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Chapter. 1

Introduction

Since the medieval centuries, noble metal nanagesthave provided the
unfading brilliant colors in stained glass windowsttery, and paintings. It was not until
Gustav Mie (1908), however, these beautiful coleese attributed to the resonant
coupling of light with the collective electron oka&iions of nanoparticles, namely the
localized surface plasmon modes [1-14]. This festong phenomenon, that is the
resonant coupling of light with localized surfadagmons, is subject to spectral shifts
when the nanoparticles undergo electromagnetib@ame interactions with their

environment. Such spectral shifts are easily dabde by conventional spectrometers,



and at times with the naked eye. As a resultiloed surface plasmon resonance
(LSPR) opens the door to the development of a reveigtion of chemical sensors.

In particular, with the launch of intense reseactivity in the fabrication and
utilization of nanostructures in recent years, liaea surface plasmon resonance sensors
have gained significant attention with the objeetof detecting biomolecules, explosives,
toxins, and warfare agents at trace levels [2-14).to present, all LSPR sensing
demonstrations exploited the frequency and intgrs$iift of the LSPR optical extinction
peak due to the variation in: 1) polarizabilitye(j.refractive index) of the medium
surrounding the metal nanopatrticle; and, 2) ch&nayesfer to / from the metal
nanoparticle [2-14].

On the other hand, the present thesis work brimigsplay a third impetus that
will induce a change in LSPR. This is the increasgamping of the hybrid plasmon
mode due to atomic/molecular adsorption at theaserbf the nanoparticle. Hybrid
plasmon modes develop when strong electromagnaticling between adjacent
nanoparticles occur. “Plasmon hybridization” mayifiterpreted as interference or
superposition of regular plasmon modes (modes fegesolated particles) [1, 15-17].

In a nutshell, the concept of plasmon damping nmegxplained using an
oscillator model, where a spring-mass system ena&stly excited with a harmonically
acting force. The harmonic force represents teeteimagnetic field (light). The natural
frequency of the system corresponds to the plagneguency. Furthermore, the viscous
friction of the system is analogous to the elecsoattering at the nanoparticle surface.
The increase of the viscous dissipation will amdaneduced amplitude of the

oscillation. In the nanoparticle, this happens mvaenolecule adsorbs on the



nanoparticle surface and increases the electrdtesog. The consequence is reduction
in optical density of the plasmon mode. This isaswed as a reduction in optical
extinction. Accordingly, the present work emplalge damping of plasmon modes as a
probe to detect adsorbates on the nanoparticlacurfMore specifically, in the present
thesis work, these are the hybrid plasmon modgs.féund out in the present effort that
this novel sensing mechanism offers superior sgitgibver conventional LSPR sensing
approaches.

In addition to the aforementioned novel sensinghmmasm (i.e., hybrid plasmon
damping), the sensor development effort in thegrethesis employs a unique
nanofabrication technique: “electroless reductibmetal nanoparticles on silicon”. This
novel technique enables the fabrication of monalaysurfactant-free, size-controlled
metal nanoparticles on silicon [18]. The metaloyarticle synthesis is as quick and easy
as immersion of silicon films in a metal salt swuatfor several seconds. During the
synthesis, the interparticle separation is obsetwesthrink to as low as a few nanometers,
but the particles never impinge each other. Assalt, strong and well-resolved hybrid
plasmon modes develop enhancing the sensitivitys fias been attributed to the unique
“nanometal on semiconductor” approach, whereirctigge transfer between the metal
nanoparticles and silicon film gives rise to Couldorepulsion between the particles.

As will be evident in the following chapters, theigue nanofabrication approach and
sensing mechanism of the present effort are criticthe outstanding sensor performance
demonstrated. A further innovative step achievauhd the course of the present work

is the dramatic reduction of intrinsic hybrid plasmdamping by annealing of the

nanoparticle monolayers synthesized on silicone Mimimization of intrinsic plasmon



damping provides a substantial enhancement intsgtysi Once the intrinsic damping is
minimized, damping due to molecular adsorptiont@ranoparticle causes a more
significant fractional change in total damping.

LSPR sensors typically make use of gold and sitagroparticles due to the
occurrence of LSPR in the visible region of elegtagnetic spectrum in these metals [1-
14]. Among all metals, silver exhibits the strosigeSPR due to its lowest plasmon
damping. As will be detailed in the following chers, the present thesis work employs
silver nanopatrticles. In typical surface plasmesonance sensing applications, the
nanoparticles are functionalized with specific neales, which have high affinity to the
chemical agent to be detected. In a LSPR bios¢asgeting prostate cancer antigen, for
example, the nanoparticles must be functionalizithl specific antibodies recognizing
the antigen [8, 9]. In other words, those antibediave the highest affinity to the
prostate cancer antigens. Similarly, the hybrakplon damping sensor of the present
thesis work can be made specific to a myriad ohtsgley decoration of the nanopatrticles
with specific receptor molecules. However, for siaée of simplicity, the initial
investigation here is directed towards detectiomefcury in air. Fortunately, silver
already has very high affinity for mercury, and &ethe nanoparticle surfaces need not
be functionalized with any receptor molecules.ofgrinteraction of mercury with silver
is expected to distort the local electric poterdiathe metal surface leading to increased
electron scattering. In case the intrinsic scaiteis minimal, this additional scattering
will have a prominent impact on damping of the LSRRfact, this is the sensing

mechanism employed in the present effort.



In addition to being an ideal testing agent fornlogel sensor of the present
effort, mercury is also a severe neurotoxin, whatetection and quantification in the
environment is of utmost importance. Due to rapdustrialization and growing
utilization of fossil fuels, not only the concertoam of green houses gases but also
certain toxins in the atmosphere has increasedcigvapor and hydrogen sulfide are
two of such toxins in atmosphere whose concentrdtas surpassed the natural level due
to industrialization. In particular, the averageroury level in the environment has
tripled since the beginning of the industrial rextan. According to toxicologists,
mercury can be adverse when its level in bloodighd 200 ppb and in hair beyond 50
ppm [19]. In 1950 Minamata Bay, Japan, many childrvere affected with mental
retardation, disturbances in gait, speech, andiewialg, as well as abnormal reflexes
due to mercury contamination [20]. According to statistics of Unites States Center for
Disease control and Prevention (CDC), every 1 magwoman out of 10 has enough
mercury in her blood to cause damage to the f&@ [Mercury not only damages the
brain but also the liver, kidneys, and the spimatic

Mercury ions are easily converted to methyl merdwrynethanogenic bacterium,
anaerobes, and aerobes. Methyl mercury is comsldes the most toxic form of mercury
which can easily bind to fish protein and otheratguanimals, which ultimately
transforms aquatic food toxic to eat [21]. Elenaéntercury in the atmosphere infects
the water bodies due to rain and ran off. The maurce of mercury contamination in
the atmosphere is coal based power plants, andustimb of fossil fuels. In addition,
mercury is released from chloralkali plants, dentiand pesticide industries. Therefore,

there is an urgent need for the development ofdosgt; hand-held, high-sensitivity



mercury detection devices in industries and thepoaler plants to monitor the mercury
levels released to the environment. Accordindig, tesearch effort of the present thesis
for the development of the nanoparticle based dytlasmon damping sensor is partially
motivated by this need.

The organization of the present thesis is as fald@hapter 2 presents a detailed
guantitative review on LSPR and conventional LSBRs81g mechanisms. It also
provides the essential background in plasmon higatibn. In Chapter 3, the procedures
for nanoparticle synthesis, minimization of hybpidsmon damping, and measurement
of plasmon extinction in response to mercury vapguosures are described. Chapter 4
presents the results. In particular, kineticsyddrid plasmon extinction in response to
mercury vapor in air, nitrogen and argon is giv@imese optical extinction spectra are
analyzed computationally to quantify the kineti€plasmon damping and thereby the
number of mercury adsorbates on silver nanopastichdso in this chapter, adsorption
kinetics is discussed in view of the Langmuir agson equation, and adsorbate-induced
hybrid plasmon damping is interpreted in termsletteon scattering and chemical
interface damping. Finally, in Chapter 5, conabasi are drawn as well as future

research directions are suggested.



Chapter.2

Review of Literature and Background

The present Chapter is dedicated to the introdnaiforarious concepts, which
are instrumental in the development of the novgb'ttd plasmon damping sensing
technology” described. The Chapter starts withetkiganation of localized surface
plasmon resonance (LSPR) on the basis of a simpte{constant and damper model.
Subsequently, LSPR is also elucidated in the frapnkwf electromagnetism and Mie
Equation. Meanwhile, concepts of scattering, gitsmm, extinction, and extinction cross
section are elucidated. In particular, the Autth@rives a mathematical expression
relating the plasmon extinction to total numbeelgictrons contributing to plasmon and

plasmon damping constant. This mathematical expmesinderlies the novel scheme of



sensing in the present thesis. Finally, the chaguerpletes with the description of

plasmon hybridization and hybrid plasmon modes.

2.1 Localized surface plasmon resonance sensor (LSPR); Analogy
with a spring mass system

Classically, the “localized plasmon” in a metal aparticle can be treated as a
mass of electronkl, moving coherently (all in phase) under the actban oscillating
electric field (i.e., electromagnetic radiationih an isolated nanoparticle, these electrons
oscillating in phase are the conduction (i.e., vedg electrons. Taking the convenience
of free electron theory of metals, one can spétrinoparticle into two components: 1)
conduction electrons of total mask and total charged; 2) positive atomic cores of
total charge€). Each conduction electron is equally shared byatiomic cores and
delocalized in the nanoparticle. At the same tihmsyever, the overall mass of
conduction electrons is bound to the atomic coye€dulombic attraction (attraction
betweerQ and Q). As a first approximation, this restoring forég, can be described

by F = —kx, k being the effective force constant and x beingdisplacement of the

center of mass/charge of the conduction electrogsrfram its equilibrium position.

Hence, LSPR is analogous to a spring-mass systdinsigated in Figure 2.1, where the

resonant angular frequency is simply givendyy = \/k/M .



Figure2.1: Spring- mass analogy to LSPR [1-14].

In a true physical system, one should also takedohsideration the damping

factor. Accordingly, the equation of motion foethlasmon is given by
MX = —kx =M% — QEe'™ (2.1)

whereE and « are the amplitude and angular frequency of thélatieg electric field,
while t denotes the time. Her€E, is the phenomenological damping constant per
electron that takes into account the scatterimg, @lectron-phonon, electron-electron,
electron-defect and electron-surface scatterihg}he language of classical mechanics,
MI X is the viscous force experienced by the condualentron mass. Equation 2.1 can

be rearranged to:

5&+F>‘(+(;302x:—£ei“’t (2.2)
me

wheree andm, are the electron charge and mass, respectivejyation 2.2 can be

solved by substituting = Xe'™* as

(= e/m,)Ee'™

2.3
(w2 — 0P +icol (@3)



Obviously,x undergoes a resonancevat w, (denominator minimizes)

suggesting the origin of localized surface plasmemonance observed in metal
nanoparticles. This resonance simply revealsfitseerms of color. Color formation
results from nanoparticles absorbing or scattdigig strongly at a certain range of the

electromagnetic spectrum centered arowww,. For example, gold and silver

nanospheres of 20 nm diameter exhibit a strongrpbsn at green and blue,
respectively. As a result, upon illumination, tremsmitted light looks red and brown,
respectively. The resonance spectrum can be @otdiy measurement of the optical
transmission as a function of wavelength/frequerayother words, from optical
transmission, one can derive how much power thepeaticles “steal” from the
impingent electromagnetic field. Theoreticallyg frower extracted from the field by a
single nanopatrticle is the time rate of work dogehe electric field on the plasmon. The
time-averaged extracted powRsiation alSO equals the time-averaged power dissipated

by the nanoparticleR excitation CONSidering steady state conditions. In summary,
Pexcitation = <).((_QEemt )> = Pextinction = <X(M I_X)> (2.4)

where the brackets indicate time-averaged val@esstituting forx from Equation 2.3,

Pexcitation IS given by

E’e w’r
Pextinction = ( j Q (2 ' 5)

2m. ) (@ - @,")* + T ?

In quantum mechanical terms, when a photon (partitlight) couples with
coherent oscillation of conduction electrons, aplan is created. Plasmon is a very

short-lived quasi-particle. It lives for tens ehfitoseconds at most, and decays back to a

10



photon or phonons (heat). Decay of the plasmangboton occurs in terms of light
scattering. On the other hand, the decay of plasim@honon(s) is called absorption.

Extinction is the sum of scattering and absorption:

Extinction = Scattering + Absorbtion (2.6)

Within the context of the model mass-spring-dangystem, extinction is the
dissipated power that is balanced by the power peanticle extracts from the
electromagnetic field. The power extracted fromfikld, is either dissipated to heat

(absorption) or radiated back to the field (scattpr

From the point of power dissipation, plasmon extorcis caused by plasmon
damping, which is characterized by the damping constant. Exploiting the

Mathiessen’s Rulell can be split into scattering and absorption coreptsas:
F=rg+l, (2.7)

such that the scattered and absorbed pdweand ,P,, respectively, can be given by
Ps = Peytinction(Ts/T) @nd Py = Peyiingtion(Ma/T) (2.8)

In this respect, plasmon decay or damping occtngriadiatively (scattering) or
non-radiatively (absorption). As mentioned abg@lasmon is a short-lived state with a
time constant of ~10 fs. In simple terms, plasnsoa very “fragile” quasi particle whose
decay or damping is very easy. Namely, any effeat disturbs the cohesive motion of
“many” electrons contributing to the plasmon cadlap the plasmon. In particular,
radiative damping occurs when nanoparticle sizetssufficiently small compared to the
wavelength. In this case, the phase of the etefitrid is not uniform throughout the

nanoparticle, so is the phase of the electron mot#s a result, some electrons cannot

11



follow the others in phase and get “retarded”. réfme, the plasmon collapses and
releases its energy in terms of a photon. Thiadgtive plasmon damping, accounting
for light scattering. Indeed, gold and silver npawticles larger than ~30 nm, experience
significant radiative damping, which allow thesetjgdes be seen under optical

microscope in dark field.

Non-radiative damping (absorption), on the otherchaccurs through a diversity
of pathways. The most common mechanism for noratiad damping is the scattering
of electrons from defects and nanopatrticle surfafgain, this scattering perturbs the
cohesive electron motion. Though, the plasmorsteas its energy to an electron-hole
pair instead of a photon. In turn, the energyhefélectron-hole pair thermalizes to
phonons (heat). Non-radiative damping can alse pd&ce through “chemical interface
damping”, wherein the cohesive motion of the plasnsgperturbed by the trapping of
some electrons in the adsorbate-induced quantuesstdhe adsorbate-induced states
simply form by chemical bonding of guest atoms oteunules (from the environment) on
the nanoparticle surface. The temporary “leakagétrapping” of the conduction
electrons in these states dephases the plasmaraasés it to collapse. Again, the

energy is thermalizes to phonons (heat).

Radiative damping
(retardation effects)

Chemical Interface damping .
Non-radiative

. damping
Electron scattering

Figure 2.2: Schematic of “force-constant and damper modellagyefor the localized surface plasmon
resonance (LSPR). Various damping mechanismssaee |

12



The spring-mass-damper model for LSPR is depictdéigure 2.2. In the
operation of “hybrid plasmon damping sensor” of pnesent study, the sensing
mechanism is not only due to chemical interfacemlag) but electron scattering.
Electron scattering is simply caused by the pedtiob of the electric potential at the

surface of the nanoparticle by guest atoms or nudsdadsorbates).

2.2 Optical extinction

In the above discussion, plasmon extinction isoshticed in terms of the power,
which is captured by the nanoparticle from the tetenagnetic field. On the other hand,

in optical spectroscopy, “extinction” is defined as
E =-log(T) (2.9)

whereT is the transmission, which is easy to measuregusispectrophotometer. When
a light beam is blocked by a layer of nanopartigbest of the light won't interact with
the nanoparticles and be transmitted through (tnésson). However, part of the light
will be absorbed and scattered by the nanopartidiespectroscopy, the absorbed or
scattered photons (light) are called the “extindtdtons (light) in the sense that they will
not reach the detector in a simple transmissiampseln a medium where photons get
extinct, the intensity of light decays exponentiatl the propagation direction and the

transmitted light will bel =1, exp(—ad), wherel, 1, andd are the transmitted and

incident light intensities, and the distance traddby light, respectively. The constant

is the “extinction coefficient”, and is a measufdow intense the medium absorbs +

13



scatters the light. The exponential decay is syip solution of differential equation
that states; “rate of amount of light lost (absdrbescattered) is proportional to its
intensity” (Beer Lambert Law). Therefore, the agtion coefficient can simply be

calculated fromad = —log(l/1,), where(l/1,) is defined as the “transmission”, and

is defined as the “extinction” as consistent witfugtion 2.9.

Optical spectrometers are used to measure thentrsgien and extinction. In
general, an optical spectrometer consists of & $igbrce, from which the light is incident
on the sample placed inside a cuvette holder. ifteasity of the transmitted light is
measured using a light detector. Figure 2.3 ilaiss a schematic of the optical

spectrometer used in the present study.

Light detector

| -

Light source

Cuvette holder

Figure 2.3: Measuring the optical extinction of a sample véthoptical spectrometer.

In conclusion, extinction quantifies how stronglynadium absorbs and scatters
the light. The significance of extinction is thtéite measured plasmon extinction
spectrum scales witRexinciion, Which is given by Equation 2.5. Therefore, thenging
constant,[” , and total electron charge contributing to plasp@mncan be derived from

extinction measurements. As will be clear in Cbeaft oncel’ andQ are extracted, the

14



total number of adsorbates on the nanoparticlasar€an be quantified. In turn,
concentration of the adsorbate in the ambient eateoived from the kinetics of

adsorption.

2.3 Mie equation
In 1908, by fully solving for the Maxwell’'s Equatis, Mie obtained an analytical
solution for the extinction cross section of adaslpherego,,;, in an electromagnetic

field of angular frequency. In case the sphere’s diameter is significanthaler than

the wavelength of light (e.g., 20 times smaller),; is given by

o () =9 %¢, 32V £2(w) (2.10)
c [£1(00) + 26 y]% +£5 ()

where g (w) +ig, (w) and g, are the dielectric functions for the sphere and the
surrounding medium, respectively [1V is the sphere volume, ands the velocity of

light. o, is defined such that, for a single nanoparti®lgyinction =10ext» Wherel is

the irradiation or the light intensity (power pertarea).

Clearly, 0., has a resonance fef(w) = —2¢,,,, at w= w, , that is known as the
localized surface plasmon resonance (dipolar LS®RRi)e w= w, is called the plasmon

frequency. Obviouslyw = w, will shift with the variation ing,,, since

W, = 81_1(—28m) . This forms the basis of detection for typicaRESsensors.

15



Alternatively, o, IS subject to changes due to the changes () that is the basis for

the novel detection technique developed in thegmtesork.

The dielectric function for the metals can be agpmated from free electron

theory as

£1(w) =1—&; (2.11a)
0
W2
and €, (w) =—§F (2.11b)
0

where wy, is the bulk plasmon frequency afds the phenomenological damping rate

w 2 _n. 2
[1]. In vacuum and gases,, 11, from whichw, =—r, £1(w) =M, and

V3 W

2 2
[e,(w)+2] = S(w—zcoo) Using these relations and noting that

2
(oo2 - oog) 04w (w— W, )2 at the vicinity of resonance, the expressiondgy; reduces

to a Lorentzian:

3 w’r
= V/ 3/2 0
Oext 4 ( C)Em ((x)— (*)o )2 + (I‘/2)2

(2.12)

As will be obvious in Chapter 3, Equation.2.12 bewe is invaluable to the
present work. It is noteworthy that, Equation 2-d2embles Equation 2.5 which was
derived from the equation of motion for the plasmdémdeed, it is possible to derive

Equation 2.12 from Equation 2.5 after several malaijpons and using the relation

I:)extinction = IOext :

16



2.4 Hybrid plasmon modes
An isolated metal nanoparticle, smaller than 30 exhjbits dipolar surface

“

V3

the bulk plasmon frequency as stated in the prevéeation. wy, is given by Drude

plasmon resonance, which occurs at the frequency in free space, wherey, is

4Te°N,

plasma frequency as, = ( ] [1]. On the other hand, when two nanoparticles

e

are close to each other, such that the interparsigbaration is less than the particle
diameter; the individual plasmon modes start terfiete and form two hybrid
combinations: the symmetric mode is formed fronplvase dipole oscillations

(wh—s < W, ); and anti-symmetric mode from out-of-phase dipdeillations
(Wh_as > W, )[11, 17], as illustrated in Figure 2.4. Becauseiet dipole moment of the

anti-symmetric combination is zero for identicahspes, the anti-symmetric modes are
not easily excited by light and observed (i.e.kgdasmons), in contrast to the symmetric
hybrid plasmons (bright plasmons) [11, 14, 17,23, Thus the optical extinction of
hybrid plasmon mode is at lower frequency than legpilasmon mode. The frequency
shift in the symmetric mode from the regular plasmmode is obeys a universal relation

of the form (plasmon ruler equation) [11, 17, 22]

3
Aw —(%j (2.13)
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Aw = w, —wy,_s denotes frequency shift between symmetric modeegular plasmon

mode,D is the metal nanoparticle diameter and d is therparticle center to center

distance. This scaling behavior can be explaineithé dipolar coupling between the
nanoparticles which is linear with particle polatdity (i.e.,[] D3) as well as the dipolar

electric field (i.e.[J d3) associated with each particle.

Oh_as
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Figure 2.4: Schematics illustrating the hybridization of twedliar plasmon mode&)y into symmetric

(lower energy)Wy,—g and anti-symmetri€o,_,5 (higher energy) modes, when two identical
nanoparticles come close to each other [11-22].

2.5 LSPR sensing mechanism - |
As derived in Section 2.3, LSPR peak occurs forcthadition £, (w) = —2¢,,.

Substitution in Equation. 2.11 yields

Wp
Wy = —————
° [l+2e,

Equation 2.15 suggests that the surface plasmonaese peakd, ) shifts

(2.14)

towards lower frequencies, when the refractive xnoliethe medium surrounding

nanoparticle increases [8, 9, 22, 24-26]. It savident from Equation 2.10 that the
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optical extinction of the metal nanopatrticles irages with increase in the refractive

3
index of embedding mediunog,; U aé). This variation in the LSPR frequency

induced by changes in refractive index of the ra@abient of the nanoparticle has been
exploited as a sensing mechanism by a number e&rels groups [3, 24-29]. In the
framework of the oscillator model for LSPR, theguency shift can be inferred from a
decrease in the effective force constéantAs illustrated in Figure 2.5, increase in
polarizability (refractive index) of the medium incks attractive electric forces between
the conduction electrons of the nanoparticle arldrpp@d molecules. These new forces
are in opposite direction with the original restgrforce (between electrons and positive
ion cores). As a result, the effective restorioigcé or force constant is reduced, shifting

the resonance to a lower frequency.

. £
R * o
1 +
1 +
1 +
1 +
')‘.\* @ S
P %
w
W, = ——
J1t+e,

Figure 2.5: Schematic of LSPR sensing mechanism |. The @s&@ polarizability (refractive index)
surrounding the nanopatrticle reduces the restdorag for the plasmon. As a result, the resonance
frequency shifts towards lower values.

Amanda J. Haes and coworkers [24, 25, 30] usett¢ljeency shift in the
plasmon mode of the silver nanotriangles as LSPR@dor detection of Alzheimer
disease. The lower frequency shift in the optecdinction of the silver nanotriangles

was used to determine the interaction of amyfederived diffusible ligands (ADDL)
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and anti-ADDLs which are involved in development®d#heimer’s disease. They
confirmed that the plasmon frequency of the sihamotriangles shifts towards red with
increasing density and thickness of the adsorlager$ (ADDL and anti- ADDLS) [24,
25]. Okamoto et al, observed the optical frequearay intensity of the gold
nanoparticles monolayer varies with refractive mdésurrounding medium [31]. They
concluded that the optical extinction of the mowgela of the gold nanopatrticles shift
towards red, when the refractive indices of the ersad liquids were increased. They
also noticed that the intensity of the optical estiion of gold nanoparticles was
increased with increase in the refractive indexockland coworkers demonstrated red
shift in the spectrum of the individual silver ngaaticles with increase in the refractive
index of oil surrounding the metal nanoparticle®][3They also observed the spectrum
of triangular shaped nanoparticle shifted more towaed than the dipole mode of

spherical nanopatrticles [32].

2.6 LSPR sensing mechanism -l

The other cause for variation in the frequency tiwedntensity of the LSPR is
electron transfer between the adsorbate and nar@earThe direction of transfer
depends on the Fermi level or electronegativitiedénce between the adsorbate and the
metal nanopatrticle [7, 10, 33-36].

41e°N
m

e

From Drude plasmon frequency, = { ej , the bulk plasmon frequency

increases with electron densilye. When electron transfer occurs towards the metal
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nanoparticle, the surface plasmon resonance fregusmfts towards higher frequencies
and vice versa [7, 10, 33-37]. In addition, thiemsity of the optical extinction increases

with increase in the number of conduction electrons

W, =

Jite,

Figure 2.6: Schematic of the LSPR sensing mechanism II: eledtamsfer from the adsorbate to
nanoparticle.

Henglein et al. [7, 10] during their study on bialét colloids observed surface
plasmon frequency shifts towards higher frequendyné gold and silver nanoparticles,
when the mercury was introduced in the nanoparticleidal solution. Morris et al. [12,
34-36] demonstrated that the optical extinctionlipblar plasmon mode of the silver
nanoparticles blue shift more than gold nanopadiclThey also showed that the smaller
particles exhibit more blue shift than larger paes. The authors suggested that the
interactive nanoparticles are more sensitive toraba adsorption than monodisperse
nanoparticles.

As aforementioned, when the interparticle distaret®een two nanoparticles is
less than the particle diameter, the individuasplan modes start to interfere and form
hybrid plasmon modes. In a recent study of Kallgj, it is shown that mercury
exposure causes a high energy shift in dipolanpéeismode whereas a lower energy

shift in symmetric hybrid plasmon mode of the silaanoparticles. The red shift in the
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extinction of hybrid plasmon mode is due to incesgisthe electromagnetic coupling
between particles. Once mercury donates electoonetal nanoparticles, the intensity
of the regular dipolar plasmon increases furthéaeging the near fields surrounding the
nanoparticles. Consequently, the plasmon intenteréetween adjacent particles

increases. As aresult, the energy of the hyddadrpon mode is further reduced.

22



Chapter.3

Methodology

3.1 LSPR sensing mechanism Il

The present thesis work is centered around thelalewent of a novel LSPR
sensor that exploits a different sensing mechatfism the ones reviewed in the previous
chapters. This novel LSPR sensor differentiasadfifrom others on the basis of two
unique aspects. First, the sensor utilizes theithyllasmon mode (peak) as the sensing
probe rather than the regular dipolar plasmon nf{pdak). The present effort has

succeeded in obtaining strong and well-resolvedidytlasmon resonance exploiting its
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innovative “nhanometal-on-semiconductor” approackval as its “electroless reduction
on silicon” nanofabrication technique. As will blear in Chapter 4, the hybrid plasmon

resonance is more susceptible to damping by adssrba

Second, the LSPR sensor of the present effort madeesf a different sensing
mechanism. Unlike previous LSPR sensing demomnstigtwhich monitor frequency
shifts due to either refractive index or electremsity changes (referred as LSPR sensing
mechanisms | and Il in Chapter 2), the present@sgmebes two measurables: 1) the
hybrid plasmon damping, which is full width at halbximum (FWHM) of the optical
extinction peak of the hybrid mode; 2) the intensit the extinction peak for the hybrid
mode. Once these two parameters are recordedpeetltal calculation, also developed
in the present thesis, is performed to precisebntjty the number of electrons gained or

lost by the hybrid plasmon mode.

For example, when one mercury atom adsorbs orr sitwbonates exactly one
electron to the plasmon mode, while g5Hnolecule steals exactly two electrons.
Therefore, by “counting” the electrons contributioghe hybrid plasmon, one can
precisely quantify the number of adsorbate atonmealecules on the silver surface. On
the other hand, monitoring or deriving the changegsonance frequency, refractive
index, electron density, or just damping, doespmetisely quantify the number of
adsorbates. This is because the relationshipseetithese parameters and the number of

adsorbates are nonlinear and often complex.
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3.2 Calculation of the number of adsorbates

Next, the Author would like to disclose the caldida he developed for the
calculation of number of adsorbates. This caloufabriginates from Equation. 2.13,

which is the Lorentzian derived for,,:

3 Wil
o, =—(V/c)ed? 0 (2.13)
VIR o
32 /|9 - %
At resonance® =y, ), Ogyt = Oextpeak = \3VEm /c — . Rememberingo, :ﬁ

and using the fact that plasmon frequency scaldstive square of the electron density,

o, = (41'[e2Ne j [,
m

e

(3.1)

ame®Ve, Y% |N,
Cmg r

Oext,peak = (

When a molecule adsorbs on the nanoparticle, ngdsbotiN, andl™ from Ny, to

Ngo + AN, and froml, to I, + Al'. Hence,

Neo +ANg

3.2
My +Ar (3.2)

Oext,peak

As discussed in Chapter 2" results from local distortion of the surface elect

potential by the adsorbate or chemical interfacemag [1, 7, 10, 39-41].

The impact of adsorption dd, depends on the type of bond established. 1)

Positive AN, . This occurs when the adsorbate contributeseg@iismon mode with
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free electron(s). Typically, metallic bonds accolan this. As an example, mercury has
high affinity for silver, and establishes a metabiond contributing an electron to the
conduction electron gas. Since this electron besocompletely delocalized in the silver

nanoparticle AN, is the number of mercury atoms adsorbed; A8l =Npg 2)

NegativeAN,. This occurs when covalent bond(s) are estalaisi®nce, silver shares

electron(s) with the adsorbate and these elecamnstrongly localized in the covalent
bond(s), the number of free electrons associatddtive plasmon is reduced. A good

example of this is the adsorption of$on silver. This involves the chemical reaction:
2Ag + H28 — Agzs + H2

For each sulfur chemisorbed on the silver surfadege electrons from silver metal are

stolen to 2 Ag—S bonds. In other wordslg = -Ng_s =—2Ng. 3) AN, [0

(Physisorption). Both Case (1) and Case (2) arecasted with chemisorption, where
electron sharing takes place between the nanoleaaticl the adsorbate. One may ask:
“how doesN, change upon physisorption? Physisorption is doéander Waals or
dipole — induced dipole bonds, which do not invadlectron sharing or transfer.
Therefore, physisorption can at most change tha loalarizability or refractive index
around the particle, leading to a shiftdyy. However, a change iN. is not expected.
Further, physisorption can perturb the electriccptal at the nanoparticle surface
dephasing the plasmon. Hence, physisorption ecthdtle from increase of damping:

Al .
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As stated in Chapter 2, in the absence of hetemgebroadening of the plasmon

resonance, extinction equats,; multiplied with a constant. Therefore, it follodrem

Equation. 3.2 that

Ngo +ANg
r

H=C (3.3)

whereH is the extinction peak ar@ is the scaling factor. Therefore,

CAN, =HI -CNg,

If H, =C Nreo is the intrinsic (in the absence of adsorbatetihetion peak intensity,
(o]

thenCNg, =H,l,. Accordingly, AN, = (HF —HOI'O)/C. EliminatingC,
AN, :Neo[i— j (3.4)

As we discussed above, for the chemisorption otongron silver, we havNg =Ny .

Therefore,

HI
ANpygq :Neo[H—I__ j (3.5)
o' 0

whereNy stands for the number of mercury atoms chemisomubide N, equals the

total number of electrons contributing to the plasmegardless of plasmon being a
regular dipolar plasmon or hybrid plasmon. Ind¢hse of hybrid plasmon, it is difficult

to guess how many interacting nanoparticles caumigilo the plasmon.

In summary, the scheme developed here calculagesuitmber of adsorbates

simply from the product ofil" , which can easily be extracted from the plasmon
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extinction spectrum(peak intensity)x(full width at half maximum). Because the
above expression derives directly from theory, nidi@al fitting parameters are needed.
Although, the derivation above is essentially perfed for a single isolated nanopatrticle,
the hybrid plasmon resonance is also of Lorentel@aracter and characterized with

certain values oto,, ', H, andN,. Therefore, Equation. 3.5 applies to hybrid stefa

plasmon resonance, too electron transfer. Thatwami in the damping due to adsorbates
can be determined from optical extinction if th&iimsic plasmon damping is sufficiently
reduced. When the intrinsic damping is reducedisagntly, damping due to molecular
adsorption becomes prominent and causes a subsetpoeease in hybrid plasmon
extinction. Hence, the present study attempt®idrol the damping of the optical

extinction associated with hybrid plasmon mode fmcpss of annealing.

3.2 Deposition of reducer film

Monolayers of silver nanoparticles were synthesmed 00 nm thick
hydrogenated amorphous silicon films coated onsgl&ilicon serves as the reducer for
the reduction of A§ions to Ag nanoparticles. The silicon film deptiosi was performed
by United Solar Ovonic (Auburn Hills, Michigan) agian Applied Kamatsu plasma-
enhanced chemical vapor deposition system (moddl A500 A). H diluted silane
(H2:SiHg) (4:1) was employed as the precursor. The depositas carried out at a
substrate temperature of 150 °C, at a depositienofal0 nm/s on Corning code 7059

glass substrates [42].
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3.3 Synthesis of nanoparticles

The silver nanoparticles were synthesized by immersf hydrogenated
amorphous silicon films in silver nitrate solutiofhe silicon film serves as a reducer as
well as it immobilizes the nanoparticles. As menéd in Chapter 1, this electroless
reduction process provides “clean”, surfactant-fragoparticles. Once charge transfer
occurs between silver and silicon due to Fermilldifeerence, the opposite charging
between the silver and silicon anchors the nanmbestto the silicon film without the
need for a binding agent. At the same time, tpelston between the nanoparticles (due
to the same charge polarity) prevents the agg@gati impingement of the nanoparticles
despite the fact that the interparticle spacinggetras low as few nm. As a result, the
synthesized silver monolayers possess strong attdeselved hybrid plasmon
extinction. All of these advantageous attributdkofv from the combination of two
novel nanofabrication approaches employed in teeqmt thesis: “electroless reduction”
and “nanometal-on-semiconductor”.

Silicon films deposited on glass substrates wetéccEmmnmx10mm samples, so
that they could be accommodated inside standard dptical cells once nanoparticle
synthesis is completed. Then the substrate wasetkin iso-propanol under
ultrasonication for removal of organic impuritieSubsequently, the film was rinsed with
de-ionized water and treated with 5% HF for remafahe native oxide layer. For the
synthesis of silver nanoparticles, the silicon filmere immersed in 0.002 M AgNO
solution containing 0.1% HF [18]. The reason farluiding HF is to etch silicon oxide

formed during the redox reaction. The AgN&irchased from Sigma Aldrich, was
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dissolved in 18.2 @ de-ionized water. Then, HF obtained from J.T.dakas added in
appropriate proportion. The reaction was stoppeunmersing the films in de-ionized

water. Finally, the samples were dried using egén blow gun.

Salt solution

i [0)
Si film with 0.1% HF

Figure 3.1: Synthesis of silver nanoparticles on silicon film.

3.4 Annealing of the nanoparticles

Subsequent to nanoparticle synthesis, optical extim spectrum of the virgin
nanoparticles was recorded. A StellarNet EPP 2600C-Vis spectrophotometer with a
CCD detector was employed for the optical extinctimeasurements. The sample was
placed inside a glass optical cell and the extimcsipectrum was determined using
optical spectrometer. Using a small stainlesd sy@éng, the sample was fixed to the
optical cell wall. Optical extinction of the silveanoparticles was obtained by
subtracting the extinction (-log (transmission)soicon substrate without nanoparticles
from the extinction of silicon substrate with naadgcles. The subtraction was carried
out by the Spectrawiz graphical user interfaceveai® of optical spectrometer. Before
capturing extinction, the integration time was atial to maximize detector output and
signal to noise ratio without saturation of theed#dr. It was set to 150 ms, and for
further increasing signal to noise ratio an accatoh of 10 spectral measurements was

recorded. Once the extinction spectrum was obdaithe sample was annealed on the
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hot plate at 300° C for 1 min as seen in Figure Subsequently, the optical extinction

was measured again.

4 i ;"“ 'J‘I (R
8 T SRR

J
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Figure 3.2: Annealing of the silver nanoparticles synthesiaadhe silicon film using a hot plate. The
inset shows the closer view of silicon film (witiiver nanoparticles synthesized on it).

3.5 Purging of samples using nitrogen/argon

The annealed sample was then placed in the ogetladnd spring-loaded. In
order to fill the optical cell with nitrogen or ang, the setup shown in Figure 3.3 was
used. Two syringe needles were pierced into theugeof the optical cell with one of
them connected to nitrogen/argon gas cylinder hasther opened to air nitrogen/argon
gas pressure was regulated to a pressure of llg@siry the flow of nitrogen/argon into
the optical cell. Thus, air inside the cell wasgad out through the other syringe needle.

After purging the air for 10 min or more, the syg@nneedle that opened to air was
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removed first. Then, the syringe needle connedbrthe nitrogen cylinder was removed

from the septum.

Nitrogen
cylinder

Figure 3.3: Picture of the experimental setup for purginghaf optical cell, which encloses the sensor.
The inset shows the arrangement of inlet and osyiéhge needles.

3.6 Exposing the nanoparticles to mercury vapor

Once purging is complete, the extinction of silmanoparticles is recorded in
pure nitrogen/argon medium. Subsequently, 1 gatory (from Alfa Aesar) was
injected into the optical cell using a syringe axtinction was recorded periodically
while the optical cell is kept in the cuvette haldé optical spectrometer. The mercury
vaporizes inside optical cell at room temperatun@ @aches a saturation level of 15 ppm
(15ng/mL ) [35, 43]. The saturation level is estimatedeach in less than 2minutes in
4mL optical cell (approximating surface area meyalnoplet to be 0.5cfrevaporates at
a rate of fig/cnft/h at 20°C) [44]. The optical extinction measureisavere taken from

the instant mercury is injected in the cell.
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Transmitted

e————

Figure 3.4: Picture shows: (a) the optical cell with sensorsstate immobilized inside by a wire spring;
(b) injection of mercury into the optical cell, whiis placed in the cuvette holder while the optica
extinction measurement is in progress.
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Chapter.4

Results and Discussion

4.1 Nanoparticle synthesis

The silicon film (deposited on glass as descrilbe8action 3.2) was immersed in
0.002 M AgNQ for 5s, 10s and 20s for synthesis of silver narapes as elaborated in
Section 3.3. These nanoparticles were imagedavidigital Instruments Nanoscope llla
Multimode atomic force microscope operating in iagpmode. Figure 4.1 shows the

AFM images of the silver nanoparticles obtaineddibierent immersion times.
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From the AFM image, the size and distribution dfesi nanopatrticles for
different immersion times are elucidated. Evidgrthe size of the silver nanoparticles
increased with increasing immersion time. The agersizes of the silver nanoparticles
are measured to be 21, 28 and 33 nm for 5, 10 @rsdo2 immersion times respectively.
Once corrected for tip effects, the nanopartidesiare estimated to be 80% of the given

values [38].

30.0 nm

15.0 nm

0.0 nm

Figure4.1: AFM images of silver nanoparticles synthesizecelegtroless reduction on silicon films for
different immersion times in salt solution: (a) 8s) 10s; and, (c) 20s [38].

The AFM images also show that silver nanopartiakesvery closely distributed
which would lead to the formation of hybrid plasnmandes. The silicon film in the
present synthesis mechanism, not only serveseduaer, but also immobilizes the silver
nanoparticles by opposite charging of silver (+J aiicon (—) due to Fermi level
difference. The Coulombic repulsion between theoparticles prevents coalescence,

although the interparticle separation gets veryllscoanpared to particle diameter during
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synthesis. As a result, strong electromagnetiploog develops between the

nanoparticles, leading to intense hybrid plasmodéespas observed from optical

extinction [11].

4.2 Minimization of damping
The annealing has been found to lead to a drameaticction of the intrinsic
hybrid plasmon damping in silver nanoparticlesguré 4.2 shows the optical extinction
of the silver nanopatrticles before and after annggirocesses. The peaks of optical
extinction located at 590 nm are assigned to hylladmon resonance. The damping

factor or full width at half maximum of the hybnmak is found to narrow from 0.72 to

0.48 eV upon annealing.

. Before annealing |
—— After annealing
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Figure 4.2: Optical extinction spectra before and after theeafing of the silver nanoparticles.
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Figure 4.3 depicts the restructuring of silver naarticles during the annealing
step. Evidently, sintering of the nanoparticles becurred leading to average particle
size increasing from 28 to 52 nm. The red shithefregular plasmon band (i.e., shorter
wavelength band) with annealing is consistent whithparticle growth. Upon annealing,
the optical extinction associated with the hybidi@spnon mode is seen to increase by a
factor of 1.85 as observed from Figure 4.2. Thisesvation is also ascribed to decrease

in hybrid plasmon damping in consistent with Eqoiats.3.

100.0 nm

Before Anneal After Anneal

0.0 1: Height 500.0 nm 0.0 1: Height 500.0 nm

Figure 4.3: AFM images of silver nanoparticles: (a) beforeeaimg; and, (b) after annealing.
Nanoparticles were synthesized by a 10s immersagm[46].

The reduction of intrinsic damping can result frardecrease in dephasing
(radiative damping), or decrease in electron saagé€non-radiative damping), or both.
At first, the particle increase seen in Figureid.8ontrary to the observed decrease in
damping. This is because, the retardation efféetgling to radiative damping) in single
metal nanoparticles increase with increase in sipavever, it is possible that, the
restructuring in interacting nanoparticle systemnes,(increase in) may account for

decrease in the overall radiative damping of hybfasmon mode despite an increase in
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average particle size. This decrease in radiatweping can take place due to the
establishment of optimum particle size and cemte&enter distance as observed by
others [45]. Indeed, this argument is proven bigtigrattering measurements in the next
section.

Further, decrease in damping can also be due teassd electron scattering by
rectification of structural defects like dislocat®and grain boundaries at higher thermal
energy. Figure 4.4 shows TEM micrographs of repregtive single silver nanoparticles
before and after anneal. Evidently, structural disfesuch as grain boundaries and twins

are present in both cases. Hence, it is not cléatlver the role of low temperature anneal

is reduction of structural defects.

———— 2.tif
5 nm Ag Np (As prepared) 5 nm
Print Mag: 6650000x @8.0 in HV=200kV Print Mag: 4150000x @8.0 in HV=200kV
10:25 0403708 Direct Mag: 800000x 9:36 04/17/08 Direct Mag: 500000x
TEM Mode: Imaging X:Y: T: TEM Mode: Imaging X:¥: T:
0SU MICROSCOPY LAB OSU MICROSCOPY LAB

Figure 4.4: High resolution TEM micrographs of representasileer nanoparticles (a) before and (b)
after anneal.

Figure 4.5 shows the optical extinction of the eilmanoparticles annealed for
different time intervals at 300 °C. After sevaglications, it is concluded that,

annealing above 1 min is not beneficial. Rathmrgér annealing times lead to increase
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in hybrid plasmon damping, likely due to oxidatwithe silver surface (non- radiative

damping).
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Figure 4.5: Optical extinction spectra of the silver nanopdes annealed on the hot plate for different time
intervals.

4.3 Estimation of decrease in radiative damping due to annealing

The decrease in radiative damping due to annealasgestimated by conducting
light scattering measurements. Scattered lightagliected from both the annealed and
unannealed sample using a Renishaw RM 1000 Ranestrameter fitted with Leica
DMLM microscope. Spectral measurements were recbuwhder tungsten-halogen
illumination with exposure time of 0.02 s, an acalation of 100 scans. A 150 I/mm
grating and high confocality mode was employedmiuthe measurement. After
subtraction of background, the ratio of scatteredqrs after annealing and before

annealingP, ., /P,,, was computed. Then, the ratio of damping constaetore and

after annealing was obtained. Combining Equatio®a®d Equation. 3.1, one
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hasP, O, /I?. Therefore, the ratio of radiative damping fonealed to unannealed

silver nanopatrticles are obtained as

2
I_s,aa :(Ps,aa]x[raa] 4.1)
I_s,ba I:)s,ba I_ba

Wherelg ,, andTlg p, are radiative damping contants after and beforealnn

. . . r aa . .
respectively. Figure 4.6 displays the plot {622 once measured data are substituted in
s,ba

Equation 4.1.

r
s,aa = s,ba
o
o
1
T
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Figure4.6: Plotof Iy .. /T, computed from equation 4.1

Figure 4.6 suggests a decrease in the radiativpidgrfor the annealed silver
nanoparticles. The decrease in radiative dampgitigaught to be due to restructuring of
monolayer of silver nanoparticles as discussed ebdv particular, the reduction is
maximum at around the hybrid resonance wavelengii8@ nm. The minimization of

hybrid plasmon damping is a substantial benefinfgensitivity point of view. Once the
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intrinsic damping is minimized, adsorbate-inducadh@ing can be resolved and detected

at lower concentrations.

4.4 Sensor response to mercury vapor in air

The fabricated hybrid plasmon damping sensors tested for mercury vapor as
detailed in Section 3.4. Figure 4.7 shows thecapgxtinction spectra of a silver
nanoparticle monolayer measured for every 5min{tés 120minutes) after the
introduction of 1 g mercury bubble in the opticallc It is concluded from the figure,
that the extinction of the hybrid plasmon mode dases (an 8% decrease is recorded in
30s after mercury exposure) and regular dipolasmtan mode blue shifts with time. The
vaporized mercury atoms adsorb on the silver namiofes and adsorption of mercury
leads to increase in damping. The increase in dagnp turn decreases the extinction of
hybrid plasmon mode. Silver being more electrotiegahan mercury, electrons are
donated by the mercury to the silver nanopartidereasing total number of conduction

electrons\, in silver. This change in the number of conducetectrons also increases
bulk frequencyw, accounting for the blue shift of dipolar plasmoadue [7, 10, 33-37].

From Equation 3.1 or 3.3, the relationship betwia&msity of the plasmon
extinction peak and the damping and the numbedsdrates is elucidated. Adsorption

of mercury atoms on the sintered silver nanopa&diahcreases additional dampixg.
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Figure 4.7: Optical extinction spectra (for every 5 minutesiir® to 120 minutes) of the silver
nanoparticles in air medium being exposed to mgrpla].

4.5 Sensor response to mercury vapor in nitrogen

Figure 4.8 shows the optical extinction spectragsoeed for every 5 minutes
from O to 120 minutes) of the mercury adsorbecesihanoparticles in nitrogen medium.
By comparing Figure 4.7 and 4.8, we can infer thathybrid plasmon mode extinction
in case of silver nanoparticles in nitrogen meddeunreases faster with time. This is

possibly due to the competition of mercury with geg and water in air ambient for

adsorption on silver.
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Figure 4.8: Optical extinction spectra (for every 5 minutesiir® to 120 minutes) of the silver
nanoparticles in nitrogen medium being exposeddacary.

4.6 Measurement of extinction, damping constant and extraction of

AN
The measured optical extinction of the silver nartiples in air, nitrogen and

argon medium were fitted to Lorentzians using a@atational algorithm.H, extinction

peak height (corrected height after backgroundraatibn) and” , damping factor were
obtained by least squares curve fitting technigebsequently, Equation 3.5 was

exploited to compute the number of mercury adses@N ):

=n | A _
AN = NO(H j (3.5)

(o]

H, I', and normalized number of adsorba{%'gwere plotted as a function of time

0

as shown in Figures 4.9, 4.10 and 4.12.
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Figure 4.9: Kinetics of (a) damping, (b) peak height of hylpidsmon extinction of the silver
nanoparticles exposed to mercury in air. (c) Thalmer of mercury adsorbates as a function of timie. (
Variation of damping with number of adsorbates.

It is evident from the Figure 4.9 (a) and 4.9 (@ttthe damping and number of
adsorbates increases initially and reaches a saturalue. These two parameters

follow Langmuir adsorption isotherm pattern.

AN - N Kad (1_ e_(Kad+Kde )t) (42)
Km+Kw

whereasK,, andK,, are adsorption and desorption rate coefficiefigure 4.9 (b)

depicts the trend of the peak height due to meradsprption; it decreases initially (for
first 10 minutes), after reaching minimum, it ingses steadily with time and later, it
reaches saturation, after filling all the adsonpsites. The intensity of the plasmon

extinction peak can vary due to (from Equation :312)electron transfer between the
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adsorbate and the nanoparticle (numerator); amc&ased damping due to the
increased scattering of the electrons by the adseildenominator). From Figure 4.9 (b)
it is found that the role of the increasing damgdcfor increases and becomes dominant

with the adsorption of mercury atoms on the silv@noparticles. FurtheN, + AN also

increases due to transfer of electrons from meratoyns to silver nanoparticles,
increasing the conduction electrons in silver nambges. Each adsorbed mercury atom
contributes an electron to the silver nanopartet&N is linear with the number of
adsorbed mercury atoms. In addition, if it is assd the damping rate is linear with the
number of adsorbates; i, = cAN then Equation 3.2 becomes

_ N, +AN

o -k—02 -
ext,peak ro + CAN

(4.3)

should only either decrease or

From the Equation 4.3 it can be deduced that,.,
increase witlAN which is contrary with our results. Hence theuagstion that damping
rate varies linearly with number of adsorbatesiglid and the damping varies sub-
linear with number of adsorbates [46]. Aforemenéid relation between damping and
number of adsorbates is also fortified from Figdi@ (d).

Figure 4.10 displays the kinetics of the dampiregkpheight and number of
adsorbates when the sensor is exposed to mercpoy raargon gasH andI” are seen

to follow the similar trend as when the sensoxisosed to mercury in air. However,

AN/N, shows a significant deviation from a regular Langrisotherm as described by

Equation 4.2.
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Figure 4.10: Kinetics of (a) damping, (b) peak height of hybpldsmon extinction of the silver
nanoparticles exposed to mercury in argon. (c)fumaber of mercury adsorbates as a function of t{ae.
Variation of damping with number of adsorbates.

Equation 4.2 governs the net adsorption kinetiagasfatoms/molecules on a
solid surface which is known as Langmuir adsorptsmtherm. The variation of number
of adsorbates with time (Figure 4.10 (c)) can ®®Ikeed into superposition of multiple
Langmuir isotherms. In Figure 4.11, the variattdmumber of adsorbates with time is
fitted to the superposed multiple Langmuir isotherrkach isotherm denotes the crystal
facets of silver nanoparticles whose rate of adsmfilesorption are different from each
other. The adsorption of an atom/ molecule ordsslirface also depends upon surface
energy of crystal facets. It also suggests thatritlividual Langmuir isotherms origin at
different times, this may be because of fillingheg energy facets initially and lesser

energy facets later.
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Figure 4.11: Number of mercury adsorbates with time (in argos) géhe kinetics is fitted to Langmuir
isotherm

Figure 4.12 shows the variations of the parametansping, peak height and
number of adsorbates in nitrogen medium. The sa@ndbe nitrogen gas also shows
similar characteristics of sensor in the argonrgadium. In Figure 4.12 (c) variation of
number of adsorbates with time is a reminiscemholtiple Langmuir isotherms. This

combination of multiple Langmuir isotherms is showrrigure 4.13.
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(d) Variation of damping with number of adsorbates.

The time variation of number of adsorbates is asoiniscent of multiple
Langmuir isotherms superposed for sensor in nitrages. This behavior may result
from of dissimilar adsorption sites/rates (e.grfares with different crystal orientations).
As fitted in Figure 4.11, the variation of numbémdsorbates with time is fitted to the
superposed multiple Langmuir isotherms. From Fgud 3, one of the isotherms in the
fitted curve shows the adsorption of nitrogen i@ thedium. Even though nitrogen
molecule has triple bond between them, accordingdent Noble laureate Gerhard Ertl,
nitrogen during formation of ammonia molecule breaito individual atoms at the

crystal surface of catalyst [47-49]. The negatre&d in the number of adsorbates is
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because N is covalently bonding with silver an@ésting electrons, which are otherwise

free and contribute to the plasmon.

0.6 adsorption of Hg on surface 1 |
' 0
0.4+ -
Multiple Langmuir isotherm

©0.2- Hg on surface 2 |

zZ ' Hg on surface 3 |
~~

Z 0.0 "
<

-0.24 -

0.4 adsorption of N, L

0 ' 2|O ' 4IO ' 6IO '_8IO '1C|)0'1é0
Time (min)

Figure 4.13: Number of mercury adsorbates with time (in nitroges). The kinetics is fitted to Langmuir
isotherm.

Further, Figures 4.14 (a), (b) and (c), shows tiraparison between amount of
damping energy and number of adsorbates as functitme for silver nanoparticles in

air, nitrogen and argon media.
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Chapter.5

Conclusions and Future Work

5.1 Conclusions

The present thesis work has developed a novelitechsurface plasmon
resonance (LSPR) chemical sensor on the basisimae sensing mechanism:
adsorbate-induced damping of hybrid plasmon resmnaiihe sensor reports the width
(damping factor) and intensity of the hybrid plagsnmmesonance associated with a
monolayer of silver nanoparticles. These two pa&tans, continuously measured by

optical extinction, are substituted in a theoreétredation (derived in the present work) to
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guantify the number of electrons gained or losttfi®/plasmon) due to the adsorbed
molecules or atoms. The change in the numbeeefdtectrons precisely “counts” the
number of adsorbates (which either donate or afrestelectrons by establishing
metallic or covalent bonds with silver, respectelThe concentration level in turn can
be computed from adsorption kinetics.

The plasmonic nanostructures are silver nanopantncnolayers fabricated by
electroless reduction of Agn silicon thin films. The silicon film not onkerves as a
reduction agent, but it also anchors the nanopesticy Coulombic attraction due to
opposite charging between silver and silicon. lenitthe repulsion between the particles
prevents aggregation despite a few nm of intergareparation. As a result, strong and
well-resolved hybrid plasmon modes develop.

It is found that a short (e.g., 1 min) annealirepsat 300 °C reduces the hybrid
plasmon damping by close to a factor of 2. Thawhtic reduction in intrinsic damping
leads to a substantial enhancement in sensitsiitge now the contribution of adsorbate-
induced damping to total damping is more pronoundatkrestingly, the same annealing
has weak impact on the damping of the regular dipalasmon resonance. As inferred
from atomic force microscopy and optical extinctiime annealing accounts for an
increase in average particle size and separafisrno the origin of damping reduction,
light scattering measurements reveal that the timdidamping factor reduces to 35% of
its original value. This significant reductionriadiative damping is ascribed to
restructuring of the monolayer of particles. Oreyralso expect that reduction in
damping originates from elimination of electrontse@rs, such as grain boundaries and

twins, by thermal energy (and therefore reductibnam-radiative damping). However,
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high resolution TEM does not provide any clear ewite for the reduction of such
structural defects. Accordingly, the reductiorhgbrid plasmon damping is attributed
mainly to a decrease in radiative damping as dtretthe aforementioned restructuring.
The sensor response has been explored using masting detection agent.
Mercury is a severe neurotoxin whose contamind&woal in the environment has been
tripled over the last century. The kinetics of hgllplasmon intensityi, in response to
mercury exposure is found to have 3 subsequenhesgi According to Equation 3.3,

Neoo + AN . . . .
H= C%, the following conclusions are drawn regardingséh® regimes: 1)

Decrease iH due to increasing adsorbate-induced damping. rEigisne is absent in
LSPR demonstrations reported in the literature tieimployed regular dipolar plasmon
resonance. This is probably because; in these w&nations, the adsorbate-induced
damping cannot be the dominant sensing mechanignodiwo high of an intrinsic
damping factor present already. Or, the adsoringiegced damping cannot be the
dominant mechanism for regular dipolar plasmon mpds the associated damping
factor per adsorbate is too low for these modesji@)mization ofH, followed by its

increase. In this regime, electron transf&X, , finally becomes the dominant

mechanism regulating the hybrid plasmon extinctidensity,H. This suggests that the
adsorbate-induced damping increases sub-lineatlythve number of adsorbates.
Similar sensing regime is exhibited by regular tAp@. SPR as reported by others. 3)
Saturation oH. Saturation occurs due to the occupation of allaury- adsorption sites.
When the sensor is exposed to mercury in argomaraden, the variation of
number of adsorbates is found to consist of mdtingmuir isotherms superposed.

This behavior may result from dissimilar adsorptitasorption rates at different classes
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of sites on the nanoparticle surface. Itis likidlsit, these different adsorption/desorption
sites are associated with facets of different atystientations on the nanopatrticle.
Interestingly, when nitrogen is the ambient gasegative Langmuir isotherm is
resolved, indicative of electron loss. It is cam®#d that, a chemical reaction occurs
including silver, nitrogen and mercury [50]. Thapturing and localization of metal
electrons in Ag-N or HgisorveaN COvalent bonds accounts for a decrease in taé to
number of electrons, which contribute to the plasmW/ith argon as the ambient gas, no

isotherms characteristic of electron loss are oleskr

5.2 Future work

The present study demonstrates a unique approanbrmforing the kinetics of
atomic/molecular adsorption on silver nanoparticlesparticular, the technique allows
the tracing of Langmuir isotherms. The approaké&rtdfore, is promising for the
monitoring of surface chemical reactions. An iagting surface reaction is the
chemisorption of kLS on silver, which involves
2Ag+H,S - Ag-S-H+H+ Ag - Ag,S+H,. Work is already under progress by
Kalkan and co-workers.

Surprisingly, deconvoluted mercury Langmuir isothgrare seen to initiate at
different times. Presently, the Author has nodsekplanation for this behavior.
However this is anticipated to be due to sequefiliialg of different adsorbate sites in
the order from high energy to low energy siteslitated by surface diffusion. Future

work should elucidate this interesting observation.
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In addition, the chemical interaction of nitrogeasgvith silver and mercury
leading to a possible AbgyN, complex is not clear yet. This point can be elated by
conducting surface- enhanced Raman scattering (p&R®e sensor substrates, which
are SERS-active. SERS can probe the formationgefNdand Hg—N bonds on the
nanoparticles.

The next step in sensor development is the caloulaf concentration from the
kinetics. The adsorption of impurities on silvanoparticles obeys the Langmuir’s

Ck,N

—(1—e'(Ka+Kd)t), whereN is the total number
Ck, +Kg

adsorption equatiomNyq (t) =

of adsorption sitesC is the concentrationK, = Ck, andK, are adsorption and
desorption coefficients, respectively. As usull, is deduced from the peak intensity
and width (damping) of the hybrid plasmon extingtio
By differentiating the Langmuir isothermtat 0, we get
4 ANy (0) = Ck,N (5.1)
Therefore, oncé 4N is extracted from a single sensor calibration messent,

C can be computed from the slope of the Langmutheson att = 0 as suggested by
Equation 5.1.

C can also be deduced from the saturation regimdigh

keCN__\ C

Ny, (o) = =
g () k,C+Ky  C+Kgy/k,

. Accordingly,C can be evaluated as:

_ Nhg (0)(Kg/Ka)
N=Nyq ()

(5.2)

Here, the values df andK4/k, can be determined by two sensor calibration
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measurements.
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nanoparticles. These two parameters, continuoushsured by optical extinction, are
substituted in a theoretical relation (derivedha present work) to quantify the number
of electrons gained or lost (by the plasmon) duh¢oadsorbed molecules or atoms. The
change in the number of free electrons precisaelplghe number of adsorbates. The
plasmonic nanostructures are silver nanopatrticleatayers fabricated by electroless
reduction of Agon Si thin films. The nanoparticle monolayers afqeosed to a short
annealing step to reduce the hybrid plasmon dantpyngdose to a factor of 2. This
dramatic reduction in intrinsic damping leads wulstantial enhancement in sensitivity,
since now the contribution of adsorbate-inducedmagito total damping is more
pronounced.

Findings and Conclusions:

The sensor response has been explored using mexsting detection agent. Detection
of ppb levels of mercury has been accomplishedthEy the sensor is found to be
capable of resolving multiple Hg Langmuir adsorptisotherms. These different
adsorption isotherms are likely to be associated different crystalline directions (i.e.,
facets) on the nanoparticle surfaces. Interestjnigyisotherms are found to start at
different times. Also surprising is that, sensesponse indicates dissociation ofdd

Ag nanoparticles and a chemical reaction betweerNAgnd Hg. As to the origin of
damping reduction by the aforementioned annealigyg, $ight scattering measurements
reveal that the radiative damping factor reducedbt of its original value.

ADVISER’S APPROVAL:_Dr. A. Kaan. Kalkan




