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ABSTRACT

This thesis summarizes modeling and simulation lagmponic waveguides and
nanolasers. The research includes modeling of darele constants of doped
semiconductor as a potential plasmonic materiahukition of plasmonic waveguides
with different configurations and geometries, siatidn and design of plasmonic
nanolasers. In the doped semiconductor part, a raccerate model accounting for
dielectric constant of doped InAs was proposedthi@ model, Interband transitions
accounted for by Adachi's model considering Bunstdoss effect and free electron
effect governed by Drude model dominate in differgipectral regions. For plasmonic
waveguide part, Insulator-Metal-Insulator (IMI) vesguide, silver nanowire waveguide
with and without substrate, Metal-Semiconductor-AldMSM) waveguide and Metal-
Insulator-Semiconductor-Insulator-Metal (MISIM) weguide were investigated
respectively. Modal analysis was given for eacht.paastly, a comparative study of
plasmonic and optical modes in an MSM disk caviaswerformed by FDTD simulation
for room temperature at the telecommunication wength. The results show
guantitatively that plasmonic modes have advantagesr optical modes in the
scalability down to small size and the cavity QuamElectrodynamics(QED) effects due
to the possibility of breaking the diffraction limSurprisingly for lasing characteristics,
though plasmonic modes have large loss as expetiaetnal achievable threshold can
be attained for whispering gallery plasmonic modeth azimuthal number of 2 by

optimizing cavity design at 1.55um due to interpdynetal loss and radiation loss.
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CHAPTER 1
PLASMONIC MATERIALSAND SURFACE PLASMONS
1.1 Plasmonic materials

Plasmonic materials offer an opportunity to explglasmonic effects such as sub-
wavelength guiding, field enhancement, small voligaesing and other nonlinear effects due to
its unique optical responses. Efforts have beenem@mhstantly to look for new promising
plasmonic materials to meet the ever-increasingamehin plasmonics- related applications. So
far, potential plasmonic materials include noble tal®e highly-doped semiconductors,
transparent conducting oxides, metal nitrides dbdyeaphene [1]. Here | only focus on two of
them. One is conventional plasmonic materials,nblele metals such as Ag, Au, and Al. The
other one is highly doped semiconductors which Eossible promising alternative aiming at
different spectral region.

It is known that noble metals behave like perféetteic conductors in the low frequency
range such as hollow metal pipe waveguide usedafamicrowave region. At the high
frequencies, such as visible region of spectruntahiehavior changes qualitatively. The well-
known Drude model is widely used to fit the permity of noble metals in this range with an

assumption that electrons are not bound, as sheveavb

2
;&
e(w)=6, ——5 20—
o° +ioy

whereg , is high frequency permittivityp, is plasmon frequency, is collision rate. Typical

value for gold ares, =9.5, ®,=8.95eV,” =0.069eV. Figl.1 shows the plots of real and

imaginary parts of gold over the range from visitdenear infrared using the above parameters

and compare with experimental Johnson & Christyaddt shows a good agreement with

1



experimental data. However, it should be noted #Hsatwavelength decreases further below
600nm for gold, the imaginary part of permittiviteviates far from the experiment data due to
occurrence of interband transitions. So the Druaelehis valid only at a certain region. To

model permittivity across the whole region, othastérs such as interband transition and phonon

absorption should be considered.
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e Johson&Christy

04

200 - . 0

— T T T T T T T T T T T T T — T T T T T T T T T T T T T 7T
04 08 D2 0 12 1.4 18 1.8 0 1z 0.4 08 0.2 1.0 12 14 1.6 18 0 12

wavelength(um) wavelength(um)

Figl.1 Drude model fitting for gold compared witkperimental data. Drude model (Red solid
curve) Experiment data (white dots)
Another model people often use for describing mistahe Lorentz model. Electrons in

metal are bound by a restoring force with a resbfregquency in the Lorentz model. So extra
parameter resonant frequeneyis added in the expression below to describe plasraclassic

harmonic oscillator:

2
a)p
(0f — 0® —iyw)

ew)y=¢,+

o0

where other parameters are the same as Drude nibggtal values for silver i, =2.6,
®,=9.06eV,” =0.02eV,®,=0.079eV.The real and imaginary parts of silverntivity as a
function of wavelength is shown below in Figl.2.aky like Drude model, it shows decent
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agreement with experimental data over the ranga 860nm to 2000nm. However, here | only
use tail part of Lorentz model to fit a certain ganof permittivity by setting a low resonant
frequency. So the interband transitions which tak&ce in high frequency range are not

considered here.
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Figl.2 Lorentz model fitting for silver comparedtivexperimental data
To fully capture the optical response in the widage, a combination of these two, the

Lorentz-Drude model was frequently used by peojleehe model, the Drude model and the
Lorentz model account for the free electrons efend interband transition respectively. The

Drude-Lorentz model is given by the following eqaat

foa)ﬁ Zk: fjw§
+
o(w—ily) F (0} —0®) +iarl,

where o, is plasmon frequency,and f, are damping constant and strength associated with

e(w)=1-

free electron model, k is the number of oscillateith frequencyw; ,strength f; and damping

constant for Lorentz model. It is important to nbeze that the model should be carefully chosen

depending on what range of wavelength you areasted in. For example, although the full



model can give me a good fitting across the whatege, | will use the simple Drude model for
most of my simulation in the thesis since no inéad transitions happen in my wavelength
interest. For some other part of my simulationglipblation of experimental data is used for
describing wavelength dependent of silver perniittiv

However, there are some drawbacks for metal beipgriect plasmonic material. Single
wavelength range of plasmonic resonance, incomipstilvith semiconductor manufacturing
process and high metal loss limit it for being @eal building block in a plasmonic-based system
[2]. To avoid these intrinsic disadvantages, effah finding new substitutes never stop. Doped
semiconductor is probably one of those substitltesause the complex permittivity of it is very
similar to that of the metal at near optical fregeye except that the effective mass of the
electrons for the n-type doped semiconductors erhbles for p-type doped semiconductors
have to be used [3]. By increasing the doping cotraéon, the optical response of highly doped
semiconductor can behave like metal at a desiralaeelength range. Typically, for -1V
heavily doped semiconductors, metallic behaviorpleag at mid infrared range depending on
achievable doping concentration. Thus, it is irgeng to investigate the optical response of
doped semiconductor for possible plasmonic apptinatHere | use a combination of Adachi’s
model and Drude model to analyze the permittivitheavily doped InAs with different doping
concentrations. The Adachi’'s model [4] which addpteitical points transition approach was
applied here to account for interband transitioslevthe Drude model is responsible for the

free carrier effect. The expression for permittivg given:

2
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Ng* . . . L .
where o} =m*—q,8b is dielectric constant related to interband tramsj which as mentioned
&

earlier can be calculated by the Adachi’'s modeshiwuld be noted here Adachi’'s model is only

valid for lightly or undoped semiconductor. To fultonsider the effect of doping on the
absorptiong = o, (f, — f.) is used wherex anda, represent absorption coefficient for heavily

doped and undoped semiconductor respectively. dre the Fermi-Dirac distributions for the
electrons in the valence band and in the condudtaomd. Usually the values af fi. are set to be

1 and O for undoped semiconductor as the valencel i completely occupied and the
conduction band is empty. For highly doped semicotmts, the case is different as the
absorption edge is pushed to higher energy duepalpted state at the bottom of conduction
band, which is a famous phenomenon called Burdtiss effect. The f—f. as a function of
energy for InAs at different doping concentrati@ne shown in Figl.3. Clear band gap shift can

be observed from the figure. After considering ttheping effect on the absorptiof,is

connected with the imaginary part of dielectric dtion by ¢, =a—nbcwhere c is speed of light
[

and nyis the background refractive index. For the Drudedel part, the parameters are adopted

from experimental data [5] measured by UIUC grduptil now, the whole dielectric function

model has been proposed and results are showngih5Fand Figl.6. As can been from the
figures, each contribution part dominates at déiférspectral regions. At Mid IR region, free
electrons effect contributes most such that real phpermittivity can reach negative .From
Figl.4, tunability of transition energy for realrpaf permittivity becoming negative is shown.
This doping dependent relationship enables peapkxplore plasmonic effect of highly doped

semiconductor at a desirable wavelength rangestiragg any effective heavy doping level is



achievable. As can be seen in Fig 1.5 correspontiingnaginary part of permittivity, free
electrons model dominates first at longer wavelerayid then interband transition takes over

when energy is approaching or greater than bancgemy.
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Figl.5 simulated imaginary part permittivity of IsAor different doping levels
Tunability of plasmon wavelength within mid IR rangnd easy integration with

semiconductor fabrication process make highly dagadiconductor a supplementary candidate
serving as building block for plasmonic structudmwever, a challenge remains as ultra high
doping is typically difficult for semiconductor due limited solubility for dopants as well as
inefficient doping when doping level is high. Theplem still remains to be solved but good
news is GaN has been demonstrated to achieve a hilgh doping level of 3*1 cm?
[6]which holds some promise for replacing metaalsrnating material even in NIR range.
1.2 Localized surface plasmon

Localized surface plasmon is an unique phenomeoiondd by interaction between light
and induced electrons oscillations in noble megalaparticles. The resonance is established at
where the frequency of light matches with the redtoscillation frequency of surface electrons
distributed on the metal called localized surfatzsmon resonance. At resonance, the near field

EM field is enhanced around the metal nanoparntidige in the far field the particle’s extinction



spectrum has maximum peak due to cancellation dfided field and incoming field. To
investigate how the EM field near the metal is emea, a simulation on the three silver
nanoparticles system is performed by CMOSOL Muligpbs 4.2a. For a better comparison,
pure dielectric systems with different permittivityhich adopt an index confining mechanism
are given as a contrast shown in Figl.6.The int¢idight is from the top with polarization

parallel to inter-particle axis with amplitude ol/Im.

E
K
AlR
Gap
AlR

Radius=30nm Gap=1nm

Figl.6 Three different configurations for field emttement study
The maximum field intensity inside the system wigispect to wavelength is shown in

Fig.1.7. Red and black curves stand for pure dietemanoparticles system with different
dielectric constants while green curve is for nmietaine. The peak of it represents where the
resonance is with inset showing the field distridmitat resonance. As can be seen from the
figure, the metallic plasmonic system is far supetd conventional dielectric system in ability

to enhance field whether it's on resonance or fmbis great enhancement of field by metal



nanoparticles can find application in biosensingpeeially in the Surface Enhanced Raman

scattering (SERS) technique.

1000 o

100 -

—l— diglectric nanoparticles(s=3)
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1 — . T : I T T . I :
200 400 600 800 1000 1200 1400

wavelength(nm)

Figl.7Maximum field intensity for different configations with respect to wavelength Green
color represents metal particles, Red color repitssgielectric particles with permittivity of 10
and black color stands for dielectric particleshwiermittivity of 3.

Another method to determine the Localized surfdasmon resonance is to calculate the
extinction spectral in the far field for metalli@amoparticles. The resonances occur at where the
extinction spectral peaks. The Lumerical softwaesda on FDTD simulation is used to
investigate the optical response of metallic pbsicExtinction cross section, scattering cross
section and absorption cross section are calculatede software for single gold nanoparticle in
Figl.8.Here the scattering cross section is defasedollected power in the far field normalized
by intensity of incident light and absorption creestion is calculated by total power absorbed
by particle in the near field divided by incidentensity, then the extinction cross section is a

sum of these two. As can be seen from figure, lsadiace plasmon resonance occurs at around



500 nm for gold particle with a size of diametenB&0and inset shows near field distribution at
resonance. It's interesting to note that absorppi@mtess dominates for small size one as most of
light is absorbed rather than scattered due to rsoddiler diameter than the wavelength of light.
The following figure 1.9 gives the same plot but old dimmer with a 10 nm separation. Here
it's worth to point that LSPR of nanostructure defgeon a lot of factor such as shape, size,

aspect ratio of structure and embedding environment

] . ] . ] . ] " ]
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Figl.8 Scattering (red) absorption (black) andrestion cross sections (blue) for gold particle
with a diameter of 50nm .The inset shows field peain resonance.
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Fig1.9 Scattering(red) absorption (black) and etiom cross sections (blue) for gold dimer with
gap of 10nm .The inset shows field profile on resure.

Due to its high field enhancement and ability teusing field in to a small volume,
Localized surface plasmon resonance has foundofication in biosensing technique such as
Surface Enhanced Raman Scattering (SERS). AnotHeantage is tunable resonance of
structure gives us more freedom to maximize théd fenhancement. However, given the
stochastic nature of nanopartice aggregation, difcult to track those “hot spots”, which
makes experiment uncontrollable and hard to ref@jcao more attention has been paid to highly
ordered, complex metallic system to exploit LSPR imore controllable way.

1.3 Propagating surface plasmon

Propagating surface plasmon is the collective mlast oscillations coupled in to
electromagnetic field, which propagate along theerface between metal and dielectric. The
electric field is confined at the interface and alealong the two sides. To get a deep

understanding this kind of mode, we would bettartstrom Maxwell equation for a simple

single interface case. A surface plasmon mode gatpey along a single metal-dielectric

11



interface is shown in Fig 1.10.Actually in order lte supported by this structure, the surface

plasmon mode has to be TM mode in nature with () components.

Metal

ONONONON

Z ] .
y Dielectric

X
Figl.10 surface plasmon polariton propagates albagingle Metal-Dielectric interface
The electric and magnetic fields for a surface mlas polariton which propagates along

the x direction and decays along the z directiostntake the following form:

Hy = (0,H yd ’
Ed = (Exd .0, |:7d pi(kxdx+kzdz—wt)
H_ =(0,H . O)ei(kxmx+kzmz_wt)

E,=(E,,.OE, pi(kxmx+kzmz_wt)

where subscripts d,m represent dielectric and nretadectivelyk, ,K,, means z component of

Opi (Kyg X+K,q z—mt)

wavevectors at dielectric part and metal pkygt,=k,, =k, stands for x component of
wavevector along the interface. By matching thengamy conditions in which Hy and Dz are
continuous and substituting field equations in tirkholtz equatiov2E + k2E =0, we obtain

the following relation:

gm — ‘9d
kzm kzd
2
w
kx2+k22i_‘c"| 2
C
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where i denotes either metal part or dielectrid,pais permittivity of mediumg means angular
frequency of light, c is the speed of light. Compihose two equations, the dispersion relation

of surface plasmon polariton can be given:

KZ = kG —EmEo
X 0
Em +€d
2
<
2 2 i
k2= ki —S—
£+ &y

The figl.11 shows energy dispersion of surfacenptas polariton for silver—air interface. Red
curve means analytic results which agree pretty wigh simulation results represented by white
dots. As can be seen from the figure, the propagatiavevector increase massively when
energy increases, which means the effective wagdiempropagating along the interface
decreases correspondingly at high energy. At sooiet pvhere the wavevector attains the
maximum, the surface plasmon resonance is achi€veel thing not shown but should be noted
that if increasing the energy further ,the dispersicurve would reflect back to small

wavevectors region due to ohmic loss present amibtal.

.3

—m— T heory
[ Meep simulation

T T T T T
L+] 10 20 =3+ ] 40

W oavewector(um ™)
Fig 1.11 Energy dispersion relationship of surfal@smon for single Ag-air interface
As discussed above in the single interface casegeleagth in the medium can be

shrinked massively in the propagation direction,oclwhopens a possibility to squeeze light
13



energy in a very ultrasmall area. Another importamticture supporting propagating surface
plasmon called Metal-Semiconductor-Metal (MIM) stwre. MIM, as name indicates, consists a

dielectric core sandwiched by two metal slab giveRigl.12.The propagation direction is along

x direction.
Metal
-+ - n in - -+
d
NN OO I
+ ++ - ++ e ++
2|y Ed Metal
-

X

Figl.12 Surface plasmon polariton propagates in Mid¥eguide (symmetric case)
Actually we can view it as two single metal-dielexicases interacting with each other.

When d is too large for two surface plasmons teraxtt, no coupling effect happens. As d is thin
enough, then interaction between two single interfaurface plasmons occurs. The smaller
distance between two metal slabs, the strongeraictien it has. The effect of interaction would
lead a splitting of mode in to two .one is symneetriode, the other is antisymmetric one with
different phases of charge oscillation distributed the metal surface. Here the symmetry is
defined as Ez with respect to the middle of dieiedayer. It's worth noting that although two
kinds of modes exist in this structure, it's ditfit to excite antisymmetric mode in the real
practice due to field symmetry. Thus, we discusky dime symmetric case hereafter. The 2D
FDTD simulation was performed on this structurehwiniform in the y direction. A dipole was

put at the entrance of MIM to excite plasmonic meael d was set thinner than 100nm for

14



strong interaction. The dominant electric field &m magnetic field Hz distribution is shown in

Figl.13.The thickness of dielectric layer hereGsnn.

+1 +1
| |
= = = = = = E = = = = =
| o
& g

[MEY

[MEY

Figl.13 Ez field distribution (Left)and Hy fieldstribution(right) for symmetric mode
As can be seen from the figure, the field energggseezed in to thin dielectric region

with thickness far below the diffraction limit, wdti opens a possibility to realize subwavelength
guiding utilizing this mode. To further understatite property of this mode, the energy
dispersions for different thickness and differemtlettric medium are given respectively in
Figl.14 and Fig.1.15.All of the curves asymptoticalpproach some certain energy values just
like single interface case does, which is actuallgommon feature for energy dispersion of
surface plasmonic mode. Those certain values quonek to different resonance energy of
modes. From Figl.14, as the thickness of dieledimreases from 20nm to 5nm, the dispersion
curve becomes flat meaning that the smaller waggheaf plasmon can be obtained for the same
free space wavelength in the thinner waveguiddédiec region). That's understandable since
the interaction is much stronger in thinner onadiag a further exploration of plasmonic effect
in the waveguide. In theory, the thickness canraefinitely small and good news is current
technology has enabled deposition of nanometek-thitn. Miyazaki [7] has achieved
experimentally to squeeze visible light in to 3rivick nanocavity with this kind of mode, which
proved that utilizing plasmonic mode to achieveasimall nanocavity was feasible. In Fig1.15,

dispersion curves for different dielectric mediurage given. As clearly can be seen, the
15



resonance energy for high index medium is lowet tbalow index one and MIM with high
index core can enable better shrinking of lighvisible wavelength range. As a consequence,
much attention has been paid in to metal-semicadugetal structure with both gain available

and high compression of light to achieve active @gaides and lasers.
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Figl.14 Energy dispersion of symmetric plasmoni®dNinode at different thickness
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Figl.15 Energy dispersion of symmetric plasmoni¢/Mhode with different cores

1.4 Summary

In summary, optical responses of two kinds of plasim materials-conventional noble
metal and doped semiconductor are introduced. eged semiconductor, a full dielectric
function model including Drude model and modifiedakhi’'s model considering Burstein-Moss
effect was proposed. After that, basics of two aeef plasmons including localized surface
plasmon and propagating surface plasmon are giMem.unique properties such as small modal
volume, enhancement of electric filed, subwavelengbnfinement make them a potential

candidate for miniaturization of photonic devicesl vestigation of light-matter interaction.
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CHAPTER 2
PLASMONIC WAVEGUIDES
2.1 Insulator-metal-insulator waveguide

The plasmonic waveguide is a potential candidatduture chip communication due to
subwavelength confinement far beyond the diffractinit, which enables its integration with
electronic transistors. Thus, numerous plasmonivegaides with different configurations
utilizing surface plasmon polariton attract peoplénterest. Of them, two prototype planer
structures which are the metal film (Insulator-ni@taulator) and the metal gap (metal-
insulator-metal) waveguide receive more attentf@antothers due to suitability for nano-optical

integrated circuits [8,9].The structure of IMI isvgn in Fig2.1.

Dielectric
W-=infinity
td metal
X Dielectric

Fig2.1The cross section view of metal film embeduhedielectric

Fig.2.1 shows a cross section view of an infimitetal film embedded in the dielectric
environment and propagation is along the direcpi@npendicular to the paper. Suppose the
superstrate is the same as substrate, then thistig® supports two kinds of modes, as MIM

waveguide does. One is symmetric mode, which is aldled Long-Range Surface Plasmon
18



Polariton (LRSP). The other mode is antisymmetnamely Short-Range Surface Plasmon
Polariton (SRSP). The symmetry here is defined wapect to Ex field. As name indicated, the
LRSP has longer propagation length than the SRS&emlb should be noted here that LRSP
doesn't exist if the substrate is different frone $uperstrate due to break of symmetry. The Ex
field distribution of two kinds of modes with metétickness of 20nm at communication
wavelength 1.55um is shown in Fig2.2.Here the silgeembedded in the dielctric(Sifth the

simulation.

A 4.2528x10’ A 9.0635x10’
x10’ x10’
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- 0
¥ -4.2535x10° ¥ -1.566x%10°

Fig2 .2 Ex field distribution for (a) SRSP and RSP

The effective index of two modes with respect taahéhickness at 1.55um is given in
Fig2.3. As can be seen from the figure, when th&htbickness is relatively large, two surface
plasmons propagate along each interface separatghout interaction. So the effective
refractive indexes for SRSP and LRSP are identiéal. the thickness decreases, surface

plasmons couple with each other , which leads $pldting of mode in to the symmetric and
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antisymmetric one. The upper branch, representing antisymmetric mode, increases
dramatically with the decreasing thickness while tbwer branch approaches the permittivity
value of dielectric, meaning the propagating madstill bound at interface. Both of them show
no cutoff with respect to thickness of the metagkela As can be seen from Fig2.2, the SRSP
mode is tightly bound to the metal surface, whiebuits in a stronger modal confinement than
that of LRSP. This point can also be reflectecheréasing effective refractive index for SRSP in
the Fig2.3. In order to compare two kinds of modestransmission characteristics, the
propagation loss of each mode is shown in Fig2ht propagation loss of SRSP dramatically
increases with the decreasing thickness, whiledhaRSP decreases massively showing itself a
potential candidate for chip communication. Comdirnéth results obtained from Fig2.3, we
can conclude now SRSP has a strong confinementanstiort propagation length whereas LRSP
owns a long propagation length but with poor maztaifinement. Although we can’t combine
these advantages into one mode, we can selectasdite either mode we prefer to use
according to different applications. For example, @an use SRSP for nano-focusing or nano-
guiding to confine light energy in to ultra-smaltea and adopt LRSP mode for chip
communication and long range transmission. So Har delective mode excitation as well as
mode convertor has been experimentally demonstrbiedwo phase controlled beams or
theoretically investigated in order to get flexityil in benefiting from two opposing

characteristics [10-12].
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Figure 2.3 Effective index of two propagation modssa function of thickness at 1.55um
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In the previous part, we talked about the caseirfinite metal stripe embedded in
dielectric matrix, next we will discuss finite widtcase of IMI waveguide. For simplicity, a
silver nanowire waveguide, which can be viewed mdMl waveguide along any direction, is
analyzed in the simulation. The structure consi$ta silver nanowire embedded in the silicon
dioxide with its cross-section view given in Fig@p .The propagation direction is again
perpendicular to the paper. Unlike the modes supddsy infinite metal stripe, modes here are
not purely TM modes and have all six field due itaté width[12], so we term these modes
SRSP-like and LRSP-like modes with electric fieigtabution given in Fig2.5(b) and Fig2.5(c)

respectively.

5i0,

= (a (0
Fig2.5(a) Cross sectional view of silver nanowingbedded in Si@matrix (b)Norm of
electric field for SRSP-like mode(c) for LRSP-likeode
The effective refractive index of two modes is shaw Fig2.6 as a function of radius at a
vacuum wavelength of 600 nm. Similar to the cash wifinite width, the upper branch, which
stands for SRSP, goes infinitely with the decre@sadius while the lower branch is decreasing

slowly. However, one major difference is that thesea cut off for LRSP-like mode in silver
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nanowire waveguide, which is not observable innitdi metal stripe for the same mode. This
feature due to the finite width of real structues de reflected clearly in the plot of propagation
loss for each mode given in Fig2.7.As can be seam figure, the propagation loss of LRSP
decreases first then goes up at a turning poirt decreasing radius, implying that the guided
mode becomes a leaky one. Actually, if you cheekdffective refractive index in Fig2.5, the
value of LRSP modes for radii smaller than 40 nrhabw 1.45 (permittivity of Sig), proving

that this kind of mode has a radius cutoff of 40amvacuum wavelength of 600nm.This
advantage can be taken to achieve one single muetatoon on the silver nanowire by properly
designing a smaller radius of nanowire than thatubdff at a given wavelength. Only SPSP-like
mode exists under that condition. In addition, xoit different modes on nanowire in practice,
different schemes should be adopted. For SRSP1tikde, the incident polarization should be

vertical to nanowire axis while polarization pagalio axis is required to excite LPSP-like one.
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Fig2.6 Effective refractive index of two kinds obuhes as a function of radius at600nm
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Fig2.7 Propagation loss for SRSP and LRSP witheetspf radius at wavelength of 600nm

To further explore substrate effect on the propagamodes, silver nanowire on the
substrate (embedded in an asymmetric dielectrigtuslied with cross section view given in
Fig2.8(a).Unlike the nanowire without substrate, dan only support SRSP-like mode
(asymmetric) due to break of symmetry with resgecty=0 cutline in the Fig2.7.The field
distribution of a guiding SRSP-like mode is showrFig2.8(b) with a saturated color bar used.
We can observe much more field concentrates irSili side than that in air side due to the
substrate drawing effect. However, leaking issughinbecome severe at a certain wavelength
range where the effective refractive index is seralthan the permittivity of Si© and
propagation loss dramatically increases. Fig2.8{egs a field distribution of a leaking SRSP-
like mode and effective index with respect to wawegith for radius of 45nm and 50nm is
provided as well in Fig2.9. As can be seen fromfitpere, the cutoff wavelength for radius of

45nm and 50nm is 921nm and 826nm, respectivelychwitieans that the operation wavelength
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cannot exceed 921nm and 826nm for radius of 45min58nm to achieve mode guiding. Thus,
the introduction of a different substrate to supbstrate imposes a new cutoff condition on the

radius of nanowire and operation wavelength for Bfie mode.

Air
; |
Ag (b)Guiding mode
Y
5i0,
i |
X (a) (c)Leaking mode

Fig2.8 Cross sectional view of silver nanowire a@ Ssubstrate (b) Norm of electric field for
SRSP-like guiding mode(c) for leaking mode
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Fig2.9 Effective refractive index of SRSP-like neogersus wavelength for different nanowires
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2.2 Metal-Semiconductor-M etal waveguide
In the last section, we talked about one prototiyewaveguide and particularly one

appealing application in nanowire form. For thiscts®, another important plasmonic
waveguide, namely Metal-Semiconductor-Metal wavedgMSM) will be discussed in terms of
modes characteristics. We have given an introdndbosurface plasmon polariton in 2D MIM
structure in the last chapter, showing its unigoiéitg to manipulate light in nanosacle. Hereafter
we focus mainly on the propagation characterisbcdoth symmetric mode and antisymmetric
mode in the infinite long waveguide structure. FigPR gives a cross sectional view of MSM
structure with propagation direction in Z directiddemiconductor core GaAs with refractive

index 3.59 is used in the simulation.

Silver

W=infinite

GaAs t

/ Silver

X
Fig2.10 Cross sectional view of MSM waveguide viitfinite width
As the same analogy IMI waveguide has, this strectan be treated as two separately

propagating Metal-Semiconductor waveguide as Weith thickness of core layer t is below to

certain level, the interaction of vertical surfgglasmons occurs which lead to a splitting of
single mode in to symmetric case and antisymmetse cHere the thickness is fixed at100nm
where the interaction is occurring .The field dinition of each mode at vacuum wavelength

650nm is given in Fig2.11. As can be seen fromfitpare, the electric field component Ex
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(perpendicular to the metal interface) resembleswvaam function or odd function for symmetric

mode and antisymmetric mode respectively [13].
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Fig2.11 Field profile Ex for (c) antisymmetric moded for (d) symmetric mode at 650nm with
distribution along the indicated black line given(a) and (b)
The effective refractive index as a function of wkength at a fixed thickness 100nm is

shown in Fig2.12. As can be seen from the figuse, turves asymptotically approach a certain

value as wavelength is close to metal plasmon esm®) which is rightly a characteristics

owned by surface plasmon waves. Another featuemiisymmetric mode has a cutoff at a low

frequency side as effective refractive index deseeaquickly with increasing wavelength. In

terms of propagation loss, both modes have a draniatrease of it when wavelength

approaches resonance as can be seen in Fig2.183cdmibe attributed to much more energy

dissipation in to the metal at high photon energiesich is implied as well from increasing
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effective index. It should be noted here that tleppgation loss for symmetric mode is
decreasing consistently until to a certain levehwhe increasing wavelength while the loss for
antisymmetric mode would decrease first then irsweafter that due to cut off of the mode as

can be seen in the inset of the figure plottedhelbgarithm scale.
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Fig2.12 Effective refractive index as function chwelength for t=100nm
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Fig2.13 Propagation loss versus wavelength for @ah®
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2.3 Metal-1 nsulator-Semiconductor -1 nsulator-M etal waveguide

Similar to MSM waveguide, Metal-Insulator-Semiconthr-Insulator-Metal waveguide
is a multilayer structure with insulators in betweat both sides as name indicated. The
incorporation of insulator layer is either used fareventing short circuit while electrical
pumping [14,15] or acting as a buffer layer foriopt modes [16,17].The cross sectional view of
MISIM waveguide is given in Fig2.14 with propagatim Z direction. Here the insulation layer
is Al,O3 (n=1.7) while other parts stay unchanged compavelll$M waveguide. Actually we
can view it as an inhomogeneous MSM waveguide whisl supports two kinds of modes-
antisymmetric mode and symmetric mode. Since inflggmeous MSM waveguide should have
same modal characteristics as that of homogenocaigxecept that the field energy is enhanced at
the insulator region due to electric field contizguwe only choose symmetric mode to analyze

as a representative of plasmonic mode.

Silver

Al, 0,

t
X A Al, 0,

Silver

Y
Fig2.14 Cross sectional view of MISIM waveguide
In the simulation, the thickness of insulation laye fixed at 20nm while that of
semiconductor core layer is varied. Fig2.15 givesfteld distribution of the modes propagating
in the waveguide with t=300nm. TM-like mode whicashmost of its field across the insulator

layer is actually a distortion of symmetric plasneomode in the homogenous MSM waveguide

due to introduction of low permittivity layer. Thisiode has a dominating field component
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perpendicular to the metal surface(X direction)ahhis a nature for surface plasmon waves. The
other mode with most of energy confined in the semductor core has dominating field along
the Y direction and little electric field componeantZ direction. So we call this mode TE-like

mode.

1 L 1 1 1 L 1 L 1 L 1 L
——TE like mode I
800nm
10 @ —— TH like mode

(b)

0.2 j

0.0 \\ I
T T T T T T .

0 100 200 300 400 500 600

Normalized electric field profile

Semiconductor core width{nm)

(a) (€)
Fig2.15 (a) Norm of electric field distributiofoag the black line indicated at (b) TM-like

mode and (c) TE-like mode

The effective refractive index and propagation Iéss each mode as a function of
semiconductor core width at vacuum wavelength 80@nenshown in Fig2.16.The red square
represents TE- like mode while black cube standsTid-like mode with effective index and
propagation loss indicated in the left and righitsaseparately. As can be seen from the figure,
the TE mode sees a cut off around 100nm (rouglifsadtion limit) as indicated by dramatically
increased propagation loss and massively decreeective index. For TM-like mode, the
effective index decreases flatly with the decregsifi core width showing a possibility of
indefinite shrinking of semiconductor width in thgo However, the propagation loss is

increased significantly with the decrease of widteaning much larger gain is required to

achieve lossless propagation at the smaller waltlvéyond the diffraction limit.
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2.4 Summary

Plasmonic waveguides of different configurationd geometries are investigated in this
chapter. Modal characteristic for each waveguidgiven. For IMI waveguide, there are two
propagating modes due to coupling of two singldagar plasmons , which results in different
phases of charge oscillations. One is antisymmetrozle (SRSP) with strong confinement
capability and relatively low propagation lengthiletthe other one is symmetric mode (LPSP)
which has poor confinement capability and long piggtion loss. This kind of mode splitting
phenomena is observed as well in nanowire wavegundeMSM waveguide. In contrast to IMI
waveguide which has no cutoff for both modes, narewaveguide has radius cutoff for
symmetric mode arising from finite width and a wawgth cutoff for only-propagating
antisymmetric mode in the case with substrate. Higargy mode in MSM waveguide shows

frequency cutoff as well. Lastly, a comparison dfi-ike and TE-like mode in MISIM
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waveguide shows potential of plasmonic mode innglimg the width.
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CHAPTER 3
PLASMONIC NANOLASER
3.1 Metal-Semiconductor-M etal nanolaser cavity

Previously we talked about different plasmonic wgudes using surface plasmon
polariton which affords a unique ability to confihght in subwavelength scale. In this chapter,
we focus on this feature employed on the nanolaB®ee. miniaturization of laser has been an
ever-increasing demand for community since therstilsa size mismatch between electronic
device and photonic device .In order to combines¢hévo in one chip with high dense
integration, one must shrink photonic device sugliagers to the size comparable to electronic
transistors for on-chip communication.

Recently metal has been playing an important raleathieve the subwavelength
confinement to further shrink laser cavity. Genlgrdiere are two different approaches with the
same metal cladding. One is use metal-optic cdwityonfine optical mode as demonstrated in
[18,19].In this case ,the metal serves as onlyfécient reflector as it always does in microwave
community. The mode can be confined well with retlicadiation loss and modal volume. The
other case is to utilize truly surface plasmondofme light as demonstrated in [20-23] .Using of
plasmonic mode can break diffraction limit and malkeultra-small laser in three dimensions.
However, it would subject to severe metal loss ttustrong interaction between electrons and
photons. Normally the cavity of optical mode regsilarger dimension than plasmonic mode
while the plasmonic mode has larger loss than aptiode.

To examine quantitatively the cavity performancewd modes such as quality factor,
modal volume and threshold gain, we investigatectopype metal-semiconductor-metal cavity
shown in Fig3.1 which can support plasmonic modd aptic mode simultaneously in the
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infrared regime. Similar to metal-semiconductor-ahetvaveguide, the cavity consists of
semiconductor disk sandwiched by two metal diskee $emiconductor disk is used to provide
gain and metal disks serve as either a reflectireomor source for electrons coupled in to

plasmonic mode to achieve confinement.

(b)

(a) (€)
Fig3.1 (a) Schematic diagram of Metal-Semicondubietal nanolaser cavity (b) optical
mode(c) plasmonic mode

Fig 3.1(b) and Fig3.1(c) give intensity distributi@f examples of optical mode and
plasmonic mode respectively. Generally there areetlways to distinguish them. (1) The field
intensity maximum of plasmonic mode lies at therimtary of metal and dielectric while that of
optic mode occurs far away from metal. (2)Plasmomocie can break diffraction limit to a deep
subwavelength confinement while optic modes ca&)Rlasmonic mode has a dominant field
component vertical to metal surface while optic s no preference direction though it has
dominant polarization. Section 3.2 and 3.3 will ggigtetails about optical mode and plasmonic

mode separately. After that a comparison betweenrwedes in terms of cavity performance

including QED effect and lasing threshold will begented in section3.4.
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3.2 optical modes

The optical modes supported in the above strudamnebe obtained by assuming metal as
a perfect electrical conductor(PEC) and semicormmtucide wall as a perfect magnetic
conductor(PMC).This approximation which is excellen microwave regime can also be
adopted here in near-infrared region to capturefilps and symmetries of the cavity modes
since no surface plasmons exist in this regiorofiical mode[24].Thus, in terms of eigenmodes
function, we can borrow an idea from micro-patckeana which is the bigger version of above
structure. The notation T, and TMnnp is used to specify particular mode for this cawipere
m,n,p represent azimuthal, radial and axial modahlpers. The fundamental TM mode and TE
mode are TMho and Tk11 mode respectively .However, M mode is the mode of choice of
circular micropatch antennas at RF/microwave fragies [25] as an efficient radiator and not
suitable for laser application, here we referIMand Tk, as the most fundamental TM mode
and TE mode with their field profiles given in aydirical coordinates below:
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wherek? = (o,,,, /©)’¢ — (7 /h)?, h is cavity heighte,, is cavity resonance frequency anés

the permittivity of semiconductor medium. FDTD Siation is performed by MIT made

software MEEP to find fundament optical modes. Mpd#erns of Tk and TM;1; are given in
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Fig3.2. Each component of electric field which & shown here also agrees well with analytic
equations. One thing should be noted here diffesentce polarizations are required to excite

different modes due to match of field distribution.

(a) TMy,, (b) TEyq4

Fig3.2 Field intensityE|” for (a) TMi11 mode and (b) T&:mode
Although no surface plasmon is involved in thisicglt mode, there is still interaction

between metal and electromagnetic mode which cerigiht into a small modal volume with a

decent Q. Simulation shows for a cavity with hei@B0 nm and radius 250nm, M has a

modal volume0.5C—)* and Q is 250 while Tdz; has a modal volume ¢f.9(C—)* with Q about
n n

A A
2 2
143.0f them TMs; is considered as the most potential mode in lasipglication since it

represents the most fundamental moderate Q modeanstibwavelength modal volume .In the
section 3.4, we will use this mode as a represertaf optical mode to make a full comparison

with plasmonic mode which is supported in this cinee as well .
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3.3 Plasmonic mode
We discussed in the last section about optical madeich are diffraction limited. In

order to further shrink the device far beyond ih@&t| surface plasmon modes must be employed
to achieve deep-subwavelength confinement owintg tonique property in manipulating light at
nanoscale. In this metal-semiconductor-metal laaeity, surface plasmons can be formed in the
semiconductor region like that propagating in th&N¥ waveguide we talked earlier. The
coupling between two metal-semiconductor interfeeds to the splitting of mode in to two
(symmetric and antisymmetric). Antisymmetric modes la wavelength cutoff and difficult to
excite due to metal skin effect, thus the focugplalsmonic mode is on symmetric one. The

dispersion relationship for symmetric mode is giwrethe following:

£k, tanhit /2)=—¢,k

2

2
2 K=k —£, 2 .Simulation did in the section1.3 shows MSM
c

where ki =k —¢
c

m

plasmonic mode has much larger wavevector or mamenas wavelength approaches
resonance wavelength or the thickness of semiaadis become thin. The high momentum
enables more possibility of the mode to undergerial reflection around disk circumference
with necessary feedback forming whispering galleAyG) plasmonic mode. The resonance
condition of whispering gallery mode is given:

kgpR=m(m=1,2,3,...]
wherek,, is the wavevector of plasmonic mode, R is the mdiudisk, and m is an integer. It's

clear to see here that sincgincreases with the decrease of thickness in \&dicection, R in
the planar direction should be decrease as wefldimtain at the same wavelength. This provides
an opportunity to achieve full three-dimensionddwavelength confinement as discussed in [26,

27].we will present this point in details later wgimulation results. The WG mode profile with
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an azimuthal number m of 4 is shown in Fig3.3. HBee2D axial symmetry simulation is used
to exploit cylinder symmetry. As can be seen frdm Fig3.3, the field is confined tightly in the
vertical direction between metals. Linear dependemtradius in contrast to saturating behavior

of TM11; mode in Fig3.4 proves it is a WG mode.

. 4 | 'E X7
. -
(a) IERE profile for m=4,radial order 1 (b) IER profile for m=4,radial order2
= n flm WY

(c) E, profile for m=4,radial order1 (AIE prafle for s, radin) arder o

Fig3.3 Field intensity and z component of elediietd for WG plasmonic mode (m=4)
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Fig3.4 Resonance wavelength versus R for WG plagmmade (m=4)
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3.4 compar ative study of optical mode versus WG plasmonic mode

In the last two sections, we talked about opticalnand plasmonic mode in the metal-
semiconductor-metal disk cavity respectively. While been intensively investigated in the
field of plasmonic waveguide utilizing surface ptash to achieve both subwavelength
confinement and long transmission, the advantagedrawbacks of surface plasmon lazing
should be examined in details as well. Thus, ttgstien is about a comparison of two
distinctively different modes with metal confinemhi@m common in terms of cavity performance
such as Q ,V related to the light-matter interacmd threshold gain which is a key parameter
of lazing characteristics.

For optical modes, we adopt TM mode as a representative of them since it's the
fundamental moderate Q mode with a subwavelengittamamlume. For plasmonic modes, only
the fundamental modes in radial and vertical dioest are discussed as these modes have high Q
and small modal volume than high order modes isdtirections. Azimuthal modal number of
2 is investigated first as azimuthal number of fregponds to dipole resonance with serious
radiation loss, which degrades Q massively.

In order to give a fair comparison, telecommunmativavelength at 1.55um is chosen as
a guideline for cavity design. The resonance wangtle dependence on the radius with different
height hs for different modes is given in Fig3.3l&1g3.6 respectively. As we discussed in the
section 3.3, unique characteristics of plasmonigen@n enable full-3D mode confinement with
size reduction in all three dimensions. The resoeamavelength for Tivi; mode increases
with the increase of both cavity radius and cawisight, which is a normal behavior for
conventional semiconductor laser. However, for mplasic mode, the resonance wavelength
increases with radius but decreases with heightnmgathat it can be confined in a 3D

38



simultaneously shrinking cavity while maintainingthe same wavelength. This point can be
further illustrated by insets in each figure givicavity dimensions corresponding to wavelength

of 1550nm.

hs=190 nm -

Resonance wavelength{nm)
o
[=]
(=]
1

1350 o hs=200 nm |
hs=220 nm
1200 7 hs=230 nm 7
1250 - hs=240 nm 4
1200 T T T T T 1T T T
100 150 200 250 200 350 400 450 500 550

Radius(inm)

Fig3.5 Resonance wavelength versus radius at diftdreight for TM;;mode.Inset shows cavity
dimension(R,hs) at 1550nm
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Fig3.6 Resonance wavelength versus radius at eiftdreight for WG plasmonic mode
(m=2).Inset shows cavity dimension(R,hs) at 1550nm
In order to investigate light matter interaction faded wavelength 1550nm for two

different modes, modal volume and purcell factoe aalculated in Fig3.7 and Fig3.8 as a
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function of physical volume which is obtained fr@tmucture parameters of the red spot in the

insets of Fig3.5 and Fig3.6 . Here the modal volusrealculated as [28]:

jg(x, y,2)|E(x, y,z)|2dxdydz

max{z(x, ,2)|E(x,y,z) }

and Purcell factor is defined by[28]:
3 13,0
F =—)(—
P 4n? (n) (veﬁ)

where4 means resonance wavelength in vacuum and n isethective index of semiconductor
medium. As can be seen from the figures, firstigsmonic mode indicated by red squares
enables further shrink of device volume which isag@ivantage obtained from surface plasmon.
Then, as the semiconductor physical volume decsedbke purcell factor for plasmonic mode
increases dramatically and modal volume decreasessiaely meaning highly enhanced light
matter interaction occurring inside the cavity whis desirable for a laser application. In
contrast to plasmonic mode, optical Tdyimode has much less potential to achieve both high
Purcell factor and small modal volume as can bevshoy black spots and implied by crowded

spacing of them while decreasing the physical veluidere the Purcell factor of 6238 in a
modal volume of 0.00@%)3 for plasmonic mode at 1550nm at room temperature loa

achieved in a cavity with height of 20nm and radaisl29 nm, which is the highest value
reported so far according to our knowledge. It'spariant to note that the thickness of
semiconductor can be indefinitely small in theooyeixploit cavity QED effect of plasmonic

mode further and here thsmallest thickness is saetyto 20nm due to 2nm of spatial resolution

used in FDTD simulation.
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In order to examine whether such cavity modesawdreve lasing at room temperature,
the gain material threshold gains as a functioplgfsical volume for both modes at 1550nm are

given in Fig3.9(a) calculated by[29]:

where n; means group material indek. is energy confinement in semiconductor gain

medium A is vacuum wavelength .As can be seen from thedigine threshold gain for Tivh
optical mode indicated by black square is below tifigplasmonic mode represented by red spot,
which is expected since truly plasmonic mode ineslgtronger photon-electron interaction than
optical mode leading to large loss and small thokesbain. Interestingly, As the physical volume
decreases, the threshold gain of plasmonic modecases first then increases leading to a
minimal threshold gain of 2300 émwhich is achievable at room temperature by using
InGaAsP/InP quantum well as a gain region with teieal pumping[30].This feature is
attributed to the interplay of radiation loss anetahloss in the plasmonic system as reflected in
Fig3.9(b) which gives Q dependence on semicondugty thickness .The optical Q and
absorption Q of plasmonic mode which are inverselgted to optical loss and metal loss are
separated from the total Q in the figure .One caseove that optical Q increases dramatically
with decreasing gap thickness. This can be explaing high effective index induced by
plasmonic mode to prevent radiation loss. In cattta optical Q, absorption Q decreases as gap
become thin, which can be understood by more &attiield overlap with metal leading to a
large absorption loss. Total Q curve approachesrpben Q curve at the thin gap part which
means metal loss limits the total loss in this sagwhere optical loss are extremely small

indicated by much high optical Q. As the gap becothéck, the optical loss dominates as total
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Q curve approaches decreasing curve of optical ¢ .dombination of these two lead to a
maximum of total Q and finally a minimum of thresh@ain at a thickness of 40nm.One thing

should be noted that although this minimum threstyalin is nearly three times as large as that
of TM111 mode, high Purcell factor of 1836 and small moddume of 0.09(%)3are achieved

far beyond the optical mode can attain in a cawith radius of 164nm and semiconductor

height(gap) of 40nm.
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Fig3.9(a) Threshold gain with respect to semicabtoluphysical volume for plasmonic mode
(red) and optical mode (black). (b) Different gtyafiactors versus semiconductor height.
However, although this minimum threshold gain ikiagable at room temperature, high
carrier density in the quantum well under a higimping level is required. Another concern is
the thermal management associated with high pummanticularly in a densely packed array of
such devices. Thus, It's extremely important tousslthe threshold gain of plasmonic mode
further for a reasonable compensation in practiee. method is to operate it at a cryogenic
temperature which would decrease lasing threshddd but would prevent wide application in

normal condition. The other method is to use adargdius device to support high azimuthal

number mode with resonance wavelength stayingaheesThis high azimuthal number mode in
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a large device can mitigate radiation loss and ewake the total Q approach its metal loss limit.
The threshold gain for plasmonic mode with azimuthember of 5 is shown in Fig3.10 with

original data in Fig3.9(a) as a comparison As carséen from the figure, threshold gains for
high azimuthal number m=5 bridge the gap betweandaimuthal one and optical one ,which

makes threshold requirement easy to fulfill in arencompact device(compared to optical
mode).However, one thing should be pointed outalthbugh the gain threshold is reduced in a
still compact device with high azimuthal number mod=5 ,the QED advantage would not be
taken as well as low azimuthal number one duad¢oeasing modal volume accompanying with

large device.

5000 — T T T

4000 - -

3000 - -

2000 - -1

Threshold material gain[cm’1j

-~
m optic mode "

1000 4 & plasmonic mode{lM=5) -
» plasmonic mode(M=2) —_—

1‘1
— —— —— g
1E-3 0.01 0.1

semiconductor physical volume(umi™)

Fig3.10 Threshold gain versus semiconductor phiysmame with plasmonic mode (m=5)
In summary, we have comparedasdl?r?:ce plasmon madeoatical mode in metal-
semiconductor-metal cavity in terms of cavity pemiance by FDTD simulation for room
temperature and at the telecommunication wavelengte results show quantitatively

plasmonic modes in resonator have advantages @tieabmodes in scalability down to small

size and QED performance due to possibility of kireg the diffraction limit. Surprisingly,
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although plasmonic mode have large loss as expeatedmal achievable threshold can be
attained for WG plasmonic mode (m=2) by optimizidgvice parameters at 1.55um due to
interplay of metal loss and radiation loss. Welartshow plasmonic modes with high azimuthal
number have smaller threshold gain compared to dainuthal ones with the same scaling

ability.
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