quantum dots can differ 
from corresponding bulk values. These quantum con?ne 
ment effects arise from con?nement of electrons and holes 
along three dimensions. For instance, quantum con?nement 
effects can lead to an increase in energy gap as the siZe of 
the quantum dots is decreased. Consequently, as the siZe of 
the quantum dots is decreased, light emitted by the quantum 
dots is shifted toWards higher energies or shorter Wave 
lengths. By controlling the siZe of the quantum dots as Well 
as the material forming the quantum dots, properties of the 
quantum dots can be tuned for a speci?c application. 

[0004] Previous attempts at forming quantum dots have 
largely focused on quantum dots of direct band gap semi 
conductor materials, such as Group II-VI semiconductor 
materials. In contrast to such direct band gap semiconductor 
materials, Group IV semiconductor materials such as Si and 
Ge have energy gaps, chemical properties, and other prop 
erties that render them more desirable for a variety of 
applications. HoWever, previous attempts at forming quan 
tum dots of Si or Ge have generally suffered from a number 
of shortcomings. In particular, formation of quantum dots of 
Si or Ge sometimes involved extreme conditions of tem 
perature and pressure While suffering from loW yields and 
lack of reproducibility. And, quantum dots that Were pro 
duced Were generally incapable of exhibiting adequate lev 
els of photoluminescence that can be tuned over a broad 
spectral range. Also, previous attempts have generally been 
unsuccessful in producing quantum dots of Si or Ge that are 
sufficiently stable under ambient conditions or that can be 
made suf?ciently soluble in a variety of matrix materials. 

[0005] It is against this background that a need arose to 
develop the quantum dots and methods for forming quantum 
dots described herein. 

SUMMARY OF THE INVENTION 

[0006] In one innovative aspect, the present invention 
relates to a quantum dot. In one embodiment, the quantum 
dot comprises a core including a semiconductor material Y 
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selected from the group consisting of Si and Ge. The 
quantum dot also comprises a shell surrounding the core. 
The quantum dot is substantially defect free such that the 
quantum dot exhibits photoluminescence With a quantum 
ef?ciency that is greater than 10 percent. 

[0007] In another embodiment, the quantum dot comprises 
a core including a semiconductor material Y selected from 
the group consisting of Si and Ge. The quantum dot also 
comprises a ligand layer surrounding the core. The ligand 
layer includes a plurality of surface ligands. The quantum 
dot exhibits photoluminescence With a quantum ef?ciency 
that is greater than 10 percent. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] For a better understanding of the nature and objects 
of the invention, reference should be made to the folloWing 
detailed description taken in conjunction With the accom 
panying draWings, in Which: 

[0009] FIGS. 1(a), 1(b), 1(c), and 1(a) illustrate quantum 
dots according to some embodiments of the invention. 

[0010] FIG. 2 illustrates the energy gap of quantum dots 
fabricated from silicon plotted as a function of the siZe of the 
quantum dots, according to an embodiment of the invention. 

[0011] FIG. 3 illustrates photoluminescence (PL) spectra 
from six samples With different siZes of silicon quantum 
dots, according to an embodiment of the invention. 

[0012] FIG. 4(a) illustrates the energy gap of quantum 
dots fabricated from germanium plotted as a function of the 
siZe of the quantum dots, according to an embodiment of the 
invention. 

[0013] FIG. 4(b) illustrates siZe-selective photolumines 
cence (PL) spectra for different siZes of germanium quantum 
dots, according to an embodiment of the invention. 

[0014] FIG. 5(a) illustrates concentration dependence of 
the linear index of refraction of engineered nonlinear nano 
composite materials doped With silicon and germanium 
quantum dots, according to an embodiment of the invention. 

[0015] FIG. 5(b) illustrates concentration dependence of 
the optical nonlinearity of engineered nonlinear nanocom 
posite materials doped With silicon and germanium quantum 
dots, according to an embodiment of the invention. 

[0016] FIGS. 6(a), 6(b), 6(c), 6(a), 6(6), and 6()‘) illustrate 
nonlinear directional couplers comprising engineered non 
linear nanocomposite materials, according to some embodi 
ments of the invention. 

[0017] FIGS. 7(a), 7(b), 7(c), 7(a), 7(c), and 7()‘) illustrate 
an embodiment of a nonlinear Mach-Zehnder (MZ) inter 
ferometer comprising an engineered nonlinear nanocompos 
ite material. 

[0018] FIGS. 8(a), 8(b), 8(c), and 8(a) illustrate an alter 
native embodiment of a nonlinear MZ interferometer com 
prising an engineered nonlinear nanocomposite material. 

[0019] FIG. 9 illustrates a ?gure-of-merit (FOM) for 
all-optical sWitching With an engineered nonlinear nano 
composite material as a function of quantum dot siZe, 
according to an embodiment of the invention. 
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[0020] FIGS. 10(a) and 10(b) illustrate photolumines 
cence spectra of silicon quantum dots made in accordance 
With an embodiment of the invention. 

[0021] FIGS. 11(a) and 11(b) illustrate photoluminescence 
spectra of germanium quantum dots made in accordance 
With an embodiment of the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0022] De?nitions 

[0023] The following de?nitions may apply to some of the 
elements described With regard to some embodiments of the 
invention. These de?nitions may likeWise be eXpanded upon 
herein. 

[0024] As used in this speci?cation and the appended 
claims, the singular forms “a”, “an”, and “the” include plural 
references unless the content clearly dictates otherWise. 
Thus, for example, reference to “a quantum dot” includes a 
miXture of tWo or more such quantum dots and may include 
a population of such quantum dots. 

[0025] “Optional” or “optionally” means that the subse 
quently described event or circumstance may or may not 
occur and that the description includes instances Where the 
event or circumstance occurs and instances in Which it does 
not. For example, the phrase “optionally surrounded With a 
shell” means that the shell may or may not be present and 
that the description includes both the presence and absence 
of such a shell. 

[0026] Embodiments of the invention relate to a class of 
novel materials comprising quantum dots. As used herein, 
the terms “quantum dot”, “dot”, and “nanocrystal” are 
synonymous and refer to any particle With siZe dependent 
properties (e.g., chemical, optical, and electrical properties) 
along three orthogonal dimensions. A quantum dot can be 
differentiated from a quantum Wire and a quantum Well, 
Which have siZe-dependent properties along at most one 
dimension and tWo dimensions, respectively. 

[0027] It Will be appreciated by one of ordinary skill in the 
art that quantum dots can eXist in a variety of shapes, 
including but not limited to spheroids, rods, disks, pyramids, 
cubes, and a plurality of other geometric and non-geometric 
shapes. While these shapes can affect the physical, optical, 
and electronic characteristics of quantum dots, the speci?c 
shape does not bear on the quali?cation of a particle as a 
quantum dot. 

[0028] For convenience, the siZe of quantum dots can be 
described in terms of a “diameter”. In the case of spherically 
shaped quantum dots, diameter is used as is commonly 
understood. For non-spherical quantum dots, the term diam 
eter, unless otherWise de?ned, refers to a radius of revolution 
(e.g., a smallest radius of revolution) in Which the entire 
non-spherical quantum dot Would ?t. 

[0029] A quantum dot Will typically comprise a “core” of 
one or more ?rst materials and can optionally be surrounded 
by a “shell” of a second material. A quantum dot core 
surrounded by a shell is referred to as a “core-shell” quan 
tum dot. 

[0030] The term “core” refers to the inner portion of the 
quantum dot. A core can substantially include a single 
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homogeneous monoatomic or polyatomic material. A core 
can be crystalline, polycrystalline, or amorphous. A core 
may be “defect” free or contain a range of defect densities. 
In this case, “defect” can refer to any crystal stacking error, 
vacancy, insertion, or impurity entity (e.g., a dopant) placed 
Within the material forming the core. Impurities can be 
atomic or molecular. 

[0031] While a core may herein be sometimes referred to 
as “crystalline”, it Will be understood by one of ordinary 
skill in the art that the surface of the core may be polycrys 
talline or amorphous and that this non-crystalline surface 
may eXtend a measurable depth Within the core. The poten 
tially non-crystalline nature of the “core-surface region” 
does not change What is described herein as a substantially 
crystalline core. The core-surface region optionally contains 
defects. The core-surface region Will preferably range in 
depth betWeen one and ?ve atomic-layers and may be 
substantially homogeneous, substantially inhomogeneous, 
or continuously varying as a function of position Within the 
core-surface region. 

[0032] Quantum dots may optionally comprise a “shell” of 
a second material that surrounds the core. Ashell can include 
a layer of material, either organic or inorganic, that covers 
the surface of the core of a quantum dot. A shell may be 
crystalline, polycrystalline, or amorphous and optionally 
comprises dopants or defects. The shell material is prefer 
ably an inorganic semiconductor With a bandgap that is 
larger than that of the core material. In addition, preferred 
shell materials have good conduction and valence band 
offsets With respect to the core such that the conduction band 
is desirably higher and the valence band is desirably loWer 
than those of the core. Alternatively, the shell material may 
have a bandgap that is smaller than that of the core material, 
and/or the band offsets of the valence or conduction bands 
may be loWer or higher, respectively, than those of the core. 
The shell material may be optionally selected to have an 
atomic spacing close to that of the core material. 

[0033] Shells may be “complete”, indicating that the shell 
substantially completely surrounds the outer surface of the 
core (e.g., substantially all surface atoms of the core are 
covered With shell material). Alternatively, the shell may be 
“incomplete” such that the shell partially surrounds the outer 
surface of the core (e.g., partial coverage of the surface core 
atoms is achieved). In addition, it is possible to create shells 
of a variety of thicknesses, Which can be de?ned in terms of 
the number of “monolayers” of shell material that are bound 
to each core. A “monolayer” is a term knoWn in the art 
referring to a single complete coating of a shell material 
(With no additional material added beyond complete cover 
age). For certain applications, shells Will preferably be of a 
thickness betWeen approximately 0 and 10 monolayers, 
Where it is understood that this range includes non-integer 
numbers of monolayers. Non-integer numbers of monolay 
ers can correspond to the state in Which incomplete mono 
layers eXist. Incomplete monolayers may be either homo 
geneous or inhomogeneous, forming islands or clumps of 
shell material on the surface of the quantum dot. Shells may 
be either uniform or nonuniform in thickness. In the case of 
a shell having nonuniform thickness, it is possible to have an 
“incomplete shell” that contains more than one monolayer of 
shell material. For certain applications, shell thickness Will 
preferably range betWeen approximately 1 Aand 100 
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[0034] It Will be understood by one of ordinary skill in the 
art that there is typically a region betWeen the core and shell 
referred to herein as an “interface region”. The interface 
region may comprise an atomically discrete transition 
betWeen the material of the core and the material of the shell 
or may comprise an alloy of the materials of the core and 
shell. The interface region may be lattice-matched or 
unmatched and may be crystalline or noncrystalline. The 
interface region may contain one or more defects or be 
defect-free. The interface region may be homogeneous or 
inhomogeneous and may comprise chemical characteristics 
that are graded betWeen the core and shell materials such 
that a gradual or continuous, transition is made betWeen the 
core and the shell. Alternatively, the transition can be 
discontinuous. The Width of the interface region can range 
from an atomically discrete transition to a continuous graded 
alloy of core and shell materials that are purely core material 
in the center of the quantum dot and purely shell material at 
the outer surface. Preferably, the interface region Will be 
betWeen one and ?ve atomic layers thick. 

[0035] A shell may optionally comprise multiple layers of 
a plurality of materials in an onion-like structure, such that 
each material acts as a shell for the next-most inner layer. 
BetWeen each layer there is optionally an interface region. 
The term “shell” is used herein to describe shells formed 
from substantially one material as Well as a plurality of 
materials that can, for example, be arranged as multi-layer 
shells. 

[0036] A quantum dot may optionally comprise a “ligand 
layer” comprising one or more surface ligands (e.g., organic 
molecules) surrounding a core of the quantum dot. A quan 
tum dot comprising a ligand layer may or may not also 
comprise a shell. As such, the surface ligands of the ligand 
layer may bind, either covalently or non-covalently, to either 
the core or the shell material or both (in the case of an 
incomplete shell). The ligand layer may comprise a single 
type of surface ligand (e.g., a single molecular species) or a 
mixture of tWo or more types of surface ligands (e.g., tWo or 
more different molecular species). A surface ligand can have 
an af?nity for, or bind selectively to, the quantum dot core, 
shell, or both at least at one point on the surface ligand. The 
surface ligand may optionally bind at multiple points along 
the surface ligand. The surface ligand may optionally con 
tain one or more additional active groups that do not interact 
speci?cally With the surface of the quantum dot. The surface 
ligand may be substantially hydrophilic, substantially hydro 
phobic, or substantially amphiphilic. Examples of the sur 
face ligand include but are not limited to an isolated organic 
molecule, a polymer (or a monomer for a polymerization 
reaction), an inorganic complex, and an extended crystalline 
structure. 

[0037] It Will be understood by one of ordinary skill in the 
art that When referring to a population of quantum dots as 
being of a particular “size”, What is meant is that the 
population is made up of a distribution of sizes around the 
stated “size”. Unless otherWise stated, the “size” used to 
describe a particular population of quantum dots Will be the 
mode of the size distribution (i.e., the peak size). 

[0038] As used herein, the “size” of a quantum dot Will 
refer to the diameter of a core of the quantum dot. If 
appropriate, a separate value Will be used to describe the 
thickness of a shell surrounding the core. For instance, a 3 
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nm silicon quantum dot With a 1.5 nm SiO2 shell is a 
quantum dot comprising a 3 nm diameter core of silicon 
surrounded by a 1.5 nm thick layer of SiO2, for a total 
diameter of 6 nm. 

[0039] For certain applications, the thickness of the ligand 
layer is a single monolayer or less and can sometimes be 
substantially less than a single monolayer. 

[0040] As used herein, the term “photoluminescence” 
refers to the emission of light of a ?rst Wavelength (or range 
of Wavelengths) by a substance (e. g., a quantum dot) that has 
been irradiated With light of a second Wavelength (or range 
of Wavelengths). The ?rst Wavelength (or range of Wave 
lengths) and the second Wavelength (or range of Wave 
lengths) can be the same or different. 

[0041] As used herein, the term “quantum ef?ciency” 
refers to the ratio of the number of photons emitted by a 
substance (e.g., a quantum dot) to the number of photons 
absorbed by the substance. 

[0042] As used herein, the term “monodisperse” refers to 
a population of quantum dots Wherein at least about 60% of 
the population, preferably 75% to 90% of the population, or 
any integer or noninteger therebetWeen, falls Within a speci 
?ed particle size range. A population of monodispersed 
particles deviates less than 20% root-mean-square (rms) in 
diameter, more preferably less than 10% rms, and most 
preferably less than 5% rms. 

[0043] “Optically pure” refers to a condition in Which light 
passing through or past a material is substantially unchanged 
in mode quality as a result of inhomogeneities in the material 
or modulations at the interface betWeen materials. This does 
not include mode disruption resulting from changes in index 
of refraction of Waveguides. For instance, a material With 
large aggregates of quantum dots capable of scattering light 
Would not be optically pure. The same material With aggre 
gates of a size that do not signi?cantly scatter light, hoWever, 
Would be optically pure. It Will be apparent to one of 
ordinary skill in the art that What is meant above by 
“substantially unchanged” Will depend on the optical 
requirements of a particular application. To this end, “opti 
cally pure” refers to the level of optical purity required for 
the application in Which the material is to be used. 

[0044] “Optically homogeneous” is de?ned as being 
homogeneous across a length scale that is signi?cant for 
optical Waves, preferably greater than 250 nm, more pref 
erably greater than 4 pm, and most preferably greater than 
~1000 pm. 

[0045] A “Waveguide structure” is a term of art and refers 
to an optical device capable of transmitting light from one 
location to another. AWaveguide structure can transmit light 
through the use of guiding by localized effective index 
differences. One example of this involves total internal 
re?ection Within a “Waveguide core”, With an index of 
refraction n1, surrounded by a “cladding”, With an index of 
refraction n2, Wherein n1>n2. Another example of a 
Waveguide structure involves appropriately micro or nano 
structured materials such as photonic bandgap materials 
Where the guiding results from the periodic micro- or 
nano-structure of the materials. 

[0046] “Cladding” is any material that surrounds the 
Waveguide core in a Waveguide structure such that n1>n2. In 
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a typical Waveguide structure, light propagates as a traveling 
Wave Within and along the length of the “Waveguide core” 
and evanescently decays Within the cladding With a decay 
constant related to the ratio of n1 to n2. Light trapped Within, 
and traveling along, the length of a Waveguide core is 
referred to as being “guided”. 

[0047] The shape of a Waveguide core or a cladding can 
typically be described in terms of its “cross-section”. The 
cross-section is the shape created by cutting the Waveguide 
core or the cladding along the axes perpendicular to the 
longitudinal axis of the Waveguide structure. The longitu 
dinal axis is the axis in Which guided light travels. 

[0048] “Optical ?bers” and “planar Waveguides” are tWo 
common forms of Waveguide structures knoWn in the art. 
“Optical ?ber”, as the term is commonly used, typically 
refers to a structure comprising a substantially cylindrical 
Waveguide core surrounded by a substantially cylindrical 
cladding and optionally comprising a ?exible, protective 
outer-coating. Alternatively, or in conjunction, an optical 
?ber can comprise a non-cylindrical Waveguide core With a 
cross-section shaped as a trapeZoid, a circle, an oval, a 
triangle, or another geometric and nongeometric shape. 

[0049] “Planar Waveguides” are Waveguide structures fab 
ricated on a substrate by a variety of methods. “Planar 
Waveguides” typically comprise a substantially rectangular 
Waveguide core. Alternatively, or in conjunction, planar 
Waveguides can comprise non-rectangular Waveguide cores 
With cross-sections of trapeZoids, circles, ovals, triangles, or 
a plurality of other geometric and nongeometric shapes. 
While the term “planar” suggests a ?at structure, the term 
“planar Waveguide”, as used herein, also refers to structures 
comprising multiple ?at layers. Optionally, one or more 
layers in a planar Waveguide are not ?at. One of skill in the 
art Will appreciate that the key aspect of a “planar 
Waveguide” is that it is a Waveguide structure fabricated on 
a “substrate”. Unless otherWise stated, the term “Waveguide 
structure” Will be used herein to describe a planar 
Waveguide. 
[0050] “Waveguide substrate” or “substrate” is used 
herein to describe the material on Which a planar Waveguide 
is located. It is common that a planar Waveguide is fabri 
cated directly on the surface of the substrate. The substrate 
typically comprises a solid support such as, for example, a 
silicon Wafer and optionally comprises an additional “buffer 
layer” that separates the, Waveguide structure from the solid 
support. The buffer layer optionally comprises a plurality of 
layers comprising one or more materials or combination of 
materials. The buffer layer may optionally act, in part, as a 
cladding. Alternatively, the Waveguide substrate may be a 
?exible substrate serving the same purpose. 

[0051] “Single mode” Waveguide structures are those 
Waveguide structures (either planar or ?ber optic) that 
typically support a single optical mode (e.g., TEMOO). Such 
Waveguide structures are preferred according to some 
embodiments of the invention. “Multi-mode” Waveguide 
structures are those Waveguide structures that typically 
support multiple optical modes simultaneously. 
[0052] “Waveguide diameter” is herein used to describe 
the diameter of a substantially cylindrical Waveguide core of 
an optical ?ber. Waveguide diameter is also used to describe 
the diameter of a substantially cylindrical core on a planar 
Waveguide. 
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[0053] “Waveguide Width” or “Width” is used herein to 
describe the cross-sectional dimension of a substantially 
rectangular Waveguide core that is oriented parallel to the 
substrate surface. This is also referred to as the “horiZontal 
dimension” of the Waveguide core. “Waveguide height” or 
“height” is used herein to describe the cross-sectional 
dimension of a substantially rectangular Waveguide core that 
is oriented perpendicular to the substrate surface. This is also 
referred to as the “vertical dimension” of the Waveguide 
core. Based on the de?nitions of “Width” and “height” 
described here, one of ordinary skill in the art Will under 
stand the translation of these terms to other geometrically or 
nongeometrically shaped Waveguide cores. Unless other 
Wise stated, the standard de?nitions of Width and height used 
in geometry Will be used to describe geometric cross 
sectional shapes. 

[0054] “Core taper” refers to a region of the Waveguide 
core in Which the geometry of the Waveguide core is 
changed. This may comprise changing the siZe and/or shape 
of the Waveguide core in one or tWo dimensions. A core 
taper, for example, may comprise a transition of a 
Waveguide core With a square cross-section of 15 pm><15 pm 
to a Waveguide core With a square cross-section of 7 pm><7 
pm. A core taper may also, for example, comprise a transi 
tion from a Waveguide core With a square cross-section of 15 
pm><15 pm to a Waveguide core With a circular cross-section 
of 10 pm in diameter. Many other forms of core-tapers are 
possible and Will be understood from the above de?nition. 

[0055] A “core taper” is typically engineered to gradually 
change the characteristics of the Waveguide structure over a 
de?ned distance, referred to as the “taper length”. Ideally, 
the taper length Will be long enough so that the transition 
preserves the mode structure of an optical signal through the 
taper. In particular, it is preferred, but not required, that a 
single optical mode entering a taper remains a single mode 
after exiting the taper. This retention of the mode-structure 
is referred to as an “adiabatic transition”. While the term 
“adiabatic transition” is commonly used, those of ordinary 
skill in the art Will recogniZe that it is typically not possible 
to have a perfectly adiabatic transition, and that this term can 
be used to describe a transition in Which the mode structure 
is substantially undisrupted. 

[0056] A “cladding taper” is a novel embodiment dis 
closed herein that is similar to a core taper; hoWever, it refers 
to a change in Width of the cladding around the Waveguide 
core. Similar to a core taper, a cladding taper can be used to 
change the siZe and/or shape of the cladding and can be 
de?ned to have a taper length. The taper length can be such 
as to produce an adiabatic or nonadiabatic transition. 

[0057] Both core and cladding tapers may optionally refer 
to the case in Which the index of refraction of the materials 
in the core or cladding are gradually changed, or “graded” 
over the taper length. As used herein, the term “gradually” 
refers to changes that occur continuously or in small steps 
over a given nonZero distance. Core and cladding tapers may 
optionally comprise changes to the index, siZe, and/or shape 
of the core or cladding, respectively. 

[0058] A “bend” is used herein to describe a portion of a 
planar Waveguide in Which the planar Waveguide displays a 
degree of curvature in at least one dimension. Typically, the 
cross-section of the Waveguide is substantially unchanged 
Within the bend. Typically, bends Will be smooth and con 
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tinuous and can be described in terms of a radius of 
curvature at any given point Within the bend. While bends 
can curve the planar Waveguide both parallel and perpen 
dicular to the substrate (e.g., horizontal or vertical bends, 
respectively), unless otherWise stated, the term “bend” Will 
herein refer to horizontal bends. Optionally, bends can also 
comprise tapers. 
[0059] A “multimode interference device” or multimode 
interferometer (MMI) refers to an optical device in Which 
the cross-section of the Waveguide core is substantially 
changed (typically increased) Within a short propagation 
length, leading to a region of Waveguide core in Which more 
than one mode (but typically feWer than 10 modes) may 
propagate. The interaction of these propagating multiple 
modes de?nes the function performed by the MMI. MMI 
devices include ?xed ratio splitters/combiners and Wave 
length multipleXers/demultiplexers. 
[0060] As used herein, a “Waveguide coupler , optical 
coupler”, and “directional coupler” are synonymous and 
refer to a Waveguide structure in Which light is evanescently 
coupled betWeen tWo or more Waveguide cores Within a 
coupling region such that the intensity of the light Within 
each of the individual cores oscillates periodically as a 
function of the length of the coupling region. A more 
detailed description of a Waveguide coupler is disclosed 
beloW. 

[0061] A “nonlinear Waveguide coupler” is a Waveguide 
coupler in Which the region betWeen and/or around tWo or 
more coupled Waveguide cores is ?lled With a material (e.g., 
an “active material”) With an indeX of refraction that can be 
changed. By changing the indeX of refraction of the active 
material, the coupling characteristics of the nonlinear 
Waveguide coupler can be modi?ed. Alternatively, the active 
material may be contained Within one or more of the coupled 
Waveguide cores (e.g., as a section of one of the Waveguide 

cores). 
[0062] A “Mach-Zehnder interferometer” or “MZ inter 
ferometer” (MZI) is a Waveguide structure in Which light 
from a Waveguide core (e.g., an “input Waveguide core”) is 
split into tWo or more separate Waveguide cores (e.g., 
“Waveguide arms” or “arms”). Light travels a de?ned dis 
tance Within the arms and is then recombined into a 
Waveguide core (e.g., an “output Waveguide core”). In a MZ 
interferometer, the history of the optical signals in each arm 
affects the resulting signal in the output Waveguide core. A 
more detailed description of a MZ interferometer is dis 
closed beloW. 

[0063] A “nonlinear MZ interferometer” is a MZ interfer 
ometer in Which one or more of the Waveguide arms 
comprise an active material. The active material may be in 
the core and/or cladding of the Waveguide arm. Modifying 
the indeX of refraction of the active material modulates the 
signal in the output Waveguide core by changing the degree 
of constructive and/or destructive interference from the 
Waveguide arms. 

[0064] “Active material” refers to any material With non 
linear optical properties that can be used to manipulate light 
in accordance With some embodiments of the invention. 
While the term active material Will typically be used to refer 
to an engineered nonlinear nanocomposite material as 
described herein, the term may also be used to describe other 
nonlinear materials knoWn in the art. 
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[0065] “Active region” refers to the region of an optical 
device in Which the indeX of refraction of the active material 
is modulated in order to manipulate light. In the case of an 
electro-optic modulator, the active region is that area of the 
device Where a voltage is applied. In a X6) based device, the 
active region is that area to Which a trigger-signal is applied. 
Note that While the active region can be the only region of 
the device in Which an intentional change in optical prop 
erties occurs, it does not restrict, the location of the active 
material, Which may eXtend beyond the active region. 
Regions containing active materials outside the active region 
are typically not modulated during normal operation of the 
device. “Active length” describes the length of the active 
region along the longitudinal aXis of the device. 

[0066] In the case of optical devices employing evanes 
cent coupling of light betWeen tWo Waveguide cores (e.g., a 
Waveguide coupler), the “interaction region” or “coupling 
region” is the region of the optical device in Which the 
coupling occurs. As is typically understood in the art, all 
Waveguides can couple at some theoretically non-Zero level. 
The interaction region, hoWever, is typically considered to 
be that region of the optical device in Which evanescent 
?elds of the Waveguides overlap to a signi?cant eXtent. Here 
again, the interaction region does not restrict the eXtent of 
either the active region or the active material, Which may be 
greater or lesser in eXtent than the interaction region. 

[0067] “Interaction length” describes the length of the 
interaction region. “Interaction Width” is the spacing 
betWeen tWo coupled Waveguides Within the interaction 
region. Unless otherWise stated, the interaction Width is 
assumed to be substantially constant across at least a portion 
of the interaction length. 

[0068] “Trigger pulse”, “trigger signal”, “control pulse”, 
“control signal”, “control beam”, and “activation light” are 
synonymous and refer to light that is used to create a 
transient change in the indeX of refraction in the materials of 
some embodiments of the present invention. A trigger pulse 
can either be pulsed or CW. 

[0069] “Data pulse”, data signal”, and “data beam” are 
synonymous and refer to light used to transmit information 
through an optical device. A data pulse can optionally be a 
trigger pulse. A Data pulse can either be pulsed or CW. 

[0070] “CW light” and “CW signal” are synonymous and 
refer to light that is not pulsed. 

[0071] “Wavelength range-of-interest” refers to any range 
of Wavelengths that Will be used With a particular optical 
device. Typically, this Will include both the trigger and data 
signals, Where the ranges for the trigger and data signals can 
be the same or different. For instance, if a device is fabri 
cated for use in the 1550 nm telecom range, the data 
Wavelength range-of-interest may be de?ned as 1.5 pm to 
1.6 pm, and the trigger Wavelength range-of-interest may be 
de?ned as 1.5 pm to 1.6 pm (or a different range). For 
devices in the 1300 nm range, the data Wavelength range 
of-interest may be de?ned as 1.25 pm-1.35 pm. While these 
are preferred Wavelength range-of-interests, it Will be under 
stood that the speci?c Wavelength range-of-interest can be 
different depending on the speci?c application. The ability to 
tune the materials of embodiments of the current invention 
implies that any Wavelength range-of-interest may be used. 
In general, 300 nm to 4000 nm is a preferred Wavelength 
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range-of-interest, more preferably 300 nm to 2000 nm, more 
preferably 750 nm to 2000 nm, more preferably 1260 nm to 
1625 nm, most preferably 1310150 nm and 1580150 nm. 

[0072] Quantum Dots 

[0073] Embodiments of the current invention, in part, 
exploit the extraordinary properties of quantum dots. Quan 
tum dots have optical and electronic properties that can be 
dependent (sometimes strongly dependent) on both the siZe 
and the material forming the quantum dots. 

[0074] In nature, it is the siZe range on the order of a feW 
nanometers in Which the quantum mechanical characteris 
tics of atoms and molecules often begin to impact and even 
dominate the classical mechanics of everyday life. In this 
siZe range, a material’s electronic and optical properties can 
change and become dependent on siZe. In addition, as the 
siZe of a material gets smaller, and therefore more atomic 
like, many characteristics change or are enhanced due to a 
redistribution of oscillator strength and density of states. 
These effects are referred to as “quantum con?nement” 
effects. For example, quantum con?nement effects can cause 
the energy gap of the quantum dot or the energy of the light 
emitted from the quantum dot to increase as the siZe of the 
quantum dot decreases. These quantum con?nement effects 
result in the ability to ?nely tune many properties of quan 
tum dots (e. g., optical and electronic properties) by carefully 
controlling their siZe. This control provides one critical 
aspect of some embodiments of the current invention. 

[0075] A quantum dot Will typically be in a siZe range 
betWeen about 1 nm and about 1000 nm in diameter or any 
integer or fraction of an integer therebetWeen. Preferably, 
the siZe Will be betWeen about 1 nm and about 100 nm, more 
preferably betWeen about 1 nm and about 50 nm or betWeen 
about 1 nm to about 20 nm (such as about 2, 3, 4, 5, 6, 7, 8, 
9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 nm or any 
fraction of an integer therebetWeen), and more preferably 
betWeen about 1 nm and 10 nm. 

[0076] FIGS. 1(a), 1(b), 1(c), and 1(a) illustrates quantum 
dots according to some embodiments of the invention. In 
particular, FIG. 1(a) illustrates a quantum dot 100 compris 
ing a core 102, according to an embodiment of the invention. 
A core (e.g., the core 102) of a quantum dot may comprise 
inorganic crystals of Group IV semiconductor materials 
including but not limited to Si, Ge, and C; Group II-VI 
semiconductor materials including but not limited to ZnS, 
ZnSe, ZnTe, ZnO, CdS, CdSe, CdTe, CdO, HgS, HgSe, 
HgTe, HgO, MgS, MgSe, MgTe, MgO, CaS, CaSe, CaTe, 
CaO, SrS, SrSe, SrTe, SrO, BaS, BaSe, BaTe, and BaO; 
Group III-V semiconductor materials including but not 
limited to AlN, AlP, AlAs, AlSb, GaN, GaP, GaAs, GaSb, 
InN, InP, InAs, and InSb; Group IV-VI semiconductor 
materials including but not limited to PbS, PbSe, PbTe, and 
PbO; mixtures thereof; and tertiary or alloyed compounds of 
any combination betWeen or Within these groups. Alterna 
tively, or in conjunction, a core can comprise a crystalline 
organic material (e.g., a crystalline organic semiconductor 
material) or an inorganic and/or organic material in either 
polycrystalline or amorphous form. 

[0077] A core may optionally be surrounded by a shell of 
a second organic or inorganic material. FIG. 1(b) illustrates 
a quantum dot 104 according to another embodiment of the 
invention. Here, the quantum dot 104 comprises a core 106 
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that is surrounded by a shell 108. A shell (e. g., the shell 108) 
may comprise inorganic crystals of Group IV semiconductor 
materials including but not limited to Si, Ge, and C; Group 
II-VI semiconductor materials including but not limited to 
ZnS, ZnSe, ZnTe, ZnO, CdS, CdSe, CdTe, CdO, HgS, HgSe, 
HgTe, HgO, MgS, MgSe, MgTe, MgO, CaS, CaSe, CaTe, 
CaO, SrS, SrSe, SrTe, SrO, BaS, BaSe, BaTe, and BaO; 
Group III-V semiconductor materials including but not 
limited to AlN, AlP, AlAs, AlSb, GaN, GaP, GaAs, GaSb, 
InN, InP, InAs, and InSb; mixtures thereof; and tertiary or 
alloyed compounds of any combination betWeen or Within 
these groups. Alternatively, or in conjunction, a shell can 
comprise a crystalline organic material (e.g., a crystalline 
organic semiconductor material) or: an inorganic and/or 
organic material in either polycrystalline or amorphous 
form. A shell may be doped or undoped, and in the case of 
doped shells, the dopants may be either atomic or molecular. 
A shell may optionally comprise multiple materials, in 
Which different materials are stacked on top of each other to 
form a multi-layered shell structure. 

[0078] As illustrated in FIGS. 1(c) and 1(a), a quantum dot 
may optionally comprise a ligand layer comprising one or 
more surface ligands (e.g., organic molecules) surrounding 
a core, according to some embodiments of the invention. In 
FIG. 1(c), a quantum dot 110 comprises a core 112 and a 
ligand layer 114 surrounding the core 112. In FIG. 1(a), a 
quantum dot 116 comprises a core 118 and a ligand layer 122 
surrounding the core 118. Here, the quantum dot 116 also 
comprises a shell 120 surrounding the core 118, Where the 
shell 120 is positioned betWeen the core 118 and the ligand 
layer 122. 

[0079] Optical Properties 
[0080] Linear Optical Properties: 

[0081] One of the most dramatic examples of “quantum 
con?nement” effects is that, for a semiconductor material, 
the energy gap shifts as a function of siZe. This can be seen 
in FIG. 2, Where the energy gap of quantum dots fabricated 
from silicon, referred to herein as “silicon quantum dots”, is 
plotted as a function of the siZe (e.g., diameter) of the 
quantum dots, according to an embodiment of the invention. 
The silicon quantum dots Were made as described herein. 
The vertical axis represents the energy gap of the silicon 
quantum dots, and the horiZontal axis represents the siZe of 
the silicon quantum dots. The observed values for the energy 
gap (dots With error bars) are compared against pseudopo 
tential and tight-binding models (solid line) and against the 
simple effective mass theory (dashed line). 

[0082] The same effect can be seen for the emission 
Wavelength as a function of the siZe of quantum dots. FIG. 
3 illustrates photoluminescence (PL) spectra from six 
samples With different siZes of silicon quantum dots, accord 
ing to an embodiment of the invention. The silicon quantum 
dots Were made as described herein and include shells 
formed of an oxide. The vertical axis represents a normal 
iZed PL signal, and the horiZontal axis represents the emis 
sion Wavelength. The PL spectra illustrated in FIG. 3 is 
obtained by optically exciting the silicon quantum dots With 
ultraviolet light. The Wavelength of the optical excitation is 
shorter than the Wavelength at the absorption edge of the 
silicon quantum dots. FIG. 3 demonstrates the range of siZes 
that can be made With the methods described herein. The 
quantum dots shoWn at the top of FIG. 3 are not draWn to 
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scale and are meant to illustrate the relative size of the 
quantum dots responsible for the PL spectra. FIGS. 2 and 
3 demonstrate the unprecedented control that can be 
obtained over absorption and emission characteristics of the 
silicon quantum dots. 

[0083] Through a series of relations called the Kramers 
Kroenig equations, the properties of refractive index and 
dielectric constant can be related to absorption. As such, 
siZe-dependent control of absorption alloWs control of 
refractive index. 

[0084] In addition to the siZe of a quantum dot, the optical 
and electronic properties are also strongly in?uenced by the 
material from Which it is fabricated. Quantum con?nement 
effects represent a modulation of the bulk properties of the 
material. As such, any changes resulting from a reduction in 
siZe are made relative to the bulk properties of the material. 
By selecting (e.g., independently selecting) the appropriate 
combination of quantum dot siZe and material, an even 
greater control of the optical and electronic properties of a 
quantum dot is provided. As an example, FIGS. 4(a) and (b) 
shoW the siZe dependent absorption and emission of germa 
nium quantum dots, Which differ from those of silicon 
quantum dots, according to an embodiment of the invention. 
The germanium quantum dots Were made as described 
herein. In FIG. 4(a), the vertical axis represents the energy 
gap of the germanium quantum dots, and the horiZontal axis 
represents the siZe of the germanium quantum dots. The 
observed values for the energy gap (open dots With error 
bars) are compared against theoretical predictions (solid dots 
and solid line). In FIG. 4(b), a siZe-selective PL spectrum is 
shoWn, Where the vertical axis represents a normaliZed PL 
signal, and the horiZontal axis represents the emission Wave 
length. The far right curve is offset vertically for clarity. The 
PL spectra shoWn in FIG. 4(b) are collected using different 
excitation Wavelengths, such that only quantum dots With 
energy gaps less than or equal to the photon energy of the 
excitation light (i.e., greater than a certain quantum dot siZe) 
are excited. 

[0085] Relation of SiZe and Material to Dielectric Con 
stant and Index of Refraction 

[0086] For most materials, the index of refraction far from 
resonance decreases as the energy gap of the material 
increases (a consequence of the Kramers-Kroegnig equa 
tions). This explains, for example, Why the index of refrac 
tion of transparent materials (e.g., silica, metal halides, and 
organics) is less than that for inorganic semiconductors With 
smaller relative absorption energies. This effect also typi 
cally applies to quantum dots. In this case, as the siZe of the 
quantum dot decreases, the energy gap increases, decreasing 
the index of refraction. Thus, for quantum dots, the off 
resonant index of refraction (at a ?xed Wavelength) typically 
correlates With siZe, affording another method to control the 
optical properties of the quantum dots. 

[0087] Relation of Concentration of Quantum Dots to 
Dielectric Constant and Index of Refraction 

[0088] Embodiments of the invention involve altering the 
index of refraction of a material by varying the concentra 
tion of quantum dots in the material. An example of this is 
shoWn in FIG. 5(a), Which illustrates concentration depen 
dence of the linear index of refraction of engineered nano 
composite materials doped With silicon and germanium 
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quantum dots, according to an embodiment of the invention. 
The silicon and germanium quantum dots Were made in 
accordance With the methods described herein. The index of 
refraction is plotted as a function of the quantum dot 
concentration expressed in Weight percent. In this ?gure, the 
index of refraction is measured in the visible range (sodium 
D line). 

[0089] This concentration dependence provides yet 
another method of controlling the overall refractive index of 
a material by utiliZing the properties of quantum dots. The 
ability to embed quantum dots into a variety of host mate 
rials Will be discussed in a later section. 

[0090] Nonlinear Optical Properties 

[0091] In general, a Wide variety of nonlinear optical 
phenomena can arise When materials are exposed to high 
intensity light. Some of these nonlinear phenomena are used 
in certain aspects of telecommunications (e.g., Raman 
ampli?ers) and many are being considered for future use 
(e.g., four-Wave mixing, cross-phase modulation, and soli 
tons). Although nonlinear phenomena are typically associ 
ated With high-intensities, these phenomena are also 
observed at loWer intensities due to phase matching, reso 
nant enhancement, and/or long interaction lengths. 

[0092] Light incident on a material can induce a polariZa 
tion (P), Which can be expressed as (in SI units) 

[0093] Where E is the electric ?eld strength, so is the 
electric permittivity, X is the overall optical susceptibility, 
and X0“) is the nth order optical susceptibility. Since Xe) 
phenomena are typically only present in materials that lack 
inversion symmetry (e.g., non-centrosymmetry), certain 
embodiments of the invention primarily exploit X6) phenom 
ena, Which can be exhibited by all materials. It should be 
recogniZed that tensor elements of X6) are in general com 
plex quantities. The induced refractive index change An and 
the nonlinear index of refraction y are related to the real part 
of appropriate tensor elements of X6) e.g., Re[X(3)1111], While 
the tWo-photon absorption coefficient [3 is related to the 
imaginary part of appropriate tensor elements of X6) , e.g., 
Im[X(3)1111]). In particular, certain embodiments of the 
invention exploit phenomena that change the index of 
refraction of a material by creating an effective optical 
susceptibility 

[0094] Where I is the intensity of the particular light beam 
creating the effective optical susceptibility (and Where the 
higher order terms are assumed to be small and are therefore 
neglected here, although they can be utiliZed as Well), Which 
can affect the same light beam or another light beam at the 
same or different frequency. This leads to an effective or 
overall index of refraction given by 

”(®')=”u+‘{(®'>®)1(®), 

[0095] and an operational de?nition for a nonlinear index 
of refraction y given by 

‘{(®'>®)=”(®')-”u/1(®) 

[0096] Where n(u)‘) is the effective index of refraction at 
u)‘, no is the loW-intensity refractive index (e.g., the linear 
index of refraction), and I(u)) is the intensity of light With 
optical frequency u) that creates the effective optical sus 


















































