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CHAPTER |

INTRODUCTION

I.1 Light scattering and whispering-gallery modé&3Ms)

The study of light scattering and the closely edaphenomenon of WGMs is
always associated with the work of three great lschoLord Rayleigh [1, 2], who was
also the first to study the phenomena of soundggation in the whispering gallery of St.
Paul's cathedral almost a century ago; Debye, wiaveld equations for the resonant
eigenfrequencies of dielectric and metallic sphdiesluding WGMs) [3]; and Mie,
whose theoretical studies on the scattering ofgollactromagnetic waves by spheres can
also lead to deriving the equations of WGMs [4].

The first observations of WGMs in optics were rethto the operation of solid
state lasers [5, 6]. Ironically these works did mitiate immediate scientific interest in
WGMs, but did have some technological impact assttle surface of the laser rod was
purposely made rough to eliminate WGMs. WGMs ioptets were studied because of
their strong effect on fluorescence [7, 8], Rameaitering [9, 10], and laser action [11,
12]. Braginsky, Gorodetsky and llichenko [13] firshowed the potential of WG
resonators made of dielectric silica to exhibitremtely long photon storage times. This
initiated a great deal of subsequent research wnthweshold optical effects in such

structures.



[.2 Nanoparticles

Materials with sizes greater than the size of ameaell, but small enough to have
properties different from the bulk material are alsuconsidered to be nanoparticles or
nanocrystals. Material properties can vary sigatiitly depending on the size. Generally

two different kinds of cluster-size effects candigtinguished; intrinsic effectsvhen the

electronic and structural properties vary as atfoncof particle size and geometry, and

extrinsic effects which are size dependent responses to extere&dsfior forces

irrespective of the intrinsic effects.

As an example of an intrinsic effect, this workMilrther discuss optical material
properties of semiconductor particles as a functibeize. The quantum size effect, i.e.
the dependence of electron energy levels on sias, discussed as early as 1937 by
Frohlich [14]. When researchers study this eftbety usually refer to nanocrystals as
guantum dots (QDs).

Extrinsic cluster size effects were observed muatiex. These are the collective
electronic or lattice excitations — also known ag Mesonances. In this work | am
discussing in more detail the collective electracitations in gold nanoparticles.

Comprehensive reviews of the optical propertieserhiconductor nanocrystals

can be found in [15] and [16], and a review on iietaanoparticles in [17].

.3 Quantum-dot lasers and WGM lasers

The great benefits of lasers with QD active layeese predicted by Arakawa and
Sakaki in the early 1980s [18]. Quantum dot lastrsuld exhibit performance that is

less temperature-dependent than bulk and quantuimsemiconductor lasers, and that



will not degrade at elevated temperatures. Otleerefits of quantum dot active layers
include ultralow and temperature-independent tloleishand an increase in differential
gain at room temperaturethat is, more efficient laser operation [19]. fBreént growing
techniques were employed in the fabrication of QBel structures. Metal-organic
chemical vapor deposition (MOCVD) or molecular beapitaxy produced QDs with
suitable sizes, although nonradiative defects weoeluced during etching. In 1994
researchers at the Tokyo Institute of Technologpreed lasing operation from an etched
QD laser [20]. Selective growth and self-assembigdwth techniques were later
developed to avoid nonradiative defects. In 19%gaechers at the Technical University
of Berlin and loffe Research Institute (St. Petargb Russia) reported the first self-
assembled InAs/InGaAs QD laser, showing reducedp¢eature dependence of the
threshold current [21]. Since then, InGaAs/GaAs Q@3ers have successfully
demonstrated low threshold current density, higlerating temperature, and high
differential gain at room temperature. Furtherm@® devices have lased at 1.3 pum,
which is an important wavelength for the telecommations industry. The technology
has also been used to produce vertical-cavity sewéaitting lasers (VCSELSs) [22].
Concerns about the potential of QD lasers for lpigiver emission, because of their small
active volume, was ruled out by researchers in @agm They fabricated a MOCVD-
grown quantum dot laser that emits almost 11.7 \Wjuasi" continuous-wave (cw) mode
[23]. In normal cw mode, the maximum power is W7 The device consisted of six
layers of quantum dots stacked on top of each dthéarm the gain medium. The laser
was based on a gallium arsenide waveguide andnndjallium arsenide dots, and it

emitted light at 1135 nm. With the output power teel.5 W, it had a lifetime of over



3000 hours at room temperature. The successafteshnology based on epitaxial QDs
has motivated the development of laser devices dbase ultrasmall, sub-10 nm
nanoparticles fabricated via colloidal chemistrgr{iacrystal quantum dots — NQD) [24-
28]. Such NQDs have been synthesized with narr@e slispersions and high
photoluminescence quantum yield. An additional sedage is that the emission
wavelength of NQDs can be significantly modified $gnply changing the NQD size or
composition [25, 27, 29]. Optical gain and lasi®®, 31] in the visible part of the
spectrum, from colloidal quantum dots, have beenafestrated. Infrared gain has also
been shown in quantum dot nanocrystals; in PbSk i82HgTe [33], and in InAs [34].
Successful demonstrations of photoluminescence 38p,and lasing [37] of colloidal

QDs in silica or polymer microspheres [38, 39] heaeently been achieved.

.4 Purpose and outline of this study

The purpose of this study is to explore the progerbf high quality optical
microsphere resonators in combination with varityes of nanoparticles deposited on
their surfaces. Optical whispering-gallery modéghe silica microspheres were pumped
efficiently by tapered optical fibers. An adialoatxtremely low loss, taper transition for
various optical fibers was achieved. For whisgpgallery lasing, the microspheres
were coated with HgTe quantum dots. Lasing in Hg&s demonstrated for the first time
and record low thresholds were measured in thegeede[40]. An interesting effect, the
enhancement of evanescent coupling, was observid microsphere resonators with

gold nanorods grown on their surfaces (present&l BIO/QELS 2006). We developed



a new procedure [41] that uses semiconductor naticlpa as seeds for the growth of
gold nanorods.

Outline:

Chapter Il begins with an outline of the derivations of theceromagnetic theory
of light scattering from a spherical particle (Mieattering) and presents the properties of
WGMs as a special case of Mie resonances. Thesatiens, with an extension for the
scattering by elliptical particles, are then useddescribing surface plasmon resonances.
An original contribution is the model describingetbxtinction spectrum of an ensemble
of spherical and rod-shaped gold nanoparticlese grbgram was written with the help of
Elijah Dale, an undergraduate student in the Phydgpartment (at that time).

Chapter 111 discusses the coupling mechanism using taperetabgibers.
Different coupling regimes are described by the riavity model. A taper puller was
designed by the author and constructed with thp bEMike Lucas and the instrument
shop. A LabView program for controlling the tameri process was done by my
colleague George Farca. A procedure for monitotiteggprocess of tapering, in order to
verify the adiabaticity of the tapered fibers, waglemented. Also a dual-coupling
configuration was realized. Finally an experiméeteample of coupling dependence on
the fiber-resonator distance is given.

Chapter 1V talks about energy band structure modifications3i confined
semiconductor structures (quantum dots). Existimaglels are used for calculating the
separation between the energy levels for HgTe ngstas as a function of the quantum
dot radius. A model describing the gain spectruim spherical semiconductor

nanoparticles is also discussed.



Chapter V presents the experimental realization of a WGM rldsesed on a
spherical microresonator coated with semiconduntoroparticles. HgTe and HgCdTe
nanoparticles used in this work were synthesizedin N. Kotov's labs. Capillary
electrophoresis was used to improve the size unifgrof the gain material. These
experiments were carried out in the lab of Dr. Eis&. Lasing at ultralow absorbed
pump power was demonstrated. Results were publish@pplied Physics Letters [40].
The large fraction of spontaneous emission couggebe lasing mode is discussed on the
basis of existing quantum and classical theoridschvhelp to explain the low threshold
operation of these lasers. In order to get pregisasurement of the threshold in the
excitation power we correlated the emission peath whe dip in the pump power,
measuring the integrated scattered pump at the same These results were presented
at the CLEO/QELS 2006 conference. Work on thectigln of a single lasing mode
using a coupled resonator system was initiatedveiiccontinue in the future. Several
new ideas were contributed to this work: sparsdimgaof the resonator surface with
semiconductor NPs — the relatively small numbeXBt in the WGM volume allows for
high quality factors and low transparency denditystreducing the threshold power of
the microlaser; in the process of coating a reswn&0O was substituted for water; in
order to get more efficient outcoupling, a secamukted fiber, optimized for coupling of
light at the emission wavelength, was implementetthé system; correlated measurement
of the pump, emission and scattering in a singley@uWWGM was introduced; and
coupled microresonators for mode selection werd.use

In Chapter VI | investigatethe properties of microsphere resonators with gold
nanoparticles grown on their surface. The proadsgrowing of gold nanorods on

different surfaces is original and was published®pplied Physics Letters [41]. It uses



semiconductor HgTe nanoparticles as seeds foaiimg Au growth and allows for firm
attachment of gold particles to various surfac@he work on synthesis was done in
collaboration with Dr. C. Blackledge. Furthermateyas found that a sparse coverage of
the surface of microresonators with Au nanorodsltesn a significant enhancement of
the evanescent coupling. These results were expoat the CLEO/QELS 2006

conference.



CHAPTER II

MIE SCATTERING AND WHISPERING-GALLERY MODES
II.1 General scattering analysis

Mie scattering analysis gives expressions for ie&l$, caused by an incident
plane wave, inside and outside of a small spheradfisa. The analysis can be done for
a metal as well as a dielectric sphere. In boffegdt is necessary to find a solution to the
vector wave equation in spherical coordinates:

0*C+k*C =0, (I.1)
where the wave numb&rcomes from:
k? = gua’? +iguw. (1.2)
Herecis the dielectric permittivityy is the permeability, and is the conductivity of the
medium. When it is necessary to distinguish betwée regions interior and exterior to
the sphere, these and other parameters will béeldlath a superscriph or ex.

For an isotropic medium, the wave equation carobesd in its scalar form,

(0 +k?)y =0. (I1.3)
For any solutiony of the scalar equation (11.3) there are three pedelent vector

solutionsL, M, andN of (I1.1) defined as [42]:



Longitudinal part

Oy (1.4)
(v

)

=0x
Transverse part 1 (1.5)
N ED M .

The three vector solutions form a basis in which arbitrary wave function can
be represented as a linear combination of thesetifuns. The coefficients of expansion
can be determined because of the orthogonal piepatL, M, andN .

The solution of the scalar equation (I1.3) in sptercoordinates has the form:

e, (1,0.0)= R"(CO 7, b JGiimp, (11.6)

whereo ande stand for odd and even; the time dependence factris omitted and
will not be carried on to simplify further derivatis. The spherical Bessel function

Z, (kr) determines the radial transverse structure of theew(Fig. 1l.1). The angular

transverse structure is described by the Legendignpmial R™(cosd). For large

values of | and m=1, this function (and the corresponding field comga) is
concentrated in a narrow interval of angi@siear 772 (Fig. 11.2). If m # | the mode
acquires an oscillating transverse structure. Mimaber of field extrema in the polar

direction isl-m+1.
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Figure II.1. Bessel functiorz{(kr)]? representing the radial variation of the intensity
TE modes of wavelength= 800 nm for a silica sphere with= 10.5um,
n" =1.45,n® =1 and radial order 1, 2, or 3 respectively. The part is a
spherical Bessel function of the' kind and the blue part is a spherical
Hankel function of the 3L kind. The grid line represents the silica/air
boundary.
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Figure Il. 2. Squared Legendre polynomial repraagnthe angular transverse structure
of a mode’s intensity. The three examples have53 and

m=53, 52, and 5 respectively. Calculations are done for the sapieere
as in Fig. 1l.1.
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The forms ofL, M andN in spherical coordinates are:

L, =22, () R7(cos0 ) + 2, b 1P ) g

F—— Z(kr)P’“(cosH) m¢¢

r sin 6?

v —_— m wco .7
Msm +Smez(kr)P(cos€) m¢9 Z (k) 58 sin m¢¢ (1.7)
g =+, m ,0P™(COS8 )COS_ ~

ij_+ » Z, (kr )P(cos@) m¢r+—(er)TSinm¢6

¥ (er)Pm(cosé’) m¢¢3

krsn

whereZz, (kr) stands for a spherical Bessel function of diffiéténds: spherical Bessel of

the £'kind inside and spherical Hankel of th&Kind outside of the sphere. For isotropic

media, the fields can be expanded in the basid atndN only.

The incident plane wave field (polarized in #hdirection) can be written as:

Einc = Eo)zelkz
inc |IL[®(C() !

or in spherical coordinates:

E,. =E,(sindcospi + cod copd— sipp ef <<

- kexEO . . ~ - A r cosd (”9)
H,. =——2(sing singf + co® sipd+ copp ef
1w

nc

Consequently the incident field can be presentea sisperposition oM andN vectors
with m= 1 in the form:

=EX(@Ni s ANL)
(11.10)

l:iinc EOZ(O,IN(I)_,_ﬁM(l))

|/ja)| oll
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where the superscript (1) indicates spherical Bdssetions of the first kind (because

the field is finite atr = 0). The orthogonality relations give expressidor the

coefficientsa and S.

i 20+1
=
(1 +1
(+1) (1.11)
ﬁ — _il+1 2I +1
! I(l +1)
The interior and exterior fields fields in generah be written as:
E= M, +B, N, ),
EOZ(A;m Zml Zml Zm)
(n.12)

. kE, _ _
H _@z(pzm N°m| +BZmIMo )

ml
e e

The summation is over all three indices. If treddihas a radial component and

all A, are zero and all the amplitudes are represent@d&ificients B,, the oscillations
are of an electric type, also known as transveragnetic (TM). If B, are zero and all
the amplitudes are represented by coefficiejighe oscillations are of a magnetic type,

or transverse electric (TE).

In the case of Mie scattering, only those companentM andN that are in the
incident field can be present in the resultingrioteand exterior fields. Thus these fields
can be written as:

_ (2+2)i' - -
Eln - alnM 1) _iblnN(l)
EOZ I(I +1) [ | ol | e:Il:I

r<a ! , (1.13)

Jin kin 2|+1|| N SIMNNA
H :iapﬁz,“(l(lﬁz) [al NG —ib Mé]ﬂ
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(20 +1)i

™ = B B Y A b
r>a y ! (21+1)0 . (11.14)
Jex — g exEo +1)1 exnN1(3) _iexna 3
H” =H, N, —1b™M
inc + IC«JUW Iz |(| +1) [a| oll |b| ell ]

Continuity conditions for the tangential componeuoitshe fields give the expressions for
the expansion coefficientgs and bj. Matching the@ components of the electric and
magnetic fields at = a gives:

a"j (k"a) = a*h (k*a) + j, (k*a),

T i o 1 1 _ (I.15)
i n kln | kln 1 - exX] keX kex 1 kex I kex |.
o a"[k"a), (k"a)] /Jexai [k*ah(k™a)] +F[ aj( k*g]

An identical equation relategn andh=. Coefficients for the resulting scattered field

found from the equations above are:

oo = - M (KRR (k)] — 1™ (K K"l (K"
A3, (K a)[Kah (k)] - 1~ (kA K"l (K"3]
_ A ()K", (k")) = (K" k™) (k") K8 (k3]
A (KRR, (k")) = 1 (K" k)7 (@) kah (k"3

(11.16)

b =

The prime means a total derivative over the argurakthe spherical Bessel function i.e.
overk®r ork"r, evaluated at = a.

We have a resonant condition for TE modes whemém®minator ofae is zero
and the resonant condition for TM modes when theodenator ofbeis zero. These

conditions lead to the characteristic equationbe Values ofk®™ for which the field is
enhanced (or equivalently, the resonant frequences be determined from them. The

characteristic equations are:

for TE modes: n_hke) _ . RKT®) (1.17)

(k"aj, (k") ' [k"ah(k®g)]" "
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i (k"a) n_ N (k"a)

for TM modes: g (k" /k*)? —1 =~ _ =" 1=
ormvmodes: HUCIK) fang (a4 ek

(1.18)

These equations have many roots, so they determiferge set of complex
wavevectors (eigenfrequences) for a sphere of giadius. The real part determines the
eigenfrequency of the mode and the imaginary patérchines the radiative decay of the
mode. A third index is introduced, which indicates to which root omeanother value

of the wavevector correspondg;-1 gives the number of the radial nodes of a given

mode inside the sphere. The characteristic equatice independent of index which
means that the modes of an ideal sphere are degermrer this index. When the body
has some ellipticity this degeneracy is removed.

In general the structure of the electric field (BETM modes, not restricted to

those that can be excited by an incident plane a¥e dielectric sphere placed in

vacuum is:
E(r,0,4t)=0
TE: Ee(r,0,¢,t):—E0i_—m R"™(cosB)Z k41 gt (1.19)
E,(r.0.4.1)= EOWZ.( e,
E,(r,6,¢,t)=—E} ( +1R"(cod) 'li rr)e"“" et
™: Eg(r,9,¢,t)=—anng‘;°S‘9) T%"r[ ™z (k™M) éme " (1.20)
__ imR"(cosd) 1 o, amp it
(10,90 = B o [T (G T

Inside the spher@, = j, (spherical Bessel functions); and outsidé:=h® (spherical

15



TE(TM) _
Hankel functions), andkj ™ =k"is replaced by——=k*, where n" is the
n

refractive index of the dielectric sphere.

I1.2 Whispering gallery resonances

Whispering-gallery modes are those that are closahjined to the surface of the
sphere. They are characterized by a large indar indexm that is close td, and a
radial indexq that is close to 1. Modes witi= 1 andm= | are classified as fundamental
WGMs. The eigenfrequencies of these modes caretegndined to good approximation
by solving the characteristic equation with the €&tdunctions approximated by Airy
functions. The imaginary part of the wavevectar tllese modes is extremely small.
This makes the quality factor, defined for the afide losses, an astronomically huge

number. It rapidly decreases with increasing laddexg.

Il.2.1 Resonance frequencies

The numerical solutions of (11.17) and (l.18) gittee resonant frequency of a
particular TE or TM mode respectively. A usefubbical formula is derived in [43] by
asymptotic expansion of the characteristic equatiorpowers ofl¢-1/2)"3, It is accurate
for small radial numbersqg] and large azimuthal number énd takes into account
perfect spherical resonators (first four termslir2{)). The eccentricity dependence of
the resonant frequency is obtained by using peatiob theory (for small eccentricis)
as discussed in [44].

The resonance frequencies of WGMs can be written as

16



TE(M)
TE(M) — Wym

gm

14

Y et () " (121)

_ + _ATEM) g (1 o =M

_JBLHV3+4{ 2 j 8 +20( 2 j ie[: 2]}

where 5=—— (11.22)
2/mm™a

is the free spectral range for an azimuthally symnimeesonator of radiua — by direct

analogy with Fabry-Perot cavities. Alsg, is the negative of thg" zero of the Airy
function, A™ =A/+/* -1 or A™ =(fWi*—1)" is a polarization dependent frequency

shift, A=n"/n* is the relative index, and=./(a?-a?)/a? is the eccentricity in terms

of the major &,) and minor &) radii, taken with the plus sign for oblate spiseaed the

minus sign for prolate spheres.

[1.2.2 Mode volume

The spatial confinement of light is described bynade volume, an important
performance parameter that depends on the particaldty geometry. There are several
definitions of mode volume depending on the phygcablem that is studied.

In the scope of quantum optics, where a strongtrade&ield per photon is
considered, mode volume is related to the electgmetic field distribution normalized
to its maximum value [45]:

[ £)|@gn(r.0.0) v

Vi =2 _, (11.23)
maxy,, € 6 ¢ ]

whereVg is a quantization volume. Integration is over #pace inside the sphere plus
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the regions where the field is evanescent.
Another definition of mode volume is used when medr effects are described

[13]:

Vo

( [Wgn(r 0.0 dVJ

—— 2 (1.24)
[Wam(r. 6.0 aV
Vo
which leads to an approximate relation for volurhenodes withg =1:
3
Vi = 3.4#’2(%j 1ol - m+ 1. (11.25)
m

As described in [45], the mode volume predictedIbg5) is a factor of 1.8 smaller than
the mode volume calculated by (11.23) for ahy Here and further in this work the

refractive index inside the resonator is designatiél n instead oh'™.

11.2.3 Quality factor

The complex eigenfrequencies, determined by solying7) and (1.18), can be
written in the form:
@, =w, —il . (1.26)
The imaginary part determines the decay of a gimexe. This decay is caused by the
radiation of the wave from the sphere. For a dtalesphere with a largeindex this is a
very small number. Cavity loss in general is expeedsin terms of quality factor. The
radiative quality factor of the modes is definedtiy ratio of the real and imaginary parts

of the eigenfrequencies,
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a)l
Q. =—. (n.27)

Approximate analytical formulas f&),,4 are given in [46].

For largel numbers (at optical wavelengths, for spheresditisa> 10um), losses
related to absorption (on the surface and insidéhefsphere) and scattering (due to
surface roughness and inhomogeneities of the matirnsity) are much more significant
than the radiative losses and determine the quidtor. The overalQ-factor can be
decomposed into the following terms:

1 1 1 1 1 1 1 1
= + + + + =—+
Qtotal Qrad Qabs Qsc Q/sc Qooupling Qn Qooupling

, (11.28)

where the various terms are defined below. Thmsion of losses is valid for weak
loss — when only a small fraction of optical eneglost in a round trip [47].

The losses related to absorption by the resonatedium are given by the
expression [13],

L al
abs
27,

: (11.29)

whereo is the absorption coefficient of the resonator medandng is the effective
refractive index. In many cases the strongest rakiso losses are caused by an
absorbing layer (usually water) on the surfacehef tresonator. In these cases equation
(1.29) is modified by multiplying th&.ps by the ratio of the absorbing layer thickness to
the effective thickness of the particular WGM, whics discussed in [46]. An

approximation of this ratio [48] is:

(1.30)
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Obeing the thickness of the laye¥<< /277.

Losses caused by surface scattering are calcUk@@dy treating the surface as
an ensemble of independently scattering partiohessh smaller than the wavelength. An
approximate formula for the inverse of the surfacattering related lossé3s, IS given

in [48],

3n2(n2 22 712 12
P L M ) (131
(47)’(n*-1) h"B

whereh is the mean height ariélis the mean size of surface inhomogeneities. Asvah

1/2

in the same paper, experimentally meas@ddctors follow a (2)"“ dependence on the

radius. Qy is from the loss due to scattering within the maadume. Qi

represents the energy loss due to input/outputlocaup Qi, represents the effect of all
intrinsic losses combined, and can be written as:

Qm — 27meff
Aa.

n

, (11.32)

where a,,is an effective intrinsic loss coefficientQ,,, thus relates to the time photons

are circulating inside the cavity, before decayimgpugh the processes mentioned above,

as:

Cc
Qua = ZITX T (1.33)

[1.3 Surface plasmon resonances

For small metal particles (high surface to volurato), the resonance caused by

the collective oscillation of conduction electraasknown as the surface plasmon of the
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particles. The position, the intensity, and thettvidf the peaks in the spectra of small
metal particle assemblies depend on: the size hagesof the particles, the dielectric
constant of the surrounding medium [49], and theoximity and orientation in the
assembly. The Mie scattering analysis developedertion 1.1 can be applied to a
collection of identical spheres if: (1) the distarbetween spheres is much larger than the
wavelength so that the spheres scatter independéiithe spheres are randomly placed
to avoid interference effects, and (3) the optabahsity of the medium is small enough
(i.e. a nonabsorbing medium) to assume the sanmdeimcintensity on each sphere. The
last assumption is used to apply the far field apipnation to the scattered fiel@* and
H®, although the exact derivations are also obtaéabl described in [50]. The energy
dissipation in such a system caused by scattendgahsorption is described in terms of
extinction g and scatteringis. cross sections. The extinction cross sectiorimed as
the rate of energy dissipation divided by the iraidintensity, and relates to an easily

measurable quantity, the extinction coefficigndefined by:

L (11.34)

with y=No,,, (1.35)
wherelg is the intensity of the incident light beainis the intensity after the beam has
traveled through a distangeof an absorbing and scattering medium, End the number
of spheres per unit volume. Using the Optical Taey the extinctionr,, and scattering
Oy Cross sections are calculated from Mie theory:[50]

i—’fi(zl +1) Ref +h ) (11.36)

Oet
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o, =i—’27 S (2+1) (] +[o["). (1.37)

1=1
The absorption cross section is:
Oy =0, — 0. (1.38)
In order to compare attenuation of light by a maten bulk with that in different
particulate states it is useful to define a voluattenuation coefficient [51] which is the

extinction cross section per unit particle volume:
O _ ¥
= = _ 11.39
¥ Vv (1.39)

This formulation gives a way to compare samples different volume fractiond\V) of
particles in the ensemble. To calculate the a#tton of samples containing spheres and

rods it is useful to express the volume extinctomefficient (for spheres) in the form

[49]
y _SrEy? Z”
NV A3 .:1(2' +1) Reg +h ), (11-40)

where A is the wavelength of the incident light, the dielectric constant of the

. . 27rasi/? : :
surrounding medium, and\=Tm, a being the radius of the spheres. When the

particle size is much smaller than the wavelengik{A) the absorption is caused
mainly by the electric dipole oscillations, whicimglifies the sum in (11.40) to the

following equation independent af

y _18rEs/? &,
NV A (g+2e,) +e2

(I1.41)
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where & =n2+k2 and &, =2nk are the components of the dielectric function hof t

particle e, = ¢, +ig, defined bye, = (n+i/()2, K being the absorption index.

II.4 Gold nanorod surface plasmon calculations

Gans [52] extended Mie’s theory within the dipofgeoximation. The particles
are usually characterized by their aspect ratio (ARatio between the length and the
width of the particle). The plasmon resonancenfamorods consists of two bandshe
higher energy one corresponds to oscillation ofdaleetrons perpendicular to the longer
rod axis and is referred to as the transverse masesonance; the lower energy band is
due to oscillations of electrons along the rod mmown as longitudinal plasmon. As the
aspect ratio increases, the energy separation éetthe resonance frequencies of the two
plasmon bands increases.

According to Gans’ theory the extinction coeffidieri small, randomly oriented,

non-interacting particles is [49]:
y _18/m¥2 1/P2)e,

NV 3N 45 1-P 2
a+—5 Le | +&3

m
]

, (11.42)

whereP; is the depolarization factor corresponding to eaicthe axes A, B and C. For

elongated ellipsoids (A> B=C):

- +
pB=1_62(i|n1_e_1)
e (2 1l-e
, (11.43)
P, =P =1 2



where e= [1- 1 , (1.44)
V" (AR)?

andAR (aspect ratio) is the ratio of the longer to therter axes of the rod.

Calculations for the extinction coefficient of singpheres (11.41) and ellipsoids
(I.42) are made using experimentally measured #atdhe refractive index and the
absorption indexx for gold [53]. The optical properties are desaiibe terms of the

complex dielectric function of the particles = ¢, +ig,. An interpolation method was

used to draw smooth curves, because only 30 datatspavere available in the
wavelength region of interest. This may add somerein addition to the experimental

one, to the calculated values gf(w) ande, ). Figure I1.3 shows the calculated plots

of the extinction coefficient as a function of wheregth. Figure 11.3(a) shows that for the
particles with a small aspect ratio in air, theseonly one peak that is observable. In a
medium with smalls, (air), the two plasmon modes, transverse and lodujal, are less
separated. Separation is also a function of tpecgatio. For particles with AR < 3 in
air, the transverse plasmon mode overlaps withathgitudinal, which has a significantly
higher intensity. Figure I1.3(b) shows how sensitihe longitudinal plasmon mode is to
changes in the dielectric constant of the surraupanedium. Using the longitudinal
surface plasmon mode as a sensor for changes isutimeunding medium has been

proposed [54].
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Figure 11.3. Dependence of the extinction coefiitien (a) aspect ratio (AR) fag, = 1
and (b) dielectric constant of the mediugg)(for AR = 3.

In a real sample an ensemble of different size rgshand rods with different
aspect ratios will be present. To model this, assan distribution of aspect ratios of

rods was assumed, with a mean of 3.5 and a staddaration of 0.5. The different plots
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in Fig. 1.4 take into account the contributions different volume fractions of

nanospheres.
ensemble; 1/2 rods + 1/2 spheres
rods; AR =3.5+/-0.5
(a)
0.2 spheres; r =50 nm
s
G
c
0
©
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Figure I1.4. Ensembles of rods and spheres in isoiuts,, =2). (a) equal fractions of
rods and spheres, (b) various fractions of spheres.
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This model adequately describes the extinction tspecof low concentration
solutions of Au nanoparticles and is comparablenamy experimental results given in
the literature [55]. A common mistake is to atiitdy the shorter wavelength peak to the
transverse mode of the rods only, while it is mogtie effect of the presence of

nanospheres.

[I.5 Conclusions

This chapter describes light scattering by sphepeaticles. WGM resonances
are derived as a generalization of Mie scatter@spmnances in dielectric spheres. Surface
plasmon resonances are described on the basie shthe theory in the case of metallic
particles. The extinction coefficient is definemt Epherical and elliptical particles. An
original contribution in this chapter is the cakttubn of the extinction coefficient for an
ensemble of spheres and rods with a Gaussianbdistn of aspect ratios. The model
compares well with experimental results for pagsclin a dilute solution. As a
continuation of this work, calculations of the extion coefficient for a dense ensemble

of particles on a surface can be developed and amdwith the experimental data.
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CHAPTER I

COUPLING INTO MICRORESONATORS USING TAPERED OPTICAHIBERS

[1l.1 Evanescent coupling

Evanescent coupling uses tunneling of the photehsden the waveguide and the
resonator. Approximate phase-matching of the weetvs is required for efficient
coupling. It means the velocity of the excitatimave is equal to the velocity of the
confined wave. Phase velocities are determinethéyeffective refractive index of the
optical mode. Evanescent coupling can be realimedg total internal reflection in a
prism or the evanescent field of an eroded, sidesiped, or tapered optical fiber. Prism
coupling has also been used for efficient excitatbsurface plasmons [56] as well as to
excite WGMs of microspheres [57]. Tapered optidaérfs have proven to have several
advantages over other evanescent couplers — |y $osall transverse dimensions, and

more precise control over the coupling betweerofttecal fiber and the resonator.

l1.2 Ring cavity model describing coupling betwebe waveguide and the resonator

A four-mirror ring cavity model, shown in Fig. [, was developed to describe

the coupling to and from the microsphere cavity.
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Figure 11.1.

al

Ring cavity model. Three of the mimsoare 100% reflecting and one is
partially transmitting with an amplitude reflectioooefficient r and
amplitude transmission coefficienit. Power conservation leads to

t?=1-r% | is the round trip path length ard is the effective loss
coefficient inside the cavity. The internal powesses in one round trip

areal.
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The ring cavity model is a valid analog to a filbeupled microresonator. Its
results are comparable to the results of coupledentbeory with the assumption that
only a single fiber mode is excited. However, tigbupled from the microresonator to
the tapered fiber may excite many fiber modes,oflwhich, except the fundamental
HE;;, will be lost after propagating a short distanéeng the fiber. Fortunately, by
placing the resonator at the proper tapered-filmnéter it is possible to make the losses
into higher order modes negligible thus validatihg ring-cavity model. The ring cavity
may have one or two partially transmitting mirrevih r andit coefficients of reflection

and transmission. The internal round trip losstloé cavity isal (I =2ma, the

microresonator circumference) ant+t*> =1 (lossless mirrors).

The reflected field, can be written as:

al o«

E, (t) =rE (t) -t*e’e 2> E (t-(n+1)r,, )(rei"e_%l y, (1.2)

al

E r-e?é

or — (I11.2)

_al

1-re 2¢€°
in the case of a cw incident field(t)=E; 7 is the round trip time and

5=2—7m|(|/—|/o) is the phase detuning from the resonange The total loss can be

c
separated into internglal) and coupling(t*> =T) losses. The ratio of the coupling to

internal loss is defined by
X=—. (111.3)

In the ring-cavity model, the fiber throughput sajms the power of the reflected field

from the partially transmitting mirror. It is degwed by the reflectivityr:
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where 8= - ia-l . @ is the detuning of the resonance mode from theciag light in
a

units of the half-linewidth. At resonance the fillemoughput power can be found from:

2
:%:(_Lij _ (I1L.5)

There are three regimes that characterize the iogupl
Undercoupling: Coupling between the waveguide and the cavity is weaksses

related to coupling are smaller than intracavitgsb.s(x<1). In the four-mirror-cavity

model the amplitude of the directly reflected fi¢lnlst term on right hand side of (lll.1))
is greater than the amplitude of the field transeditout through the mirror (second term

on right hand side of (l1l.1)).
Overcoupling: In the overcoupled regiméx>1) the losses related to coupling are
greater than the intracavity losses. The amplitfdde field transmitted out through the

mirror in this case is greater than the amplitutithe directly reflected field. In the case

of strong overcoupling, it can reach twice the atagde of the directly reflected field.

Critical coupling: When theinternal losses are equal to the coupling Ios(sesl), the

two terms have the same amplitude. However, sincéeltetransmitted out through the

mirror is phase shifted by, the two fields interfere destructively and theefilthroughput

vanishes. The power carried by the waveguide tramstanpletely to the cavity mode.
The shape of the resonance dip in the tapered fitveughput power, when the

frequency of the exciting wave is varied, is charazed by the dip depthl as a function
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of detuningg:

X
1+x)> _ M
M(H):l—R:(1+€2 =o (111.6)
where M, = (1?_’;)2 (11.7)

is the dip depth on resonance.

Cavity buildup factor
The cavity buildup factor can be defined as theraf internal cavity power to
incident power. In the case of one coupler (or,\eently, one partially transmitting

mirror) it is:

[Py |- 4x _1
A _( P j_ A+x?al’ (118)

In terms of quality factors, the cavity buildup tacis:

A Q A 1+x
A = loa Q. M,. (IIL.9)
mngsa Q  mnga o 4 °

In the case of critical coupling, the cavity buitdiactor is:

I:)cav - AQtotal
P 2mn,a

n

(111.10)

This equation shows that the circulating power camsigeificantly enhanced inside the
high quality factor cavity and therefore the thi@dhfor lasing or other nonlinear effects

can be significantly reduced.

32



1.3 Coupling from tapered optical fibers — in spaand in time

Modes of a tapered optical fiber can be modelednasles of a cylindrical
dielectric waveguide. As a single mode optical fiiseadiabatically tapered to diameters
below the core diameter, a fraction of the propagathode extends outside of the fiber.
This is the part of the field that can tunnel irdtoWGM of the cavity. It can be
approximated as an exponentially decaying fielthe @ecay constant of the taper field is
given by the expression [58]:

Kl(aorf )
* Kolaor) | (11.11)

— [p2 2,2
a, = IBf_kOnO

whereK; and Ko are modified Hankel functions of the first and zewrdler, 5 is the

Vi =

propagation constant of the fiber mode, and the taper radius.

The propagation constant is a function of the tagiameter. It varies with
position along the taper transition region of thigef. This can be used for phase
matching of the whispering-gallery modes of the taviFigure 1.2 shows the effective
index, which is proportional to the propagation stant, of two modes in the fiber as a
function of taper radius.

In the taper transition region, power can trangfemfthe fundamental HEmode
to other modes that overlap with it. Due to symmetwmgsiderations these are modes of
the same family, HE,. Mode-matching requirements and the assumptiansddéw (near

adiabatic) transition leave the node as the dominant possibility for power transfer
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Figure lll.2.  Calculated effective indew; of the HR; fundamental and Hi modes of
a tapered fiber as a function of the taper radid$e inset shows the
evanescent fraction of the kiEmode for three different wavelengths.
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If the fiber is tapered adiabatically [59], onlyetfundamental HE mode
propagates through the fiber. Conditions for adiab&apering of an optical fiber are
thoroughly discussed by Love [59, 60]. If a mi@eaity is placed in the vicinity of the
tapered region of a single mode fiber, where thd feevanescent, the fundamental fiber
mode overlaps with the WGMs of the cavity. In gehetee power transfer from the
fiber to the cavity modes is caused by a polaraturrent produced in the cavity by the
field of the fiber within the cavity. Analogously ehfield of the cavity produces a
polarization current inside the fiber. Coupling mbdes is considered in time and in
space. A matrix model of the coupling amplitudes] [6orrectly describes the coupling
behavior, even in the case of strong couplingthdf coupling is assumed weak, the time
rate and the spatial rate of change of the am@guaf coupled modes are expressed by
first order derivatives: higher order derivativeg égnored. Weak coupling is a good
approximation when the rate of change per cycleeom@velength is small, as it is in our
applications.

An approach to the coupling problem, which treats ¢bapling in space, is
presented in [62]. It is based on the model ofrithgted coupling between a WGM in the
resonator (with field amplitudéd) and modes in the waveguidB). If we consider
coupling between one WGM and only one waveguide mbeéesiystem of coupled
differential equations to be solved is:

dA .
— =1L, A+Kk_B
dZ ﬁs sf

i (I11.12)
3 SiBBrKA

wherefs and 5 are the propagation constants of the mode inggthers and in the fiber,

and k¢ and «is are the coupling coefficients. Restrictions @pand «;s are imposed by
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power conservation. If coupling is weak the powerthe two modes is evaluated
disregarding the coupling. Coupling from the catit several modes of the waveguide is
usually allowed (because of simultaneously satigfyiear-phase-matched conditions for
these modes). This behavior is studied in [63he Tindings show that when the HE
mode is matched to a fundamental WGM, coupling fitkn cavity to several higher-
order fiber modes can be significant.

Coupling in time is also found under the assumptibweak coupling. When the
perturbation of the cavity and the waveguide modsnsll (weak coupling), then the

slowly varying amplitude approximation can be madeis valid when the cavity field

' 2—? , Wherez, is the cavity round trip time.

A(t) satisfies the relationA(t +7, ) = A(t) -7
This coupling-of-modes formalism is given by H. Haad47] and is also used in [58].
Coupling in time between the mode of the waveguide @#e mode of the cavity is
described by two coupled first order differentiabiations. Energy conservation relates

the two coupling coefficients. The results are egjaint to the results obtained with the

four-mirror ring cavity model.
[1l.4 Fabrication of tapered optical fibers

lll. 4.1 Details of the tapered-fiber equipment

In this work tapered optical fibers were preparednfi®MF-28 (for propagation of
1550 nm light; 8.2um core diameter and 12pbm cladding diameter), SBA (for
propagation of 800 nm light; om core diameter and 128n cladding diameter), and SE

(for A = 780 nm) commercially available optical fiberdeTfibers were stripped %2 inch
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(jacket removed). They were stretched while beingdtkaalong the stripped portion,
with a hydrogen torch. The flame was controlled bylavmeter. To control the
stretching a computer interfaced machine was dedigheview of the fiber taper pulling

machine is given in Fig. Ill.3.

Figure 11.3.  Equipment for making tapered optitibkers; the inset shows a close look
at the taper puller.

37



A LabView program controls the motion of the machings a result of that, it
allows for control of the tapered fiber parametéitse( waist and stretched length). Two
motors pull the fiber in opposite directions, whigsults in two gradual taper transitions
with a region of constant diameter between them. fotors can be actuated and
controlled simultaneously for achieving adiabatapdr transitions for single mode
propagation. They can also be controlled indivijuir a more sudden transition, which
can be optimized for two-mode propagation. For éxperiments discussed in this
dissertation the aim was to achieve adiabatic tapditse third motor, controlling the
torch motion, was operated in constant speed maatmdically reversing the direction of
motion (“flame brush”) in an interval controlled lige program. The gas flow was

optimized depending on the composition of the déife optical fibers to be tapered.

ll. 4.2 Method for monitoring of single mode praadion in the process of tapering

Fibers are pulled at a constant speed of 4.4 mm/mhe two motors are pulling
at 2.2 mm/min in opposite directions. The usu#irsg of flame brush speed is 120 mm
/min and the brush length i = 6.5 mm. The final diameter of the tapered fib@n be
set and it determines how much the fiber is stretcHa the current setting of the taper-

puller program the final diamet&(= 2r;) is calculated as:

X

D=D,e >, (I11.13)
whereDy is the initial diameter anxlis the increase in the fiber length resulting fritra
displacement of the motors. The optimal taper ij@osuch that the resultant taper
transition is adiabatic at minimal stretching, t@nachieved by making the brush length a

function ofx, and is discussed in George Farca’s dissertatibh [6
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To monitor the process of tapering we injected léght into the optical fiber and
recorded the output power at the other end whilefibes was heated and stretched. If
the stretching is done too fast to be considereabatic, the initial single HE mode in
the fiber core is coupled to higher order modethefsame symmetry (HE as the light
propagates through the taper transition. Lighiptediinto the higher order modes will be
lost in the cladding after the second taper tramsitreducing transmission through the
tapered fiber during the process of tapering.hdf power transmitted through the tapered
fiber remains close to the power transmitted befapering, the tapered fiber transition
can be considered adiabatic. Figure Ill.4 reprissdre transmitted power through four
fibers during the process of tapering. Fibers d 2rare SBA fibers and the laser light
that propagates through them has a wavelength om@&RB0Fibers 3 and 4 are SMA-28
fibers, propagating 1570 nm light. Fiber 1 waststred from its original diameter of 125
um and fiber 2 was first etched to about80 diameter and then stretched. It was found
that the initial reduction of the cladding diameterg., by etching in a solution of HF)
results in a more gradual transition as light givesn core guided to cladding guided.
While a single mode is being guided by the core,dladding diameter can be reduced
abruptly down to diameters such that the evanedcartion of the core-guided mode is
still completely confined in the cladding. The di@acore diameters of SBA and SE
fibers require longer taper transition lengths mles to achieve the same angle of
transition at the point when light becomes claddyuided in comparison with SMA

fibers.
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Figure lll.4.  Transmitted power through a fiber dgrithe process of tapering as a
function of time.
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To have the same evanescent fraction of the mottesiair, the final diameter has
to be smaller when the wavelength is shorter. Thie adds to the longer transition
length of these tapers. One solution for this ignétnal reduction of the fiber diameter
using hydrofluoric (HF) acid etching. Fiber 3 is M&28 fiber. Fibers 1-3 were
stretched to a Aam final diameter using a brush length of 6.5 mmbeF4 was also an
SMA fiber, but the transition was made more suddgnjding a brush length of 4 mm.
The fiber broke before reaching the final diamet&he initial power in each fiber was
normalized to 8 (arbitrary units) and the graphsenafset for clarity. The loss in each
of these tapered fibers is: Fiber-12.4%; Fiber 2- 2%; Fiber 3—- 4.2%; and Fiber 4
(before break) 13.4%. The unetched SBA fiber 1 shows small amgditsinusoidal
variations of the power, which is characteristic fiwo mode propagation with a small

fraction of the power coupled into the higher onaerde.

l11.5 Experimental realization of coupling fromapeered fiber to a microsphere resonator

A portable taper holder was designed to allow fortépered fiber fabrication to
be separate from the coupling setup. Figure #héws an image of the fiber holder and
the precise way of attaching the tapered fiber to Tthis setting allows for perfect
horizontal alignment of the fiber and it also allofes two tapered fibers to be placed
parallel to each other (up to 3QOn apart). This design significantly facilitatedeth

experiments. A sketch of two fiber holders positionkxs$e together is given in Fig. 111.6.
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Figure lll.6. Two tapered fibers placed parallel aatdistance comparable with the
microsphere diameter.
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An example of evanescent coupling from a taperedrfio the microsphere
resonator is given in Fig. lll.7. The fiber wasdegd to 2um diameter, the radius of the
sphere was 22mm, and the laser wavelength was 1550 nm. The grhptvssthe
throughput power as a function of scanning frequenbyfferent plots are taken as the
distance between the sphere and the fiber chandeslarge distances, only several
undercoupled modes are observed. These modesf dte same radial order, but
different polar orders, because they are equalaceg in frequency. As the distance
decreases the overlap of sphere and fiber modesases, so the coupling becomes
stronger. The dip-depth of the modes increasegtandip-width also slightly increases.
New classes of modes with different radial orders appethe spectra. Modes with the
highest Q-factor appear when the distance between the sphede tlze fiber is
significantly reduced, showing the fact that theeeston of the lowest order radial modes
outside the dielectric sphere is smallest. Wherfither touches the sphere (last plot) the
relative distance among modes changes, reflectiegstight change in the effective

refractive indexng; of themicrosphere modes due to the fiber presence.

43



0.6+

N wawmwwwh\ ety o,
W \ ! . \
Y \

o
|

f Uy 70T ‘/»,—-Vr'ﬁM-’-}v“\ (,’f‘v"-“‘w”wwu ““Y—,*JA\ ""L”‘rv*f
V ] V \

90UB]SIP Ul 9S8P

Intensity (arb.)
o
+

0.2

Frequency (GHz)
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lll. 6 Conclusions

In this chapter | discuss the evanescent couplatgéden a microsphere resonator
and an optical fiber. A ring cavity model was usedléscribe the shape of the cavity
mode in terms of cavity losses. It was shown thatrésonance dip depth is a function of
the ratio of the coupling loss to the intrinsicdosThis ratio was used to define the three
coupling regimes; undercoupled, overcoupled, ardctaity coupled. An expression for
the cavity buildup factor was also found. In theperkmental part of this chapter |
describe a fiber puller device that was designeth@éncourse of this work for making
tapered fibers. We achieved low-loss adiabatictédgered fibers. A method for
monitoring and possibly controlling the taperingpgess was described, which also has
significance for making fiber tapers that are damigtely non-adiabatic. Finally an
experimental demonstration of the evolution of Wi&M spectrum with decreasing fiber-

resonator distance was also given.

45



CHAPTER IV

SEMICONDUCTOR QUANTUM DOTS

V.1 Introduction

Semiconductor quantum dots (QDs) are studied invtbik as a gain medium for
a WGM laser based on a high quality microspherenagso. This chapter discusses the
main ideas about carrier confinement in zero dinwgra structures such as quantum
dots, provides calculations for the parametersotibiclal HgTe QDs, the semiconductor
gain material chosen for our WGM laser, and givesiesccomparison to other QD
materials used in laser design.

When charge carriers are confined in all three dsmns in 10-nm-scale
semiconductor structures, essentially trapped wititential wells, their motion is
guantized. This creates atomic-like states in senductors. Quantum confinement
gives rise to significant modification of the engtgand structure and the density of states
in these materials. When the semiconductor dinoeadity is reduced the state density
distribution acquires sharper features (Fig. IMlhjch in the case of a quantum dot (0-D
— zero dimensionality) becondefunctions. The energy spacing between the atoikec-I

states increases as the dot size decreases.
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Figure IV.1  Density of states for decreasing dimemality of the gain medium.
(Reproduced from [65].)

In our whispering-gallery microlaser stimulated medxnation of electron-hole
pairs takes place in the quantum dot region, whHereconfinement of the carriers and of
the optical mode enhance the interaction betweetecaiand radiation. The population
inversion (i.e. creation of electrons and holegjassary for lasing occurs more efficiently
as the active material is scaled down from bulk i(Beshsional) to quantum dots (0-
dimensional). However, the laser operation depent®my on the absolute size of the
nanostructures in the active region, but also oam timiformity of size. A large
distribution of sizes broadens the density of stgbeoducing gain spectra similar to that
of bulk material. As an active medium for the pregwd laser we choose colloidally
prepared HgTe nanoparticles (Fig. 1V.2) because eir tetrong room temperature

infrared luminescence [27] and the strong quantonficement that can be achieved in
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these nanoparticles. Depending on the size disiviband the method of preparation
these nanopatrticles can show a broad luminescerctrsm (1000 — 2000 nm) over the

range of strategic telecommunication windows.

Figure IV.2. TEM image of colloidal HgTe nanoparteleposited on a formvar grid.

Table IV.1 shows a comparison of emission rangec&miameters, and exciton
Bohr radius for several of the most investigatetiomal semiconductor quantum dots.
The ratio of Bohr radius to the radius of the QD ism@asure of the strength of carrier

confinement in a dot.
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Material Emission range Diameters Exciton Bohr radius
(nm) (hm) (hm)

CuCl ~ 400 3 0.7

Cds 550 — 800 3-7 2.8

CdSe 465 — 640 1.9-6.7 6

PbS 850 — 2100 22-98 20

InAs 800 — 1300 2-7 34

HgTe 900 - 2000 2-10 39.8
PbSe 1200 — 2340 35-9 46

InSb 650 — 1330 8-12 54

Table IV.1. Comparison of emission range and exciBmhr radius for different
colloidal nanocrystals.

Narrow bandgap materials, such as HgTe, PbSe, and @am&hdesirable to
investigate the strong confinement limit of QDs. Amothese materials, strong
confinement for both electrons and holes is easdfiievable for PbSe because the
electron and hole effective masses are nearly egoal example, compare the electron
and hole Bohr radii of these materials with the dgpsizes of QDs in Table IV.1: InSb,

a, =2 nm; HgTea,= 2.6 nm; PbSeg. = a, = 23 nm.

IV.2 Model describing luminescence in QDs

This model is based on the effective mass apprdiomalt assumes that the

carriers in the dot behave as particles in a sphlewell. The energy eigenvalues differ
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from the case of a free particle in a sphericaéptal well but can be formally expressed
in terms of effective masses. The equations im $kction (IV.2) are written in the CGS
system of units. Equation (IV.1) corresponds fmaeabolic band approximation used to

describe an electron in a periodic crystal lattice:

h%k?
E(k) = pwl (IV.1)
wherem* is an effective mass,
2
m* =h—1237|§ = const. (IV.2)
k=0

To describe the electronic levels of HgTe nanopaiattached to the dielectric
glass surface we have used two models: a particenimfinite spherical well and a
particle in a finite spherical well. We assumedateptial well depth of 5 eV for the
finite spherical well. The well depth is determiney the nature of the capping layer
molecules. In all our experiments we have used Wotjc acid capped nanopatrticles.

The nanopatrticles are attached to a dielectric umedithin PDDA layer covering

fused silica) with a dielectric constag} less than that of the semiconductor nanocrystal

£y - The dielectric confinement (caused by the déffiere in dielectric constants) gives

rise to surface polarization effects [66] becausaminteraction of the electron and hole
inside a crystallite with induced image chargesidatsThe finite well depth results in a
lowering of energy, compared to the energy of thmesatate with the assumption of an

infinite well.
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IV.2.1 Infinite potential well

Quantum confinement: In a quantum dot the electronic states are dgexht
and the energy levels become discretized. Thelsgsnmodel of a quantum dot is the
particle in a spherical box of radiswith an infinite potential step [67]. In this model

the Schrddinger equation is solved separatelylémt®ns and holes:

P IR
(_Z_m*D +V(r)jwi(r)—Eiwi(r), (IV.3)

wherei denotes either electron or holg? is electron (hole) effective masg, (F) is the

electron (hole) wave function,V(7)=0forr <R andV ()=« for >R.  This

boundary condition implies that the wave functiomighes outside the boundary.
Another assumption of this model is that it ignafes Coulomb interaction between the
electron and the hole. Solving Schrédinger’s equalV.3) in spherical coordinates we

can find the eigenenergiés

= [ 2 V.4
E_ZmD(F] ’ (V4

where a,, is theqgth zero of a spherical Bessel function of ordeiTherefore the energy

separation between the two lowest energy levietsO(and = 1) is given by:

2
AE, =103
) ZmDRZ

(IV.5)
In addition, carriers in the dot (electrons andebplas charged particles interact
via the Coulomb potential and form a quasipartiate exciton [68], that corresponds to a

hydrogen-like bound state of an electron-hole paBoulomb interaction between the

localized carriers modifies the particle-in-a-boxdel depending on the strength of the
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confinement in comparison to the electrostatic gnerThe Hamiltonian describing an

exciton in an infinite well can be written as:

h? e?
—— +
Eo T =T

V(i) +V () (IV.6)

where 1, andr; are the coordinates of an electron and a hole, pdis the dielectric

constant of the nanocrystal.

An exciton, similarly to the hydrogen atom, is c@werized by the exciton Bohr

radius
Eqph’
=L —, (IV.7)
LE
wherey is the electron-hole reduced effective mass
prEmtem (IV.8)
and by the exciton Rydberg energy
2
E.=—0 . (IV.9)
26,535

For optical (interband) transitions we need to abersthe energy separation
between electron and hole states. If the Coulomtéraction can be ignored then the

energy separation between the electron and hdkessga

2
2 (a

E, =E, +;’—(%j : (IV.10)
7

On the other hand, from (IV.7) and (IV.9) the e&nibinding energy in the bulk

is given by

(IV.11)



In making the determination of how many electrord drole energy levels to be
included in a calculation, an important paramesethie ratio of the dot radius to the
exciton Bohr radius in bulk material. In the sgoconfinement regime, the energy
separations (IV.10) are much larger than the erdiinding energy (IV.11), which is a
measure of electron-hole Coulomb interaction, goetkciton ground state is composed
of the lowest-energy electron and hole states. drhierion for strong confinement is

[66]:

(Bj <1 (IV.12)
ag

As the size of the QD increases and the energyatmas of the quantized electron and
hole states become equal to or smaller than thgoexbinding energy, mixing of the
states has to be considered. The valence bangTe Kzincblende structure) hpdike
character § angular momentum). The spin of the electron ader with the magnetic
field produced by the orbital motion. Due to spitit interaction the valence band splits
into a 4-fold degenerate band (with total angulammantumF = 3/2) and a 2-fold band
(F = 1/2). The degenerate states at the zone careepresented by different curvatures
in the multiband effective mass approximation moaiedl are called heavy hole (HH),
light hole (LH), and spin-orbit split-off bands. ixhg of the HH and LH bands described
by a multi-band envelope-function model [69] give®re accurate predictions of the
lowest-energy hole eigenstates.

For HgTe (M) =0.03m,, m7= 0.44m,, wheremny is the free electron mass), the

Bohr radius and Rydberg energy are:

ag=39.75 nm, andEg= 0.86 meV.
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The static dielectric constant of bulk HgTe d5, =21 [70]. The electron and hole

energy separations for a 2 nm radius HgTe sphe@ibabre:

AE,,=5.1x10% = 3.2e¥ 12RT, an

room

AE,,=3.5%x102 J= 0.22 eV 84T

room
Thus forR = 2 nm average size (HgTe nanoparticles), the gtoomfinement regime is a
valid assumption. Thermal population of the higbeergy levels can be neglected if the
separation between energy levels is large compat®dthe thermal energy
KeT,oom =26 meV= 4x 102t J af = 300 .

Didlectric confinement: The dielectric confinement effect arises wher th
semiconductor QDs are surrounded by a medium witielaively small dielectric
constant. The electric field lines between thergbad particles inside the nanocrystal
pass through a medium with a smaller dielectric stamt resulting in enhanced
Coulomb interaction between the electron and the. hdhis effect is more pronounced
in QDs with a radius equal to or smaller than tlwBradius because of the stronger
penetration of the electric field lines into thersunding medium. The electron and the
hole motion in these structures is strongly affedig the dielectric boundary.

To take into account the surface polarization enewghich arises from the
differences between the dielectric constants of nheocrystal and the surrounding
medium, the electron—hole Hamiltonian is supplem@nvith the potential energy of

electron and hole interaction with the induced poédion field [71]:

54



(IV.13)

1=1

2 o rilr :
e iAla
—EZU,( eRZ P (coso,,)
wherer, andr, are the respective coordinates of electron and, Bplis the Legendre

polynomial of thd-th order, andOg, is the angle between andr, . a; is defined by

= w (IV.14)

e (le+1+1)

whereg = oo :
82

The first two terms represent the kinetic energyl the third term is the direct
Coulomb interaction between an electron and a fdle.last two terms account for the
surface polarization energy. The first of thesenteis the self-energy of electron and
hole due to their own image charges and the semotite mutual interaction energy
between electron and hole via image charges. Thwession of the dielectric
confinement energy for an exciton is dependenthenshape of the quantum dot. This
problem has been treated with the variational aggrd72-74], and it has been found

that in the strong confinement limiR(<<ag) the Coulomb term contribution to the

ground state energy is even greater than in thike fmainocrystal. Thus the excitonic
energy spectra in the strong confinement regimeeapected to be strongly modified

by this dielectric confinement effect.

The exciton energy measured as a deviation frenbtitk band gap enerdgy in

the strong confinement limit can be written as gpa@sion [75]
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e (&) R, L(RY
E..—E, (Rj Ry[A+aBA2+(aBj A3+....] (IV.15)

with the small parameteR/a, <<1.

The first coefficientA; corresponds to the roots of the Bessel functidme T
second coefficienf, describes the Coulomb term and takes differeniesmfor ¥1s,
1plp, and other states [74]. It also contains termd tdse from the surface

polarization energy. The third coefficieft is also a function of the dielectric constant

£
ratio —= [76].
é’2

Taking the coefficientd, and Az from the literature [77] we calculated the

energy (in eV) of the lowest exciton state as &fion of the QD radius (in nm):

£, =-0.146+ ;’2308— 0'281— 0.00. (IV.16)

A plot of this dependence is presented in Fig. IVThe Els exciton state is the

lowest energy state for a transition in a QD. Ghantum dots are assumed spherical.

EnergyeV
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Figure IV.3. The energy of the lowest exciton egdeyel vs quantum dot radius.
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The experimentally measured first excitonic peak HTe nanoparticles of
average size around 2 nm radius, suspended in vigsgrabout 1.3 eV (see Ch. V) while
according to the graph it should appear at 3 eVhe Weviation of the theoretical
prediction from the experimentally measured valslesws that the boundary constraint

of the infinite well model is not valid for smalkze QDs.

IV.2.2 Finite potential well

Formula (IV.16) diverges in the limR—0, while in the real systents should be
bounded by the work function of the semiconductobedded in the surrounding matrix
material. A spherical region in which the potentgless than that of the surroundings
(V(r)=-V, forr <R, andV ¢ )= 0 for >R) serves as a finite quantum well. The radial
guantum number comes from the solution of the Sbhger equation in spherical
coordinates. The requirement that the radial parihe wave functionl(r) has to be
finite atr = O leaves the odd parity solution to an equiviatgre-dimensional problem.

The interior solution is Or(FA, qr ) for<R, (IvV.17)
and the exterior solution is 0(r) = Bh®(igr) forr >R, (IV.18)

whereji(ar) is a spherical Bessel function ah(i5r) is a spherical Hankel function,

anda andp are:
r 1/2
2u(V, -
a= M} forr < R’
h2
B (IV.19)
L= 7] forr >R.
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E <0 for bound state energy levels.

The radial quantum number and consequently the dbamergy levels are
obtained by requiring thafl/0)(d0/dr) be continuous ar =R. This condition,

applied to interior and exterior solutions, far 0, 1, and 2 respectively leads to:

(aR)cot@R)=~(AR)

Forl=0 2 V.20
or (@R +(BRY = 2;};1/2R ( )
cot@R) 1 __ 1 N 1
Forl = 1 (aR) (aR) , ( :2) (£R) (IV.21)
(@R + (AR = 220
Forl =2
9 9 6 9
4-—— |+ ~(aR) |cot(aR Tt
g i)t arye R ()
3 .| 3 1+i+ 3 5 V.22
((aR)z 1} (aR)cot(aR) (6R) (BR) ( )

The lowest energy levels for tlsgp, andd bands of HgTe nanoparticles are found
upon graphical solution of these equations. Tlselte are plotted versus dot radius and

presented in Figure IV.4.
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Figure IV.4. Exciton energy levels vs QD radiuseEyy levels for different (angular
momentum quantum number) are plotted assumingta {fn eV) depth

guantum well.
Although these results still differ from experimaniphotoluminescence (PL)
spectra, they give some qualitative understandirigeonanopatrticles’ behavior:
1. The exciton binding energy depends on the sizeefID, depth of the potential well,
and strength of the Coulomb interaction.
2. There is a critical size of the nanocrystal ilradess than 0.63 nm) under which there
is no confined state. The emission wavelength carchianged either by changing

nanocrystal composition (for example J@gh.xTe) or by controlling the average size

and size distribution.
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V.3 Optical gain in quantum dots

The overall gain spectrum produced from an actayed of nanoparticles is
broadened both homogeneously and inhomogeneoustynatural linewidth of a single
transition in a given quantum dot determines thendgeneous broadening. The
variations in size and shape among different qumantiots give rise to inhomogeneous
broadening. (The equations in this and the follmpsections are written in the Sl system
of units.) The gain coefficient per unit time atduencyw is related to the lineshape
functions through the following expression [78]:

G(N,a))ZZJ'D(E—EO)g(ha)— E)M[* (f.(N,E)-f,(N,E)XE,  (IV.23)
where g(E)is the homogeneous lineshape; the variations msitian energy resulting
from the varying sizes of QDs are described byfthetion D(E-Ep), whereE, is the
average transition energyt is the matrix element for a transitidd,is the carrier density,
andf; (f,) is the Fermi factor for the conduction (valenicaid.

For the undoped and quasi-neutral Q)= 1-f. and alsdN = 2N;, whereN; is
the number of QDs per unit volume.

Because of the large number of QDs in the actiyer|®(E) is assumed to be a

Gaussian distribution function [78]:

_ N A(EY
D(E) = y\/ﬁexp[ 2(}/) J (IvV.24)

where y gives a measure of inhomogeneous broadening iregiditbom the variations in
QD sizes and is related to statistical variatioh®@D size.

For simplicity the homogeneous broadening is atsuaed to be a Gaussian:
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[ A(EY
g(E)—E\gexp( Z(JH, (IV.25)

where d is a measure of the homogeneous broadening rdiatdee finite width of the
spectrum of a single QD.

The gain spectrum can be written as

G(N,w)—m\/m(N N,)ex 2(y2+52)j. (IV.26)

This expression shows that transparency of theetdier occurs at the excitation
level N = N;. In the case of optical pumping the transparestoyuld occur when the
number of absorbed photons is equal to half thebsunof quantum dots in the active
region. Saturation will occur when all QDs in thetive layer are excited. For further

calculations of the gain, an expression|kif from [79] can be used.

ME=_ Fo g V.27
MI = el (v-27)

whered is the component of the dipole matrix elemenhim direction of the electric field

vector.

IV.4 Conclusions

This chapter discusses 3-D confinement in QDs dmodvs a comparison of the
parameters of commonly used colloidal nanocrystiisergy spectra for HgTe QDs were
calculated and it was determined that the carirethese QDs with radius below 2 nm
are under the strong confinement regime. Two n®od® calculating energy spectra

(infinite and finite spherical potential wells) veercompared and it was found that
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accounting for the finite well gives values for treergy separations of the levels that are
closer to those experimentally measured from alisorpspectra. The calculations
showed a critical size for spherical HgTe QDs (adess than 0.63 nm) under which
there are no confined states. Considering the argsimals’ deviation from the spherical
shape should also give results that are better acabfe with the experimental. This is a
subject of research of another member of our grbegpak Ganta.

Finally an expression for the gain in small sphrer@Ds was discussed.
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CHAPTER V

WGM MICROLASER

V.1 Introduction

In the previous chapter we discussed the propesfies&miconductor quantum
dots and calculated some parameters of colloidaleHguantum dots. Because of the
strong room-temperature infrared photoluminescedce, to the high confinement of
carriers in this material, we found it suitable éogain medium in the WGM microsphere
resonator. The quantum dots are prepared in dall@olution and coated with a layer of
thioglycolic acid, which prevents further growth damlustering and also gives the
particles a net negative surface charge.

Fused-silica microspheres have been studied extdpsover the past several
years as high-quality-factorQj, low-mode-volume optical microresonators of wide-
ranging applicability. Properties of the higheigenmodes of a microsphere, called
whispering-gallery modes, are discussed in ChdptePart of the field distribution of a
WGM extends outside of the microsphere. This ewssm@s component enables
interaction with material on the surface or in th@rounding medium. Recently,
microspherical lasers employing several differathniques of introducing gain have

been demonstrated [80-85]. We discuss a procedreattaching the charged
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semiconductor nanoparticles to the surface of d Hjgality optical microresonator.
Having the gain medium right on the surface of somator allows for capturing a
significant fraction of spontaneous emission, thowering the laser threshold and
making this device promising for achieving thresleds laser action [86]. Further
improvement over previous WGM quantum-dot laseed tised free space coupling [37,
80, 87] is achieved by using tapered optical fidersefficient coupling of the optical
pump and the microlaser emission. The ultraloverathreshold was measured by
following the increase of emission as the pumprlésecanned in frequency through a
single WGM. We have measured the scattered pumsgesosimultaneously with the
pump and the laser output for a better estimatbefictual absorbed power. Frequency

selection of the laser emission by using coupledmators is also discussed.

V.2 Spontaneous emission and coupling betweerteniéind cavity modes

Spontaneous emission is often viewed as an inhpreperty of matter, because it
seems that an excited atom inevitably radiatesveNleeless spontaneous emission is a
consequence of atom-vacuum field coupling. Whemlaotron makes a transition from

an excited state to the ground state and a phdtenexgyiw=E, - E; is emitted, the

electron is coupled to the vacuum state of theteagnetic field. In free space there
are an infinite number of vacuum states availalblewever if the density of these states
is modified it is possible to enhance or inhibi §pontaneous emission. The coupting
between an atom and a single mode of the fiel&éssribed by the Rabi frequency of the
vacuum Q [88] — the frequency at which the atom and a single moid¢he field

exchange energy:
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9=0Q/2=d E. /7, (V.1)
wherede is the matrix element of the electric dipole momehthe atom between the

two levels é-excited andy-ground) andE,c is the rms vacuum electric-field amplitude in

[
E, = /2gov' (V.2)

HereV is the size of an arbitrary quantization voluntéowever, in free space, the atom

a mode of frequency

can radiate in any mode that satisfies energy amentum conservation.
Using Fermi’s golden rule the radiative transitrate of an atom can be written as
[89]:

r :i_’gdgmr [p(wr)av, (V.3)

whered is the optical transition dipole matrix elemept(w, ) is a position dependent

density of photon states per unit volume and ueddency interval, and is the position
of the emitting atom. The average density of stateer the cavity volume/() is defined

as.
pl@) =y [P, (v.4)

In vacuum the density of states is a smooth fungjiven by:

_ o
Po=7g

(V.5)

Equation (V.3) expresses the well-known and expemtally proven fact that the
spontaneous emission rate of an atom can be rblyectianged by changing its optical

environment. One way to achieve a control of spe@bus emission rate is to place an
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emitter in a cavity of a size comparable with itsigsion wavelength. The cavity walls
significantly modify the density of states avaikaldbr the emitted photon. Modes are
redistributed and concentrated at cavity resonfneceiencies.

In the case of weak coupling, the coupling constativeen the emitter and a
cavity mode,g (half the vacuum Rabi frequency) satisfes< I'y (the homogeneous

decay rate], =T, +I_,, IS a sum of the nonradiative decay rate anddtmtive decay

rate in the cavityand g <<k (decay rate of the cavity photon). In the wealptimg case
the spontaneous radiative decay is still irrevéesiut enhanced by a factbrcalled the

Purcell factor:

r A3
@ —F . QX V.6
Y Qv (v-6)

wherel’ is the free space radiative decay ratds mode volume in the cavity, arggl
(here and throughout this chapter) is the cavityde@® Q. The Purcell factor is
derived in detail in [89], where the position oethmitter inside the cavity is also taken
into account.

The caseggy >> I, k is referred to as the strong coupling regime, mcW the
emitter and the cavity can exchange energy coHgresat the spontaneous decay rate is
reversible. A signature for this regime is spiiftiof the cavity modes by the vacuum
Rabi splitting energy:Q . The splitting has to be bigger than the broaugmechanisms
(homogeneous broadening plus spectral diffusioinbomogeneous broadening in the
system) in order for this effect to be observed.

In relation to the emission of QDs in the microgghessonator, the coupling
constantg is proportional to the dipole moment of the quamtdot. QDs with large

dipole moments are required for achieving strongpting. Knowing the coupling
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constant of our system is useful in determiningliimi¢s of the special quantum regimes
that can be reached. These special regimes aadlyuseferred to collectively as cavity

guantum electrodynamics (CQED).

V.2.1 Calculation of the coupling constant for l&caimicroresonator and a HgTe QD

From the measured radiative lifetime of HgTe QBg =15 ns [36] we can

determine the dipole momedt In the experiment described in [36] QDs were eduzd
in latex microspheres. Because the dipole radiatgde the quantum dot placed in a

dielectric environment the decay rate relates &b ¢t a dipole in vacuum as [90]:

52
r=t-_ %" (V.7)

2
Tra (25m + EQD)

where &, is the dielectric constant of the embedding makesq, is the dielectric
constant of the QD semiconductor material, Bpts the radiative decay in vacuum (the

same as EinsteinA coefficient):

(V.8)

wherew is the emission frequency adds the dipole moment. From (V.7) and (V.8) the

dipole moment of HgTe QDs (in Debyes and in atoamits) is:

26, tEp | 1 3N’

d
3, T, 8T

=73.6 D= 28.47 a.|, (V.9)

where the dielectric constant of the latexdg =2.52, £,, =21, and the emission

wavelength is 1500 nm. With this large dipole mameigTe QDs are very good

candidates for experiments on special quantum megirsuch as thresholdless laser,
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single emitter laser, and strong coupling. Tabld gives a comparison with other

materials investigated for CQED experiments.

Emitter materiall Nt ions Rb atoms| QDs: InAs QDs: HgTe

Surrounding | Embedded | Near silica| Epitaxially Embedded in

material in silica surface | grown in GaAs| latex sphere
Dipole moment| ~ 18a.u. ~1 a.u. 15 a.u. 28 a.u.
0.002 D 25D 38.3D 73.6 D
Emission 1060 nm 780 nm ~1000 nm ~1500 Nm

Table V.1. Comparison of dipole moments of materniaVestigated for CQED.

To go further in the calculations of the coupliramstant we need to know the rms
vacuum electric field in the case of a single QDiteng into a single WGM of a
microresonator. The expression is similar to (Ma&h the difference that it takes into
account that the emitter is inside a QD, includes dielectric constant of the resonator

material, and uses the mode voluvhef a particular WGM:

E=Stm | @ (V.10)
(ng +gQD) 28,6,V

The coupling constant can be found from (V.1) stlgstg the expressions (V.9)

for the dipole moment and (V.10) for the rms vacuelectric field. Taking into account
that the dipole moment was measured for HgTe QDatéx, which is designated a4,
and the field is applied to QDs on the surface siliea microsphere, which is designated

asmz2, we can write an expression for the coupling taomts

En t 26
g:i( QD ml)@ 1 3rc (V.11)

Zﬂ(é‘QD +2£m2) Em M\ 20VT,
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This expression assumes that a QD on a silicacuriadiates as if it was embedded in
silica. This assumption is justified in the neubsection. liml andm2 are identical the
expression for the splitting energy (and consedyédat the coupling constant) becomes
the same as in [91]. The volume is calculated f(bdr25) for the fundamental WGM of a

spherical resonator of radius 30%.

Parameters for which the coupling constant is ¢aled:
A=1.5x10% m
n, =&Yz =1.59 - latex index of refraction
n, = &2 =1.45 - silica index of refraction
I, =15 ns radiative decay time

I, =7.5 ns total decay time based on 50%quim efficiency of HgTe QD
V,  =12000A3

1lm

The coupling constant igg=1.71x 16 ¢ or Zi =27.2 MHz.
T

The homogeneous decay rdiecan be calculated from the total lifetime and the

cavity decay rat& from the quality factor of the resonator at the &sitin wavelength as

follows:

h ! =10.6 MHz andL= !
2T

2 4m,

= 4 MHz,

e
ph

Whererghz)zle—l%z 39.8ns),= 16 10 ma@f= x57]

Comparison between the coupling constgrand the decay ratds, and k shows that

strong coupling is possible in this system and itnditvidual HgTe nanoparticles are good

candidates for CQED experiments.
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V.2.2. Spontaneous emission near planar interfaces

Modification of spontaneous emission can occur alsen the emitter is placed at
the interface between two media with different elotlic permittivities. This has been
observed experimentally [92, 93] and is well stddieterms of classical electromagnetic
theory [94-96] as well as quantum theory [97-99]he findings are that the emission
pattern differs significantly from the emission feah of a dipole in an unbounded
medium. Expressions for the dependence of théintiee on the distance from the
interface are derived from both the quantum themmyg the classical electromagnetic
theory (through the correspondence principle gjatthat the power radiated by
spontaneous emission can be found from the powsiateml by an electric dipole
calculated by the classical theory by replacing difpole moment with the transition
matrix element). The classical theory [94] caltegathe angular distribution of the
dipole-radiated power. The field of the dipolerepresented as a superposition of
radiative field and near field. The interferencetloe plane waves (radiative field),
emitted by the dipole, with their reflection frorhet interface determines the light
distribution in medium 1 with the smaller refragindex, where the dipole is placed.

Near field waves for which the wave numbédt is k <k<k,, where
k =n«/candk,=n,w/c, are transmitted to the denser medium 2 as honeogsn

plane waves with angles of refraction greater ti@ncritical angle. In this way the near
field carries power to the denser medium. Powartrdmuted from the near field is
significant only for distances (separation betwées dipole and the denser medium)

smaller than the wavelength.
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The emission pattern of a dipole on a flat surfiackighly nonsymmetrical with
respect to the interface. It could be thoughtfthtee directional probability distribution
of an emitted photon, which shows that an emis&went is most probable into the
denser medium at an angle greater than the cradioglle. Nevertheless, there is a finite
probability of emission into free space. Calcwaa$ for the coupling of spontaneous
emission from a single QD to a dielectric microgeh&re done by Pelton and Yamamoto
[100]. Coupling to a single fundamentg € 1, m = 1) TE mode is considered. The
analysis is similar to that in Chapter II, but mstcase the incident field is the radiation
field emitted from the dot and it takes into acdoalso the field scattered off the sphere.
The fields are written as linear combinations afhogonal spherical modes and the
coefficients are related by the boundary conditio®nly modes of the same spherical
symmetry can contribute to a particular WGM. Ifasind that the coefficients, which
determine the fields of a WGM (11.13) and (Il.14)e related only to the coefficients of

the incident mode&™ as follows:

(ko) ), (ko) "R (K@) B KR V.12)
n2j, (kina)h' (k,a) — nj; (kna)h (k,a)

al =
wheren is the refractive index of the dielectric sphend & is assumed that the sphere is
placed in air ( or vacuum) s = 1,k is the free space wave vector, afds the wave
vector of the interior material (fused silica inistitase). This equation determines the
spectral selection of the coupling. The coeffitsenf the incident mode are calculated as

an overlap integral of the incident electric fieldd the appropriate spherical harmonic

over the surface of the sphere:

2

wm_m+nm&m£

Tsm&d&’dqumc @.0.9), @.9), (V.13)
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where E™ is the dipole field modified by the presence oé tHielectric boundary,
calculated according to Ref. [94]. Equation (V.1)counts for the spatial overlap
between the incident field and the field of a WGMhe above procedure is used to
calculate the capture fractio, the fraction of spontaneous emission coupledrne o
particular mode of the cavity, as a function ofesghsize and the separation between the
dipole and the sphere. The conclusions are thgedapheres have more efficient capture
of the radiation, which increases as the dipolér@ught close to the surface. These
conclusions strongly support the expectations ftarge capture fraction of spontaneous
emission into a lasing mode in our microlaser systeThe largeg factor allows for

achieving lower laser threshold, as discusseddtiseV.4.

V.3 Laser rate equations

We assume a 3-level system for the QD-laser operatlhe rate equations are

written in a standard form.

I'sz

Figure V.1.  Three-level laser transition diagram.

In the three-level diagram®, and ® are the pump and emission photon flux
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inside the cavityg, ando. are the pump absorption and laser emission cexg#®as,

and[@y are the relaxation rates between energy levelse pbpulation rate equations are

as follows:
dN
d—t3=ap¢p(Nl—N3)—I’32N3
sz —
dt _r32N3_r21N Z_Ueq)(Nz_N]) (V-14)

dN
dtl =T, N,+0,®(N,- Nl)—apcbp(Nl— N,),

whereN; are excitons per unit volume in different energyelsi. We have assumed a

fast 3-2 (,, > ,,, 0, @) transition soN, =0. Under this assumption the laser gain and

pump absorption coefficients for intensity are dedl as:
V= Ue(Nz - Nl)
(V.15)
a,=o,N,,
and the equations are solved for steady state.

Below threshold the stimulated emission term carelminated @ =0). The

populations of levels 2 and 1 are:

__ 5%

2= to
0'p<13p+F21

ey (V.16)

1

1
JpCDp+F21

Above threshold:
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: JpCDp+0'e(D
Lo ® T, +20,0 "

— I_21-'-0-ecD
Lo,0 4T, +20,0

N,, (V.17)

Jqup—I'21
o,®, +M,+20,0

and N, - N, =

where N, = N, + N, is the total density of QDs participating in laginWhat is interesting
to notice at this point is that the population dgnsf the ground level increases above

threshold compared with its value below threshekljong aso @ >T,,, which is the

condition for population inversion, satisfied abotrgeshold. Increased population
density of the ground level also means that the pw@ipsorption above threshold is
increased.

The field gain per unit time is then defined as:

c=YC - ;na (2N, -N,). (V.18)

2N, »
In the case of QD laser medium the first termNj2represents the carrier densiNyand

the second termy; is the QD density, thu& U N — N, as derived in section IV.3.

V.4 Laser threshold

The condition for laser threshold can be expre$sesetting the gain equal to the
cavity loss. On the basis of coupled-mode formalier a fiber coupled resonator with

the addition of gain and loss terms it is showril|%0at at threshold

1
G=
2re,

_k
== (V.19)
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whereG is the intracavity field gain per unit time foparticular cavity mode, ant, is
the cavity photon lifetime at the laser emissiorvelangth. r¢ is proportional to the

total quality factor of the cavity mode at the esiom wavelength. For the gain we use
expression (IV.26) from the discussion in Chapkér IThus the intracavity field gain

coefficient per unit time at the frequency of entes/ is:

2v,|df (N-N,)

NI RINGE

G= (V.20)

whereN = 2N, is the carrier density,V, is the homogeneous linewidth, ang, is the

inhomogeneous linewidth of the laser transitiorBoth lineshapes are assumed to be
Gaussian.) We can express the carrier densityeshold as a function of the cavity and

gain medium parameters as:

N 27T [ aVE +aV2 EEph
Ny, = 2 y >—*+N,. (V.21)
e dr

For a three-level system the minimum power necgdsaachieve laser oscillation

is approximately [102]:

hv 1 hl/p

NV (V.22)
2 2 z-2

tYp

considering a 100% pump efficiency (each photondpces 2 carriers) and a large
number of QDs participating in the lasing. Héfgis the cavity pump mode volume,
v,is the pump frequency, arg is the total decay time of level 2.

The following data have been used for calculatibthe carrier density and the

threshold power:
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A, =0.83x10° m pump wavelength
A, =1.5x10% m emission wavelength

N 1 21 MHz homogeneous linewidth

2m,

av,, =102 Hz inhomogeneous linewidth

d=73D=242 167 Qm

£ =21 HgTe permittivity

n=1.45 fused sita index of refraction

I, =15ns

r, =7.5 ns total decay time of level 2, bas® 50% quantum efficiency of HgTe Q

Q. =5x10 at emission wavelength aQ@d = x 5610 at pump waviieng

AQ

(A =29—m;’ =39.8 ns

V, =V, =120004°

a =250 um microsphere radius

For the threshold carrier density we déf, = (2.8x 10%+ N, ) m3, which is dependent on
the number of QDs in the mode volume. The two $eimiN;, would be comparable when
the number of QDs in the mode volume is on theroofld . Assuming 10QDs in the
pump mode (which would correspond to 0.1% coveragd 10% of the QDs strongly
absorbing the pump), the threshold powelRjs=  A6. To find how this threshold
power relates to the power lost from the pump WGM have to take into account that
only a fraction of the power lost is absorbed @afly 77, =0.2, as discussed in section
V.7.3), and that the input power relates to theacdvity power as in (11.9) and for a
critically coupled mode through (Il1.10). Also.ghntensity at the surface is smaller than

the average intensity by a factor approximatelya¢tpi the evanescent fraction plotted in
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Fig. .2, n,, =0.02. It is possible to calculate the threshold power an

undercoupled or an overcoupled mode if we knowdgpling regimeX > 1 orx <1),

the dip deptiMy, and the tota) factor. All of these factors can be expressed in:

4 mn,a
(|:i>n )m = P,. (1.23)
Napdler v A,Qp @+ XM
For the case of a critically coupled mode the pager
c m?n_.a
(R, =22 (v.24)

o ,7abs/7e\/.fr ApQg
where is the quality factor of the same pump maddwitical coupling and the actual total
input power lost needed to reach the thresholdPjg, =688 nW. For an undercoupled

mode ofMp = 88%, similar to one experimentally measured \(shéater in Fig. V.13),

the total input power lost at threshold(i, ), =1.04 4 W.

Although this is a reasonable approximation for ¢éxpected threshold power, a
guantum analysis of the rate equations, accourftingthe large capture fraction of
spontaneous emission to the lasing mode, furtheere the expected threshold and
reveals different laser operation close to thesthoéd point. A quantum theory of near
threshold behavior of a similar laser system isgivn [86]. The model describes an
active medium of two-level atoms resonant with regke cavity mode. The atoms are
uniformly coupled to the field with a coupling ceastg. The model does not account for
inhomogeneous broadening and mode competition. ederv for our QD-coated
microsphere laser this is acceptable because tim®deneous width of the transition in
HgTe QDs (~ 21 MHz) is smaller than the cavity megacing (>1 GHz spacing between

adjacent polar modes, measured experimentallyjhidéncase a given class of QDs (same
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size and shape) in the inhomogeneously broaderetram can emit to only one mode
of the cavity that is resonant with their transitilequency. This way there will be no
mode competition in such a system. Further, thdahderives an exact relation between
the population inversion and the intensity from déaberg-Langevin equations written in
the interaction picture. The analytical treatmentased on the assumption that the
population inversion is large enough so that iistfhations can be neglected. This model
gives an analytical expression for the relatiorwleein the emission intensity and the

pump rate, which is:

I=%(r—1—c)+—;\/(r—1—c)2+4cr(l+%j (V.25)

1
wherel is the emission intensity normalized to the sdininaintensity,r is the pump rate

normalized to the threshold raté, andl", are the relaxation rates of the two levéls (

does not include spontaneous emission into thedasode), and is:

202

€= MM, +k/2)’ (v.20)

_29
r,+k/2

where Is the rate of spontaneous emission into the dasnode,l is the

homogeneous decay rate, dnid the decay rate of the cavity photon. The megoirt is
simply the ratio of spontaneous emission into t&ng mode to the rate of all other
upper-level decay channels. The relatior t§ the previously discussed capture fraction
[ can be approximated as:

C

(V.27)

wherel} is the total radiative decay rate. When spontas@wmnission accounts for half
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the decay of the upper level thgh=c/(1/2+c) and the thresholdless regime is realized
when 8 - 1. This model has been used to analyze the behakmur laser system near

threshold.

V.5 Microsphere fabrication and coating with semniductor nanoparticles
V.5.1 Fabrication of high quality factor microspéeesonators

When ultra-highQ factors are necessary, microsphere cavity lossest e
minimized. Fused silica optical fibers are destyi® have extremely low loss in the
near infrared region of the spectrum. The low Odhoentration in this material
reduces the absorption losses. This makes opfibats an ideal material for
microsphere fabrication. The fiber is stripped aadefully cleaned with methanol and
electrowash (commercially available spray for clegroptical fibers). We melt the
end of an optical fiber with a hydrogen-oxygen kor@he end bends in the direction of
flow and the surface tension pulls the molten ailicto a sphere with an extremely
smooth surface. If the gas flow is kept slow tbenfation of the sphere is slow and
allows for the impurities left on the surface tarbout. Keeping the optical fiber in the
flame for 1 to 2 minutes results in quality factgreater than FO For fabricating
microspheres of diameter less than 3@®the end of a 12pm fiber is first tapered to
a smaller diameter. The gas flow has to be adjufse different sphere sizes. Our
microspheres typically range in diameter from 100 um. Bigger microspheres
have lower eccentricities, which brings them closerthe perfect sphere shape.

Surface roughness was measured by an atomic foirm®stope (AFM). A typical

79



scan is shown in Fig. V.2. Microspheres@#® 1¢ had surface roughness less than 1

nm.

nim Section Analysis

4.50
|
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rm
Figure V.2.  Section analysis of an AFM image otigace of fused silica microsphere
of diameter 60Qum.

Losses due to surface scattering (the most sigmfisource of loss for coated as
well as bare spheres) are calculated for a micergplith a radius 300m and average
height of the roughne$s= 2 nm and average widBh= 20 nm, according to (1.31). The
Q factor resulting from scattering losses predidgdthis calculation is~ 4x1C for

A =830 nm consistent with the measur@dfactors.

V.5.2 Coating of a fused silica microphere resonaith semiconductor nanoparticles

Our coating method simplifies control of the sueasdensity of quantum dots
deposited on the microsphere. We use@® @s a solvent instead of water, in order to
reduce the absorption of the surface coating atldhg emission wavelengths. The
region of strong absorption in the near IR feOOs shifted, compared with,B®, towards

longer wavelengths (Fig. V.3). The measurement d@ase with a Varian Cary 5.
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Deionized water or high purityJ® samples were placed in a standard plastic cuaatte
the transmission was compared to that through grtyeauvette in the reference channel.
The experiments show that use ofDas a solvent is necessary to achieve lasing from

HgTe nanoparticles since it was never achieved witer as a solvent.
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Figure V.3.  Absorption spectra of,8 and DO. Clearly BO shows less absorption
between 1300 nm and 1800 nm, where the peak of Hghmescence is
expected.

A bilayer coating method was used to functionalihe surface of the silica
microsphere, in a manner similar to the layer-lyetamethod previously used for
preparation of both multilayers [103] and (sub)mlagers [104] of semiconductor
nanoparticles.  First the microsphere was dippedain0.5% DBRO solution of
poly(dimethyldiallylammonium) chloride (PDDA) forO3minutes to obtain a positively

charged layer of polyelectrolyte on the surfaceis lwashed with BO for 1 minute to

wash away the Cl ions and leave the surface sfigiustitively charged. Examining the
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surface with an AFM shows that the PDDA layer doesadd any significant change to
the surface roughness of the microsphere. Nextticeosphere was dipped in @
solution of negatively charged HgTe nanopartictesylenough to produce a fraction of a
monolayer between 0.1% and 1%, as determined by AFl coated microsphere. The
typical molar concentration of HgTe nanoparticlesD,O solution was varied from 10

to 10 and the dipping time from 5 to 30 sec. The negatiharge of the HgTe
nanoparticles originates from the organic stahilizeating their surfaces, which was
thioglycolic acid. The organic coating has thection of limiting the growth process.
The microsphere is washed again ipODfor 1 min to remove particles that are not
attracted to the surface. Further washing witd Delps also to exchange water adsorbed
on the surface. As can be seen from the AFM imageEig. V.4, the polyelectrolyte
macromolecules adjust their coverage on the siigdace to form transparent shells
(collars) around the HgTe nanoparticles, reducihgt@nduced corrosion [104] and
improving their adherence to the microsphere. feigu.5 shows another example of a
coated microsphere surface. In this case the naticipasolution was ~I& M and
although the microsphere was kept in it for a ghrdrme the resultant surface coverage is
denser. This figure also shows the typical siz@etsion when using the nanoparticle
solution as prepared without further size selectiofhe size dispersion of different
batches of nanoparticles ranges from 5% to mora 8G%26. It slowly deteriorates as
HgTe particles have the tendency to ripen (groveize) in time despite their organic

coating.
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Figure V.4.

sZ2hgtel. 002

Surface of a 45@m diameter sphere coated with a bilayer of PDDA and
HgTe nanoparticles. Scan is 300 nm and the vertical scale is 5
nm/div. The diameter of the particles is 3 to 4. nithe concentration of
the nanoparticle solution was ~"18. The microsphere was dipped for

10 sec.
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Figure V.5.  Surface of a 650n diameter sphere coated with a bilayer of PDDA and
HgTe nanoparticles. The concentration of the nartape solution was ~
10° M. The microsphere was dipped for 5 sec. The $£dx1 um and
the vertical scale is 10 nm/div.
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The section analysis in Fig. V.6 gives an ideahefgize dispersion in the sample.
The highest object selected on the section anafymiears to be two particles stacked

together vertically.

Section Analysis

Figure V.6. AFM image and section analysis of aysl of PDDA and HgTe NPs
coated on a surface of a microsphere.

To improve the size uniformity of our samples wevéiaused capillary
electrophoresis. A concentrated solution of HgTesNs run through a coated 50 cm
long, 50um diameter, open tube capillary, which has diffeqgotentials at the ends. It
was prepared as follows: first rinsed with 1.0 Mdison hydroxide for 15min, then
flushed with 0.1 M HCI and rinsed with water for d#n, and finally rinsed with running
buffer. The separation method employs a singléeb20 mM phosphate buffer pH 7) in
the solution. The particles have different vel@stibased on differences in mass-to-
charge ratios. Both mass and charge are functibparticle size. By collecting particles
at different time intervals it is possible to seélegroups with more uniform size
distributions. This method has improved the sizparsion on the coated surfaces. The

difference is evident comparing Fig. V.4 with F\g5. The coating shown in Fig. V.4
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was made with an NP solution processed with capiftéectrophoresis and separated into
two fractions with respect to the particle sizeheTraction with the smaller average size
particles was used for coating. The method iscéffe when low concentration samples
(108 M — 10" M) are needed, but it is extremely time consunaingd ineffective for more

concentrated samples.

V.6 Experimental setup and emission measurements

V.6.1 Experimental setup, excitation, and emissiotcoupling

The experimental setup is shown in Fig. V.7. Asuenp source we use a tunable
cw Ti:sapphire laser. The laser is stabilized laasl a very narrow emission line of width
40 kHz. The laser mirror set currently in use aHdasing in the wavelength interval
between 770 nm and 860 nm, tunable by rotatingoifedringent filter inside the cavity.
The intracavity etalon and the electronics unalfor fine tuning and scanning the laser
frequency over a range of up to 40 GHz. The opismdator after the pump laser output
is a Faraday rotator that prevents backscattegéd fiom entering the laser. The pump is
coupled into a WGM of the microsphere via a bicahtapered fiber. The fiber diameter
is optimized [105] for efficient coupling of the ipp wavelength. That fiber continues to
detector P1, a Si photodiode (Newport 818-SL). Tuenp WGM resonances are
observed as the pump frequency is scanned. Theirdoamplifier is used when pump
and emission measurements are made simultaneoéskhort-pass filter removes any

microlaser emission coupled out into this fiber.
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Figure V.7.  Experimental setup. Light from a fregay-scanned cw Ti:sapphire laser
(blue) is launched into a bitapered fiber to exciéGMs of the
microsphere and pump the quantum dots, which pedmecrolaser
emission (red). LP and SP denote filters that pasg (> 900 nm) and
short (< 900 nm) wavelengths respectively. Detet and the filter can
be exchanged with a spectrometer for measuringrtiission spectrum.
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A second tapered fiber, optimized for the microtasenission wavelength, also
couples light out of the microsphere; any pumptlighfiltered out by a long-pass filter
and the microlaser emission goes to detector &% photodiode (Newport 818-IR). The
signal from detector P2 is amplified by a secondkim and an emission peak is
displayed on the oscilloscope. Detector P2 in Wig. can be replaced with a scanning
monochromator (SpectraPro-300) to determine thealaiser emission spectrum. The
scattering losses of the pump are measured witbcthes P3 and P4, Si photodiodes
(Newport 818-ST). Detector P4 is actually above pane of the figure. Detector P2
and the long pass (LP) filter in front of it wereptaced by another detector (Newport
818-SL) to verify that outcoupling of the pump thgh the second fiber made only a
small contribution (about 1%) to the total pumpslosA microscope sits above the plane
of the figure, and looks down on a pole of the sphdt is used for visual alignment of
the couplers. In addition, the light scatterechirthe periphery of the sphere could be
captured through the microscope with a detectorhis Tis either a Si detector for
measuring scattered pump light or a Ge detectoth(Vaing-pass filter) for observing
scattered microlaser emission. The two taperesidire attached to holders as shown in
Fig. I1l.6. The holders are mounted on 3D stagésn(port 561) with angular alignment
(Newport 561 TILT). The microsphere is mountedaochuck, attached to a lens holder,
which allows for vertical and horizontal adjustmentA view of the microsphere and the
fibers through the microscope is shown in Fig. V.8.

The setup is kept in a Plexiglas box to eliminatecarrents and reduce dust

contamination.
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Figure V.8. The IR viewer image of the pump radiatat 834 nm.

V.6.2 Spectral measurements

In most of our experiments we chose to scan ther labwly over a small
frequency range (1-2 GHz at a 1 Hz repetition ratadher than trying to stay on a
particular pump WGM. This scan rate is slow enotlgit we can say with confidence
that continuous (cw) laser emission was observied;time scale for changes in the
emission due to pump scanning is far longer tharctvity or material lifetimes. Higher
pump power heats the microsphere and results ftinghthe WGMs in one direction.
When the pump laser is scanning in that directimnrhodes are broadened and when the
scan is in the opposite direction the modes applearper. This effect is referred to as
thermal bistability. To avoid it we kept the purppwer incident on the microsphere
lower than a few mW. Observing continuous wavenasnission was done as we tune

the laser frequency to a WGM and stop the scamspbint. For measuring the emission
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spectrum we use the experimental setup of Figwiti7 a spectrometer (SpectraPro-300)
replacing the detector P2.

Spectral measurements typically suggest multimaderloperation over a narrow
portion of the photoluminescence spectrum. An edanis given in Fig. V.9. The
photoluminescence is measured from a solutione@ttdme batch of nanoparticles, but in
a separate experiment. The limited spectromesaiugon (0.1 nm) does not allow us to
distinguish individual lasing WGMs. The pump las&s scanned in frequency while the
emission spectrum was measured. Different spikeld emission are actually different

pump scans through a mode.
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Figure V.9. Broad photoluminescence and narrowrlaseission spectra from the
same batch of HgTe nanoparticles prepared,(® &blution.

Continuous emission has been verified by stoppieg gump laser scan in the
middle of a pump WGM while acquiring a microlasenigsion spectrum with the

spectrometer, as shown in Fig. V.10.
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Figure V.10. The frequency of the pump laser istkapthe resonant frequency of a
particular WGM. Increasing the pump power (blackcé to red trace)
produces the takeoff of the lasing modes.

The observed microlaser emission wavelengths, usliffprent batches of
nanoparticles having different semiconductor ctmgssimilar organic coatings, are in the
1240-1780 nm range. Fig. V.11 shows an examp&nosgsion lines for several different
batches of nanoparticles. Longer wavelengths anduyged by HgTe and shorter by
HgCdTe. The blue shift of the lasing wavelength HgCdTe is consistent with the

increase of absolute energy of the conduction bahdn Cd atoms are added to the

crystal lattice, thereby widening the bandgap 3,
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Figure V.11. Emission spectra of different samplielgCdTe and HgTe NPs, coated
on different microspheres. Intensity is normalized

The first sample from the shorter wavelength selél@) ¢Cdy2Te with average
size 3nm in diameter. In the second some conte@dp less than 10%, was traced by
energy dispersive X-ray analysis (EDX) — average § nm. These two samples were
treated with capillary electrophoresis for narrogvithe size dispersion as described in
section V.5.2. The last three samples are HgTedfi@gferent average size (orange — 3
nm, red — 5 nm, and brown — 6 nm). The absolubeegaof intensities are significantly
lower for the wavelengths above 1600 nm, becauskeo$trong water absorption in this
spectral region. For the first three samples thesgion peaks, from the NPs coated on

high Q-factor microresonators, coincide with the peakbrofad luminescence spectra, in
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a manner similar to that shown in Fig. V.9. Foe tlast two samples luminescence

spectra were not available.

V.7. Input-output characteristics and threshold sneaments

V.7.1 Input-output measurements

For measuring the increase of output power as etitmof the laser pump power
we used the setup shown in Fig. V.7. The pumpr lases scanned 1GHz per second.
Snapshots of pump dips and emission peaks weren takaultaneously from the
oscilloscope display of detector P1 (measuringpin@p throughput) and P2 (measuring
the laser output) readings. One pump WGM was c¢hasel followed through the
snapshots, simultaneously with the correspondingsssom peak, as the pump off-
resonance throughput power was increased from ab@W to higher power. Three
examples of microlaser output power are shown @1 ¥il2 as a function of total pump
power — the portion of the incident power thatast] absorbed as well as scattered from
the nanoparticles on the surface of the microsphdeach experimental point has a
horizontal coordinate corresponding to the minimamthe resonance pump dip and
vertical coordinate corresponding to the maximunthef emission peak. The detectors’

responsivities for different wavelengths were takea account.
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Figure V.12. Measured microlaser output (one filmere direction) versus total pump
power. The inset shows the region near the origime lines are linear fits
to the data.

In Fig. V.12 two of the microsphere resonators @rated with HgTe NPs. One
had a diameter of 650m, pumpQ of 2x10°, and lasingQ of about 10 (around 1620 nm,
estimated from measurements made on the microspkéree coating); a linear fit to the
data gives a threshold total pump powerPgf = 9.41 + 2.35uW. The other had a
diameter of 95um, pumpQ of 2x10’, and lasingQ of about 18 (around 1670 nm); the
linear fit gives Py, = -0.06 £ 2.18uW. The third microsphere was coated with
HgosCdosTe. It had a diameter of 6Q@m, pumpQ of 1x10°, and lasingQ of about
6x10" (around 1250 nm); the linear fit gives, = -5.62 + 4.85uW. The thresholds and

their uncertainties are overestimated, by abowctof of five, because the total pump
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power includes losses due to scattering and tooaptmng via the second fiber. The
measured slope efficiencies ok1D* — 4x10* are likewise underestimated by about an
order of magnitude. The overestimate of pump poalso contributes to this, as do
measurement of just a fraction of the output po(eae fiber, one direction) and water
absorption of the microlaser emission. (With titkes DO in the coating is replaced by
water; rinsing with RO after several days of use can increase the rasxolpower by
more than a factor of two.)

The extremely low laser threshold cannot be medsymeecisely with the
presented technique. In order to improve precisiotihe input-output measurements and
get a good estimate of the actual absorbed pumgmpave developed a new technique

described in the next subsection.

V.7.2 Input-output measurements in a single pun@Vv

In this method of data collection, the emissiorcasrelated with the dip in the
pump signal instead of varying the pump power aochmaring peaks. As the pump
scans across a WGM dip, the intracavity intenséijes; emission occurs when threshold
is crossed. The off-resonance power for these umneaents was kept low (less than 100
uW) to avoid distortions of the pump mode shape bgseaof thermal bistability. The
experimental setup is as shown in Fig. V.7. Thecigion is enhanced by lock-in
amplification. An important point in this measurem is to have the two signals, pump
and emission, amplified equally, which ensures gshme time delay in the compared
signals. To have the two signals measured at dheesscale we have used a neutral-

density (ND) filter before detector P1 to attenutie pump throughput signal. Another
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consecutive measurement of the same throughputvidiput the ND filter gives the
scaling factor to determine the true total pump @owThis improved method of data
collection allows acquiring many data points andstlimproving the error analysis. A

typical threshold curve determined using this tégpha is shown in Fig. V.13.
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Figure V.13. An example of input — output charaster of the laser emission.
The threshold measurement of Fig. V.13 shows ashimid of the total pump

power at 2.5uW. As was said earlier, the pump power is overesith mainly because it
includes the scattered power loss, which does owtribute to excitation of the NPs. To
find the actual pump power absorbed by the actiediom we have performed a
simultaneous measurement of the scattered pumplsagpng with the pump throughput

and laser emission, described in the next subchapte
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V.7.3 Measuring the scattered losses and estimtigmgbsorbed pump power

Scattered pump light was measured with detectorafiB P4 from Fig. V.7.
Detector P3 stays on one side of an imaginary c{ibg. V.14) surrounding the

microsphere and P4 stays on the top (or bottom).

£
N

Figure V.14. The microsphere is placed in an imagircube for measurement of the
integrated scattering losses.

A side surface of the cube is 1 Gmorresponding to the surface of the active area
of each of the detectors. We assume equal scagtisses for each of the four sides and
equal losses for the top and bottom (which areehfit from the side losses). It was
experimentally verified that the top and bottomesidhave very similar scattering losses
and also that the losses measured on the sideBepapathe fiber are similar. The
readings from all detectors, P1 (pump throughpwtgran black in Fig. V.15), P2 (laser
emission in red), P3, and P4 (scattered lossesg waken simultaneously. The total

scattered power was estimated to 4eP, +2xP,. A plot of this integrated scattered

power is shown in Fig. V.15 in blue. The scattepeninp power is different for each

pump WGM. For the sphere whose WGM spectrum isvehm Fig. V.15, it ranges
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between 80% and 64% of the total pump power. Titierence between the total pump
power and the sum of the scattered pump powertpupump power outcoupled through

the second fiber, mentioned earlier, gives an edérof the actual absorbed pump power.
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Figure V.15 The pump throughput (upper, black), tierolaser output (middle, red)

and the integrated scattering loss (lower, bluegsueed simultaneously as

the pump is slowly scanned in frequency. The pung scattered signals
are on the same scale, while the emission sigmaagnified.
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An input-output curve with a horizontal axis showithe actual absorbed pump
power is given in Fig. V.16. Measurement of purogttering loss permits determination
of the fraction (in the case in Fig. V.16, 20%)tloé input pump loss that is actually due
to absorption by the laser medium. This meansttteathreshold in terms of the absorbed

pump power can be as low as a few hundred nanowatts
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Figure V.16. Microlaser threshold determinatiorunt dip depth = 68%, pump WGM
Q = 4x 10, scattering = 80% of total pump.
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V.7.4. Slope efficiency

The efficiency is defined as the ratio of the irr@e of emission power versus the
increase of pump power in percent. Slope effigjatepends on several factors:

1. Coupling of the laser emission to the fiber: eTéecond fiber in our
experimental setup (Fig. V.7) is a 1550 nm stanagutical fiber (SMA28) tapered to a
diameter that is optimized for efficient couplinftbe longer wavelength of emission. In
a series of experiments, however, it is hard taensptimal coupling because one fiber
will be used for multiple microspheres, the emissicavelength varies between different
batches of NPs, coupling depends on the WGM, aadfiber may be misaligned and
become contaminated with time. Quantitive analgéia slope efficiency dependence on
the coupling conditions is given in [101]. The graeter used in this analysis is the gap
width between the microresonator and the fibere Tighest slope efficiency is reached
for a gap close to the optimal gap for critical plong and rapidly drops at overcoupled
and undercoupled conditions.

2. Measuring the emission signal from only one :pdmtprinciple microlaser
emission may occur in both directions, as it istaked in the experimental setup of Fig.
V.7 (red arrow inside the sphere). In this caseilit couple out into both fibers and in
both directions. In practice we have measured ®arisn both directions; however, the
more common outcome is to have emission only inpiin@p direction. Why there is a
preferred direction is a subject of further invgations.

3. We have found experimentally that the efficierufythe laser emission
depends on the excitation wavelength. The emissftioiency increases if the pump

wavelength is changed towards the peak associatbdhe first excited state. If the size
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dispersion in the nanoparticle solution is very libws possible to identify the excitonic
transition wavelengths from an absorption spectatrmoom temperature (Fig. V.17).
The positions of these peaks depend on the averagef the NPs in the solution. The
peak at 960 nm corresponds to the measuremenab$orption of HgTe presented in the

literature (between 900 nm and 1100 nm, dependinty® average size) [27].
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Figure V.17. Absorption of five bilayers of HgTe/PB deposited on a glass slide.

The dependence of emission efficiency on the purapelength is shown in Fig.
V.18. In this figure, the efficiency is based tie total pump power. Because of this and
the factors mentioned above, the measured slopaeetfy is always smaller than the
optimal and it differs significantly between expeents. For this experiment we used a
size-selected sample produced by capillary elebtgsis. Particles were collected in
two selections. The first (which was used for swathe microsphere resonator) was
around the average size in the prepared NP solati@nnm. The second consisted of

larger particles formed during the growth processs a result of ripening or clustering.
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Figure V.18. Efficiency of the laser emission a® thump wavelength is changed
towards the absorption maximum of the first excitate.

V.7.5 Polarization dependence

There is not significant dependence on polarizatidMe have found that either
pump polarization produces emission of both TE &Ml polarizations with similar
powers. Polarized photoluminescent spectra of CQ®s have been studied and
attributed to deviation from the spherical shapéheoretical analysis [106] shows that
this asymmetry leads to splitting of the degenegabeind hole state into a doublet. This

leads to a conclusion that our NPs must be nephgrcal.
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V.8 Analysis of the microlaser threshold behavior

The experimental results are analyzed with the ithed a thresholdless laser
discussed in Section V.4. The results of the wguiput measurements presented in Fig.

V.13 and Fig. V.16 were normalized and fitted to2%), in whichl", is taken as a large

number (relaxation rate of the lower level is fast) that

| =%(r —1—c)+—;\/(r—1—c)2+ for (V.28)

and the normalization is done as:

:% andr =-n (V.29)

where P, is the measured emission powBg; the saturation poweR;, pump power,
and Py, the threshold pump poweR;, and Py, refer to the total pump power and not to
the actual absorbed pump power. For pump rategbfave thresholdr(>1+c), (V.28)
becomes

l=r-1 (V.30)
From this equation the saturation power can beesgad as:

dR.,
o = ant Rh’ (v.31)

so it is given from the measured slope of the imquiput dependence far above threshold
and as a function d?,.

The fitted parameters wef, andc. The results are shown in Fig. V.19. The
experimental results from Fig. V.19(a) were fittedhe theoretical curve with:

c=0.16+ 0.05 o3= 0.24 0.07, a
P, =2.4 /M.
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Similarly the results from Fig. V.19(b) were fittedth:

c=0.25+£ 0.10 o= 0.38 0.14, a

P, =2.5/W.

The threshold power obtained from the fit is cotesis with the one measured directly
from the input-output dependence. The high cagdtation of spontaneous emissigh) (

is consistent with expectations for this type dfela but the results are valid under the
assumption that at low pump power emission is eitliegle mode or multimode with
equal threshold powers.

It is important to remember that the theoreticgbuithioutput dependence was
derived for a single mode laser. The results bellrelevant for our system if all QDs of
the same size and shape contribute to only onegasiode and all lasing modes have
very similar threshold powers. For the second mgsion to be valid the losses of the
modes have to be similar, which is true for modesdifferent polar orders. No mode
competition is expected since the homogeneous iditews on the order of the cavity

linewidth and smaller than the mode spacing atabkieg frequencies.
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Figure V.19. Experimental results of (a) Fig. V.46d (b) Fig. V.13 fitted to the
thresholdless laser model.
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V.9 Changes in pump dips as the laser emissiors tom

The laser threshold can also be observed basdteaffect of lasing on the pump

resonances (throughput dips) (Fig. V.20).
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Figure V.20. Effect of lasing on pump throughputhe upper oscilloscope traces are
pump throughput (left axis) and the lower are mager output (right
axis), recorded simultaneously as the pump scafi®guency. The time
scale is shown at the bottom and the relative ptreguency is shown at
the top. Left: undercoupled pump mode; rightercoupled. The dotted
curves are fits showing approximately what the puhps would look like
in the absence of lasing-enhanced absorption.

When microlaser emission occurs, the pump absarptioreases due to lasing-
enhanced recombination, as shown in section V.BeMthe pump WGM is overcoupled

(coupling loss greater than intrinsic loss), thsrease in its intrinsic loss drives the
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system closer to critical coupling, increasing the depth. This was observed for the
HgTe QD laser of Fig. V.12 (experimental pointgaa), where the dip got 2.5% deeper
as the total pump power increased from A2 to 470uW. For an undercoupled WGM,
the pump dip depth decreases when a laser modes twmn Examples of both
undercoupled and overcoupled pump modes are showig.i V.20.

The effect of lasing on the pump dips was also oregssimultaneously with the

scattered signal. Results are given in Table V.2.

Input | Power | Power Power Dip P*sced Pand
Power | Loss Scattered Absorbed | Depth | Pinput Ploss
W) | (kW) | (nW) (W) %
I:)in I:)Ioss I:)sctr Pabs
% | 47.05 | 13.88 10.17 3.70 29.50 0.307 0.26
2 | 75.04 | 22.72 16.47 6.25 30.20 0.307  0.27
§ 177.65| 53.73 36.89 16.84 30.31 0.307]  0.31
¢}
2 (4954 | 22.76 | 15.96 6.8 46.00| 0.408  0.3(
g | 78.07 | 35.85 24.35 11.5 45.90 0.39¢§ 0.32
% |182.00| 82.44 54.78 27.6 45.29 0.398] 0.34
)

Table V.2. Changes in dip depth with increase @utnpower for overcoupled and
undercoupled modes. All measured parameters atersd in Fig.V.21.
Dip Depth represents the ratigPi,.

The changes in two pump dips at different couplegimes were observed. The
input power is off-resonance throughput measureddigctor P1; power loss is the on-
resonance drop in the throughput (total pump); poseattered is the integrated power
measured by detectors P3 and P4; power absorbeskéntially the difference between

the power loss and the power scattered. The sketEly. V.21 represents the measured

parameters from Table V.2.*sa,/Pinput gives the ratio of the total scattered power ® th
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off resonance input. Measurements show that gsstonstant as the input power
increases. On the other hand the ratio of the rabdopower to the power loss at

resonance increases, while the dip depth incraaséte case of overcoupled mode and

decreases if the mode is undercoupled.
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Figure V.21. Representation of the measured pammgitcluded in Table V.2.

The results in Table V.2 show that while the secattesignal is proportional to the
input power, the absorbed fraction increases. fésslts in an increase of the dip depth
in the case of an overcoupled mode and a decrdase alip depth in the case of an
undercoupled mode. This may also explain why sofm@ur input-output curves (using
the total pump) look nonlinear at relatively lowcigdent pump powers (above 2QWV),
since the absorbed power is actually not lineazblexd with the power lost (total pump).
Measurements of the threshold power (as in Fig3\aad Fig. V.16) were taken from

scans at low input powers and their validity istifiesd also by the comparison with the
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fitted values from Fig. V.19. Table V.2 along witie results in Fig. V.20 leads us to the
conclusion that the onset of lasing can also ba seéhe change of the pump WGM dip

depth.

V.10 Mode selection using coupled resonators

From the relatively wide laser emission peak (~&f0 FAWWHM) it can be inferred
that it is multimode emission. In order to obseav&ingle mode we use a second passive
resonator (2 in Fig. V.22) coupled to the coatedrasphere (1) to provide mode
selection. Only modes that are coresonant in lsgheres would couple energy
efficiently to the second fiber (see the experirakrsetup in Fig. V.7). The optical
behavior of coupled passive resonators was prelyistisdied in our group [107].

Figure V.22 shows the spectrum from a single resonaith gain (in black) and
20 times magnified spectrum of the coupled-resaratstem (in red). The spectral width
is significantly reduced and the spectral featwesymmetric. Single mode emission
however has to be verified by a spectrum analyadrigh quality scanning Fabry-Perot
resonator. The power in a single mode is very lajch makes this measurement

challenging and requiring further work.
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Figure V.22. (a) Schematic of coupled-resonatotesys Resonator 1 is active (coated
with HgTe NPs) and resonator 2 is passive. (b) gamon between the

spectrum of a single active resonator (in black) #&mat of a coupled-
resonator system (in red).

V.11 Conclusions

In this chapter we discuss the design and emissi@racteristics of a WGM
microlaser based on a spherical microresonatoredoatth semiconductor (HgTe or
HgCdTe) nanoparticles. There are several advastagehe chosen design. (1) The

choice of small HgTe QDs in the strong confinemegime allows for high efficiency
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room temperature emission. The calculations gilaage dipole moment for HgTe QDs

in comparison with other gain materials. This cimttes to the low threshold and also
shows the suitability of the material for CQED.) Tde high quality resonator was coated
with a submonolayer of the gain material, whichuaab the absorption and scattering
losses and ensure low transparency density. Alsase of DO as solvent eliminates the

strong water absorption in the emission wavelemgtiye. (3) Placing the gain material
at the interface between high and low index metava for a large capture fraction of

spontaneous emission into a lasing mode and tliuses the laser threshold.

The most interesting result that was achievedeasullralow lasing threshold (one
of the lowest in this type of laser). We proveirgsby observing several different
effects: threshold in the input-output curve; sp@aneasurements showing the take off
of the lasing modes; and the effect of lasing-enbdnabsorption on the pump WGM.
For better precision in threshold determination mveasured the scattered pump light.
We also developed a method for obtaining the imquiput characteristic by following the
increase in the pump power while scanning a sipgleap WGM. The possibility of
mode selection using coupled resonators was atsersh

The future work on this project could go in twoetitions — fundamental and
technological. Further examination of the thredhdépendence on the surface coating
density will help to understand better the lasenaiyics as well as to approach the
regime of CQED. Experimenting with other suitagken materials, such as PbSe NPs,
has already started in our lab.

Obtaining a single mode laser emission is essefatiadpplications. For this it is
important to further optimize the laser paramesersh as minimizing the size dispersion

in the gain material and optimizing the pump wanmgtl in accordance with the average
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particle size. Using a second microsphere for meekection, and optimizing the
coupling between the two resonators, such that angmgle mode is resonant in the
coupled system is one way of achieving single nlader. Another way would be using

novel single mode WGM resonators as describeddB][1

112



CHAPTER VI

GOLD NANOROD SURFACE PLASMON EFFECTS ON WGM RESONARS

VI.1 Introduction

The properties of colloidal gold solutions havecfaated people for a long time.
For example, gold nanoparticles have been usedhycolored stained glass. Specific
physical and chemical properties of metallic namiglas have been studied from a
fundamental point of view as well for their praali@pplications. First, in 1908, Mie [4]
gave a rigorous theoretical explanation of theagpiproperties of metal clusters based on
the absorption and scattering of electromagnetatiation by spherical particles as
discussed in Chapter ll. Gans [52] developed &ension to Mie’s theory that deals with
particles with an elliptical shape. Only receritig properties of non-spherical particles
have been utilized through control of the geomefrthe particles in the process of their
synthesis.

Solution-phase colloidal preparation of gold nanisrgNRs) provides a simple
way of fabricating materials with tunable opticabperties. The size and shape of these
metallic NRs, together with the dielectric permitly of the surrounding medium, tune
the plasmon resonance of the Au NRs from the \asiblthe near infrared (500 nm to

1500 nm) [109, 110] spectral region. These pagichave enormous extinction
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coefficients that depend on their composition [@B§l on the ratio of length to width, i.e.,
aspect ratio (AR) [111]. Unlike organic dyes omgtum dots, the Au NR plasmons do
not bleach or blink [112].

Au NRs are yielded when Au nanoparticles (NPs) wahous capping agents are
added to an aqueous solution containing anionid @bl dichloride (AuC}), ascorbic
acid, and cetyltrimethylammonium bromide (CTAB).t ldom temperature the reaction
does not proceed at an appreciable rate until Nfélssare added because of the free
energy barrier of forming a new interface. The haisms for Au NR nucleation and
growth are currently under intense investigatioh3[1114].

To utilize these patrticles in chemical and biolagisensors, as well as in other
optical devices, immobilization is required. Twifferent approaches have been used: (1)
immobilizing Au nanorods from solution by using ooea few intermediate layers, such
as self assembled monolayers of mercaptohexanmqMteiA-SAM) or polyelectrolytes,
on the substrate surface [54, 110], and (2) digeowth on the surface. In the second
approach, gold NP seeds are attached to the syfexreo immersing the substrate in the
growth solution [115-118].

The contribution of this work is that it utilizeemiconducting HgTe NP seeds
capped with thioglycolic acid (TGA) to nucleate ggdRs with morphology comparable
to previous work [117, 118], which uses Au NP seedéere are advantages to using
HgTe NPs to initiate Au growth. Our method is mgle way to coat surfaces having
different electrical and optical properties withsabmonolayer of semiconducting NPs
using an intermediary polyelectrolyte layer [10#]tiating growth of rods directly on the
surfaces. The poly(dimethyldiallylammonium) chtti(PDDA) layer serves not only to

attach seeds and NRs to the surface, but alsotsassighe one-dimensional growth
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process. Thus, we achieve growth of Au NRs diyeoti the surface of high quality
optical resonators [41]. Another reason for the ossemiconducting HgTe NP seeds is
that they have electronic states in the same speegion (500 nm to 2000 nm) [33, 119]
as the longitudinal mode of the metallic Au NR pta®. This offers a possibility of
synthesizing composite nanomaterials with uniquéicap and electrical properties.
Finally, nanorods have significantly lower plasmagphasing rates in comparison with
those of small nanospheres [120] due to a suppresdi interband damping. A WGM
optical resonator can further amplify and modife tlocal fields. It was shown that
surface propagating modes transmit energy betwa@s pf dipoles on the surface and
thus modify dipole-dipole interaction [121]. Thaeractions between strong local fields

and semiconductor nanoparticles are also expeatedhance the nonlinear effects.

VI.2 Synthesis

VI.2.1 Two stage coating process

This section describes a synthesis of gold nanadodstly on different dielectric
surfaces. It is based on the solution seeded ndnsyothesis protocol developed by
Murphy and coworkers [122], but uses a reduced CTa&dBcentration [114]. The
technique consists of two major stages (Figure ). Xirst, coating the surface with a
submonolayer of semiconductor nanoparticles (Hgameg, second, immersion in growth

solution.
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HgTe seedsWu nanorods
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glass, fused silica, or silicon

Figure VI.1. Schematic of the surface coating efshbstrate.

The three-step procedure for growing Au NRs fromTelgNPs bound to surfaces
is depicted in Fig. VI.2(a)-(c). In the first stelpased on the layer-by-layer technique
[104], the surface is dipped in an aqueous solutibmoly(dimethyldiallyammonium)
(PDDA) chloride for ~30 minutes (Fig. VI.2(a)). iBhpolyelectrolyte coating is applied
to glass, mica, fused silica, and silicon surfac&ffer washing with deionized water, the
substrate is dipped in an aqueous solution of totic acid(TGA)-capped HgTe NPs
for ~5 s to deposit a fraction of a monolayer offidgoarticles (Fig. VI.2(b)) [40]. The
concentration of seeds on the surface was kept &pproximately 20-40 NPs/|fmto
enable the growth of well-separated Au rods. Tégatively charged carboxylate group
of the HgTe NP capping agent is electrostaticatyrid to the quaternary amines of
PDDA, and the interaction is strong enough to wéhd washing with water. Next, the
substrates are immersed in a gold growth solutich®x 10* m (molal) tetrachlorauric
acid (HAuUCl - 99%, Sigma-Aldrich), 8.0« 10° m cetyltrimethylammonium bromide
(99%, Sigma-Aldrich), and 1.9 10* m ascorbic acid (99%, Sigma-Aldrich).

The ascorbic acid reduces AyCto AuCkL and other Al species before the
substrate is dipped into the solution. Furtheuotidn to metallic Au is enabled by the
heterogeneous nucleation induced by the HgTe N&sse@riginally transparent samples

begin to turn pink in approximately 5 minutes, tating Au deposition on the surface.
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As a control, a glass slide coated only with PDDAsvimmersed in the growth solution
and kept there for 3 hours. No surface changesotoration of the solution was

observed. Figure VI.2(c) depicts one possible @ut, in which the HgTe seed induces
rod growth in such a way that it remains at one @nithe NR. It is also possible that Au

growth occurs on two opposite sides of the HgTstaty

VI.2.2 The interpretation of the Au rod growth manfsm

When Au NPs are used as seeds, multifaceted metiap to a size of
approximately 20 nm form before anisotropic rodvgtobegins [123]. At this size, rod
growth begins because the crystal is large enooigthé preferential binding of CTAB to
(110) or (100) crystal faces [118]. This hindersvgh asymmetrically, allowing faster
growth along directions free of CTAB. The positiwveharged quaternary amines of
CTA" are attracted to the Blayer that is adsorbed to the lateral faces ofNRs. A
bilayer of CTAB forms that shields the aliphatid @& the surfactant from the aqueous
environment (not shown in Fig. VI1.2(c)) [110, 112, 124]. Both HgTe and Au form
face-centered cubic structures, but the latticestons are 0.65 nm and 0.41 nm,
respectively. This implies that the elastic stramd defect density in the first few layers
of Au atoms to deposit is greater when HgTe seeslsised and suggests that anisotropic
growth could start even earlier than in the syrithéisat uses Au seeds. The PDDA-
derivatized surfaces may play a similar or competitrole to CTAB in the growth
mechanism because the quaternary amines of PDDAlsveelectrostatically attracted to
the Br layer. This interaction attaches the NR to thdase without an intermediary

CTAB layer. Figure VI.3 presents the structural formulas ofoajanic compounds used
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in the proposed synthesis of Au NRs. The additibAgNO; increases the yield of rods.
Fast growth is likely to produce more spheres thlmv growth. Full control of the

process has not yet been achieved.
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Figure VI.2. (a) The substrate is coated with a atayer of PDDA, washed with
deionized water and dried. (b) A submonolayer gT&INPs, capped with
TGA, is formed on top of the PDDA layer. (c) Trargple is immersed in
Au growth solution, where one-dimensional growthassisted by the
presence of CTAB and the PDDA layer.
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Figure VI.3. The organic compounds used in HgTeAPNR formation.

VI.3 Results and discussion of growth technique

Gold rods were grown on several different surfa@gass, fused silica, silicon,
mica, and Ni formvar-coated TEM grids) as the twage procedure described in section
VI.2.1 was followed. Many different experimentachniques were used to prove the
claims made in this work. Transmission electrorogcopy (TEM), scanning electron
microscopy (SEM), atomic force microscopy (AFM)sible and near infrared extinction
spectroscopy, energy dispersive atomic x-ray spsctpy (EDX), and x-ray
photoelectron spectroscopy (XPS) are used to ctaize the samples. TEM is

performed with a JEOL (JEM 100 CX II) at 100 kV a8EM with a JEOL (JXM 6400)
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at 30 kV. AFM results are from a Digital InstruntemNanoscope llla. The extinction
spectroscopy experiments are carried out usingreaV&ary 5. EDX measurements are
from an EVEX Analytical System. Finally, XPS messuents are performed with an

Mg anode and a PHI double-pass cylindrical mirrmalgzer with a pass energy of 50 eV.

VI.3.1 Growth of gold nanocrystals on differentfaices

The technique discussed in section V1.2 is amenablenany surfaces with
different electronic and optical properties. Sudists used for growing gold nanorods
were formvar-coated grids (Fig. VI.4), mica (Figl.5), glass (Fig. VI.6), fused silica,
and silicon (Fig. VI.7). TEM (Fig. VI.4), SEM (Fig/1.5), and AFM (Fig.VI.6 and VI1.7)
images were acquired to observe the morphologyngiles gold nanocrystals, as well as

to estimate the yield of nanorods versus othereshap

Figure VI.4. TEM images of Au rods nucleated witlyT¢ NPs on TEM formvar-
coated grids. Rod size: (a) 128.85.7 nm; (b) 27& 62.9 nm; (c) 26%
55.2 nm; (d) 33% 66 nm.
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Mag:20000 kV:30 100 nm

Figure VI.5. SEM image of gold rods and spherea omca surface.

80 nm

0nm omVv

Figure VI.6. AFM height (A) and amplitude (B) imagef gold rods grown on a
microscope glass slide. The scan size is 1.18 padrtree maximum height
on the brightness scale is 80 nm.
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Figure VI.7. AFM height (A) and amplitude (B) imagef gold rods grown on silicon.
The scan size is 3.33 pum and the maximum heighthemrightness scale
is 80 nm. Average length is 150 to 200 nm; aspwd is 2 to 3.

Growth occurs on all these surfaces after applyley same procedure. The
presence of gold on the surfaces was confirmecakbgral different methods.

1. Backscattered electron images of the surfaacg {Ai8) taken with JEOL (JXM
6400) show bright objects, which is an indicatidnmeetal surfaces, i.e., gold nucleated
by HgTe NP seeds. Samples were coated with cdprevent accumulation of charge
on the surface.

2. Energy dispersive X-ray analysis (EDX) (Fig.9ylon the same surface shows
an Au peak. The problem with this technique is that peak of EDX for Hg overlaps
with the Au peak. The resolution capabilities o€ tinstrument are not enough for
resolving the two peaks.

3. X-ray photoelectron spectroscopy gave clearendd of Au presence (Fig.
VI.10). With increasing immersion time in the gribwsolution, the intensity of the Au

doublet (47, and 45/, transitions) increases relative to the intensitytiod Si (D32
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transition) peak, which comes from the substrat@.samples in this experiment were

prepared on glass slides.

(b)

Mag:400 T0 um

Figure VI.8 SEM images after immersion in Au growgblution. (a) HgTe seeds
present; (b) no HgTe seeds.
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Figure VI.9  EDX taken on the surface of the fuséidessmicrosphere of Fig. VI.8(a) —
identification result: Si, 1.763 keV; Au, 2.230\k
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Figure VI.10. XPS of glass slide surface coatedhwigTe seeds only (black), and after
immersion in gold growth solution for various timeg&) The Au doublet
is at about 84 eV and the Hg peak at 99 eV ovetlaps$i peak at 102 eV.
Relative growth of the Au peak in comparison whike Si peak is evident.
(b) Position of the Ted,, transition for different samples.

4. Absorption spectra of the surfaces were takeh thne Varian Cary 5. As a
reference we used a PDDA coated glass slide. &igirll shows the peak of Au
plasmon absorption. The samples are the same ss tised in the XPS measurements,
except for the first, which was a glass slide cdateth PDDA and immersed in gold
growth solution for 45 min. Only one surface plasnpeak was detected, which was
expected in air for particles with a small aspeatioc AFM measurements show the
presence of spheres (radius of 20 to 50 nm) amslwaith AR < 3. The 45-minute sample
resulted in an almost complete monolayer of goldigas on the surface. Figure VI.12

shows spectra of samples immersed in differentiestof Au growth solution. Although

the presence of rods is indicated by the shouldevea 600 nm, spheres are dominating

rods in all samples.
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Figure VI.11. Absorption measurements of glasseslidoated with PDDA and HgTe

NPs kept

in gold growth solution for different timé he first scan (black)

is a control sample initially coated only with PDDA
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Figure VI.12. Absorption measurements of glasseslidoated with PDDA and HgTe
NPs. Different batches of growth solution (slighdifferent concentrations
of CTAB and AgNQ) were used.
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VI1.3.2 Role of HgTe nanoparticles in initiating Auowth

Although the exact mechanism of Au growth on HgBmatrystals is not yet
clear, the possible mechanism that was discusssekiion VI.2.2 and shown in Fig. VI.2
is well supported by our experimental data. As t@dnexperiments, clean glass
substrates, PDDA coated glass slides, and PDDAedaslica microspheres of ~5@on
diameter are exposed to the gold growth solutin. change of color is observed on the
sample or in the solution during 45 minutes of esype. Further examination of the
initially PDDA coated samples with SEM and absamptspectroscopy does not show
growth of gold particles on the surface. Also ot change is observed in 45 minutes
when PDDA or the sodium salt of 2-thiobenzoic addium mercaptobenzoate) are
added separately or together with the gold growdlut®n. In conclusion, bare
substrates, PDDA, and water soluble thiol-cont@jnépecies like TGA do not induce
nucleation of nanoparticulate Au.

Additional evidence that Au NRs are nucleated by élgiPs is provided by XPS.
Figure VI.10(b) shows the intensity of the Tds3 peak (which overlaps the less intense
Hg 4ps» peak). The intensity of the Te peak was comparngil the intensity of the Si
and Au peaks from Fig. VI.10(a). The ratio of heeto Si peaks remains constant, while
the ratio of Au to Si peaks grows with time. Tledatively low Au/Te ratio (below 10)
suggests that not all the seeds are contributingeaucleation of gold. The position of
the Te 85, peak suggests that Te is in an oxide form in lad samples prior to
immersing in Au solution. This might be causedtly large surface to volume ratio of
HgTe NPs (3 nm in diameter). The position of the peak does not change with the
increase of time of immersion, indicating that Teesl not react with the components of

the gold growth solution. The position of the HigAtransition also does not change
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during the process of growth, but it is harder amnpare because it overlaps with the Si

2psp2 transition (Fig. VI.10(a)).

V1.4 Enhancement of evanescent coupling to whisggegallery modes caused by Au

NRs grown on a microresonator surface

Incident light on the interface of a thin metaldayand a dielectric surface can
cause free charge oscillations, called surfacemmas (SPs). Surface plasmon resonance
occurs when the momentum of the incident light imescthat of the SPs. In general, a SP
can be excited by a plane-wave coupler, which caralprism [125, 126], a grating
structure [127-129] or random surface roughnesf8][1&pplications of the evanescent
field of a waveguide for the resonant excitationSéfs are described extensively in the
literature [131, 132]. The presence of the metgian the waveguide surface converts
the waveguide mode into a waveguide-surface plasooupled mode, which highly
enhances the evanescent field [133]. Such stricaneeused as sensors because they can
combine the SP-enhanced evanescent field with singrface functionalization
techniques [133, 134]. One advantage of usinger laf a metal nanorods instead of a
metal film is the possibility to tailor the spedtrposition of the surface plasmon
resonance by controlling the aspect ratio, as shiav@hapter Il. Further optimization of
the sensitivity of waveguide-surface plasmon codidensors was proposed by using
metal nanoparticles deposited on the surface dilllee [135, 136].

We have investigated optical properties of a dieleenicroresonator coated with
gold nanorods. The surface plasmon resonancesiafafoparticles are excited by the

evanescent field of a WGM supported by the micrespmesonator. Enhancement of the
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evanescent field caused by resonant excitationhef $Ps produces changes in the
coupling of light from the resonator to a tapergdiaal fiber. Our measurements show
coupling enhancement by a factor greater than J00s is a result of the significant field

enhancement that can be realized in these strgcture

VI1.4.1 Gold rods on the surfaces of fused silicansspheres

Permanent attachment of gold nanorods with coatstel density on the surface of
a dielectric microsphere resonator was achievedgutie growth technique described
above. Nanorods were nucleated using thioglycotid-aapped HgTe nanoparticles
adsorbed to a polyelectrolyte intermediary layeeatly on the surface of a high-quality
optical microresonator [41]. This technique resuit about 30% rod-shaped particles
with variable aspect ratios and about 70% spheneaticles on the surface of the
resonator. The initia factor of the resonators dt=830 nir before coating the surface
is typically more than O After growth, the quality factor is reduced Hstill on the
order of 16-1C° if the nanoparticles (nanorods and nanospheresdrly a fraction of a
monolayer. Figure VI.13(a) is a photograph of -4 (diameter) sphere. Gold growth
on the surface causes the pale pink color. Fijtrg3(b) shows a scanning electron
micrograph of the surface of a microsphere coatithl gold nanoparticles. The vertical

trace was left by an optical fiber used to coujgktlinto the sphere.
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Mag:6000 kV:30 WD:8 Tpm

Figure VI.13. (a) Microsphere coated with Au NRihe smallest division on the scale is
50 um. (b) Scanning electron micrograph of the surfatea coated
microsphere.

V1.4.2 Experimental setup and results

A simplified schematic of the setup is shown in.Ri§14. Light from a cw laser
(Ti-sapphire with a wavelength tunable from 78@B&) nm or diode with a wavelength
of 1550 nm) is launched into a single-mode opfiitar that is tapered for coupling. The
polarization incident on the microresonator cansbkected by a polarization controller
(PC), and a polarization analyzer (PA) reads tHaration of the light coupled back to
the fiber. From the tapered part of the fiberhiigs evanescently coupled to the
whispering gallery modes (WGMSs) of the microresonafs the input light is scanned in
frequency, dips in throughput correspond to WGMnesices. The WGMs are classified
by the ratiox of coupling loss to intrinsic (absorption and se@ng) loss: overcoupled,

> 1; undercoupledk < 1; critically coupledx = 1, as discussed in Chapter IIl.
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Figure VI.14. Light (polarization controlled by Pa&hd analyzed by PA) is evanescently
coupled to the whispering gallery modes (WGMs) ohiaroresonator on
which Au NRs have been grown. The second fibérasight into contact
with the microsphere to probe the coupling regirhie resonator.

An important step is to have a method to checkW@Ms for their coupling
condition. Bringing a second fiber close to thecnmsphere effectively increases the
intrinsic loss. Adding this extra loss makes the af an overcoupled mode deeper, and
that of an undercoupled mode shallower.

The laser wavelength was scanned several GHz ar@B@ nm. The
microspheres ranged between 400 and [{@0in diameter. Using the test fiber, we
verified that the modes of a bare sphere can rénoge undercoupled through critically
coupled to overcoupled. The microsphere resonesrtested again after coating it with
a polyelectrolyte layer (PDDA). Because of additiblosses introduced with this layer,
such as absorption and scattering, the intrinsatityufactor of the coated resonator drops
by about an order of magnitude. Therefore, the R@Dated microresonator coupled to
the tapered fiber (keeping similar coupling cormis — fiber and sphere in contact)
resulted in mostly undercoupled modes (Fig.VI.16(alfter growing gold NRs on the

surface of the same resonator, it was tested agang the same setup. As Fig. VI.15(b)

shows, almost all the modes are strongly overcalpl&lthough adding some intrinsic
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losses (about 50%) because of the absorption aattesng from Au NRs at the

wavelength of excitation, the coupling losses apgéo be more than 200 times greater.
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Figure VI.15. TE and TM whispering gallery modes(af a microsphere coated with a
PDDA monolayer, and (b) after growing Au nanorodd aanospheres on
its surface.
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WG modes excited with longer (1550 nm) wavelendtiowseed undercoupled
behavior. Figure VI.16 shows the WGM spectra ahiarosphere resonator, with Au
nanoparticles grown on its surface, at two differexcitation wavelengths 800 nm (Fig.

VI.16(a)) and 1550 nm (Fig. VI1.16(a)).

—— TE modes of a coated sphere at 800 nm
—— Same modes after adding loss —— TE modes of a coated sphere at 1550 nm

— Same modes after adding loss
1.1
0.74
g :—E: 1.0
2 >
2 06 g 09
(] c
. :
= 0.8
0.5 0.7
09 08 07 06 66 69 72
(@) Frequency (GHz) (b) Frequency (GHz)

Figure VI.16. WGMs of a sphere with Au nanorods arahospheres grown on its
surface excited with two different wavelengths 88D nm and (b) 1550
nm.

The wavelength dependence of the coupling enhantdeswggests that it is
caused by the surface plasmon related enhancerhém ¢ocal fields. The WGM can
excite the nanorods’ SPs as well increase the acdtien between individual
nanoparticles.

V1.4.3 Calculation of the coupling enhancement

To quantify the enhancement, we have used a sifoplemirror model of a ring
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resonator described in Chapter lll, which giveselations between the measured WGM

dip depth Mp) and the ratio of coupling to intrinsic losse¥ #nd between the dip width

and the total round trip Ios(s'l' +a|), whereT is proportional to the coupling losses and

alis proportional to the round trip intrinsic losses:rom the dip depth (lll.7) and
knowledge of whether it is overcoupled or underdedpthe loss ratio (Ill.3) can be
found.

The loadedQ,,, is inversely proportional to the total Io§§ +al), and thus to

the dip width. Q,, is likewise related to the intrinsic logd , andQ to the coupling

coupling

lossT, soQ andQ,, can be found fron®,,,,, andx:

coupling
Qchou lin 1

Qtotal =P8 _= Qooupling 10 (Vll)

Qm +Qcoupling 1+1

X

1
Qcoupling = (gtotal (1-'-_)

consequently X (VI.2)

Qm = Qtotal (X+1) .

After coating the microsphere resonator with a elagtrolyte layer (PDDA),
most WGMs are undercoupledM, (from dip depth) andqa (from dip width) are
measured for a strongly undercoupled mode, beaalgahese are likely to survive after
coating the resonator with Au NRs. Since the misdendercoupled, only the root with
x<1is considered in (lI.7).

After growing Au NRs on the surface of the resondtte same measurements are

made. Now, however, because the WGMs are stroagércoupled, onlyx>1 is
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relevant. Comparing coupling losses beféfe ) and after(T") adding Au NRs gives

the coupling enhancemeft resulting from the field enhancement due to the MR

surface plasmon resonance:

C:T_|=_::|:—X1 . (V|3)
c Qt” (1.{.)(“)

A similar ratio between the intrinsic losses befarnel after can give the increase

in the intrinsic losses:

(@)t _Q Q' (x +1)
(@) Qi QU (xn+1) (V1.4)

Coupling enhancement facto@ between 200 and 500 with an increase of only
about 50% in the intrinsic loss have been measiarethe WGMs of a 500-um-diameter

sphere shown in Fig. VI.15. This order of magniud typical for Au NR-coated

spheres. No significant difference in the enharergrof TE and TM modes was found.

VI.5 Conclusions

In conclusion, the synthesis of Au NRs using HgTesNas nucleation seeds is
demonstrated. The method provides a simple wagetmanently attach gold nanorods
on surfaces with different electrical and opticedpgerties. Further work can be done to
determine the nanometer-scale composition distabutand optical properties of metal
NR - semiconductor NP composites. It was shown thatthggis of Au NRs on a high
quality factor microresonator leads to an increasevanescent coupling between a

coated microresonator and an optical fiber. Stmwvegycoupling suggests enhancement of
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the evanescent field of the WGMs, caused by th&aseimplasmon resonance of the Au
NRs. Comparison of the coupling loss before amer &u NR growth indicates coupling
enhancement by a factor olem 103 . Gold nanopatrticle coated resonators are expected
to enhance the sensitivity of WGM evanescent-wdngrical sensors. These resonators
are also good candidates for surface-enhanced Rawgwtering experiments. Future

work on device fabrication is feasible.
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