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CHAPTER |

INTRODUCTION

There has been significant interest generated by noble metal nanopartidies due
the fascinating properties they possess. The earliest and one of the mostusenoius
noble metal nanoparticles is the Lycurgus cup, discoverel gertury AD which is
ruby red in transmitted light and green in reflected light. Other notalds aigere
colloidal gold was used in the medieval times include stained glass windowsy patier
other paintings. Their unfading brilliant colors had been a source of mysterg&gifil
when Micheal Faraday reported that these intense colors were due to thegoésgold
nanoparticlel and that the color displayed by these nanoparticles (NP) varied with the
NP size. A theoretical solution to this phenomenon was given by Gustav Mie 1908
who accurately solved for the scattering and absorption cross sectionsrafadphe
nanoparticles using equations from Maxwell's electromagnetic thieobgequently,
monolayers of metal nanoparticles have been extensively used in surfacenplasm
resonance (SPR) sensbtssurface-enhanced Raman scattering (SERS) substfates!
other plasmonic devic&S". An interesting attribute of monolayers of metal nanoparticles

(NP) synthesized on semiconductor substrates is the selective charging



induced by Fermi level difference. This charging can be tapped in sefhllysand the
selective adsorption of ions on the R¥ Typically, NP charging is achieved using
surfactant moleculé¥™’. In addition to causing signal interference, surfactants form a
physical barrier between analyte and metal, attenuating or corgpéteinating
surface-enhanced effects.

The present thesis work demonstrates the selective charging of silver
nanoparticles (AgNP) synthesized on semiconductor substrates, exploitingrthe Fer
level differences. Clean, surfactant-free AQNP were synthesizeg elgictroless
reduction that involves the synthesis of NP by reduction of the metal salbadiyta
semiconductor substrafeand vapor depositidfi*> EFM performed on the AgNP
confirms the presence of individually charged AgNP and its expected variatiantgpol
and magnitude) with the Fermi level difference. Apart from establishmgdlective
charging of the AgNP, this thesis work also demonstrates the use of thed;harg
surfactant-free AgNP to perform charge-selective Raman sngteerd fluorescence
guenching for ionic analytes (fluorescein (-), rhodamine-6G (+) and acridinge(+)).
Furthermore, employing Atomic force microscopy (AFM) and optical gibsor, it is
established that the charging phenomenon plays an important role in self-inhibiting
growth of Ag nanoparticles (AgNP) during chemical reduction. In partictila
positively charged AgNP do not coalesce despite a few nm interparticlagpaci
Therefore, strong electromagnetic interactions between thelpaudevelop, resulting in
well resolved hybrid plasmon modes, probed by optical extinction. On the contrary, self
inhibition does not occur with negatively charged AgNP, resulting in the loss ofesurfac

plasmon resonance.



The thesis is organized as follows. Chapter 2 deals with a brief background on
localized surface plasmon resonance and the formation of hybrid plasmons in
nanostructures, discussing their role in chemical and biomedical sensisigaaid
enhancement, with particular impetus given to surface-enhanced Ramarmsgcattes
Chapter also discusses the physics behind the charging mechanism dtheGhgpter
3 describes, in detail, all the synthesis and characterization methods andnendiéd
to obtain the data in this thesis work. Chapter 4 presents the results of the study. In
particular, AgNP charging and its role in self-inhibiting growth and coalesagnsgNP
during electroless deposition, and charge-selective SERS are extedss@libed, as
well as its impact on fluorescence quenching. Finally, in Chapter 5, in addition t

drawing conclusions, future research possibilities and directions are letigfiglated.



CHAPTERII

BACKGROUND

I1.1) Localized Surface Plasmon Resonance and Hybrid
Plasmons

Localized plasmons in metal nanoparticles can be described as the coherent
motion of the conduction electrons under the influence of an oscillating efesdttic
Applying the principles of free electron theory of metals, a nanoparticlessentially be
treated as a bipartite system consisting of positively charged statatoanic cores that
are surrounded by free moving conduction electrons which possess an equal negative
charge. When excited by an electromagnetic wave, the oscillagicielfield causes the
displacement of the conduction electrons which are subsequently restored to their
equilibrium position due the Coulombic forces of attraction applied by the positively
charged atomic cores. Therefore, these oscillations of the conductionredexzsrobe

compared to a spring mass system whose resonance fre@uegyids given by

K

a = E—
resonace
M



In the above equatioR,is the effective force constant, alids the mass of the
electrons. However, if the frequeneyof the incident electric field is close, or equal to
wresonance aNd the diameter of the nanopartiblec< A,(wavelength of the incident field),
the collective oscillations are maximized, leading to the formation of lecbéarface
plasmon resonance(LSPR). This resonance results in strong coupling of inciceramadi
to the nanopatrticle and electromagnetic field enhancements in its vicinity.

Electromagnetic field enhancements orders of magnitude higher than those
observed in isolated nanoparticles are observed in monolayers of closelg-space
nanoparticles due to the formation of hybrid plasmons. For monolayers of nanopatrticles
with average diametd, and interparticle spacirdy if d/D << 1, then under the
influence of an electromagnetic field, the surface plasmons of individual iNiRtesact
via two different configurations. The first is the anti-bonding configuration, damg¢he
negative parity of the dipole moments (anti-symmetric). Since the net dipohemt for
the anti-bonding configuration is minimal (zero for identical particles)r tiapit-
coupling efficiency is drastically reduced, due to which they are refasrédrk
plasmon$’. The second is the bonding configuration, caused by the positive parity of the
dipole moments (symmetric electric fields). Since the net dipole momenhefabbve
configuration is large, they couple efficiently with light, and are theeafeierred as
bright plasmorfs.

LSPR is sensitive to refractive index changes of the medium surrounding the NP,
and this phenomenon is harnessed in sensing the presence of molecules, or variations in

the concentrations of molecules around the NP, by measuring LSPR wavelafigthrs



addition, selectivity of LSPR sensors can be achieved by functionalizing theesaf
the nanoparticle to detect the presence of only the molecules of specigéistinter

For example, using nanosphere lithography (N$f9to fabricate an array of
triangular silver nanoparticles, Haes éttalve employed LSPR in the detection of
Alzheimer’s disease. It is believed that Alzheimer’s disease isadysself assembly of
oligomeric assemblies of amyloI¢ApB) into soluble oligomers called amyloid-derived
diffusible ligands (ADDL). The binding constant of ADDL with anti-ADDL antibesli
was determined utilizing LSPR spectroscopy (i.e., measuring the fiegsieift in
plasmon modes). Further, by functionalizing gold nanoparticles with anti-EGER (a
epidermal growth factor receptor), and performing LSPR scattandd-SPR
absorption, El-Sayed et’ahave reported the ability to distinguish between cancerous
cells responsible for oral cancer, and non-cancerous cells.

The phenomenon of LSPR results in intense field enhancement in the vicinity of
silver and gold nanopatrticles as their respectivenancOccurs in the visible region of
the electromagnetic spectréfinenabling their use in Surface-enhanced Raman Scattering
(SERS). Raman scattering by itself is an extremely ineffigemtess and its cross
sections (18° cnt) are 14 orders of magnitude smaller than those of fluorescent dyes
(10 cn)®. However, effective Raman cross sections can be amplified by the field
enhancement phenomenon displayed by noble metal nanostrutheese of silver
nanostructures in SERS was first reported by Fleischmanif.enaheir study,
nanostructures obtained by chemically etching the surface of a $deaode were
responsible for the signal enhancement. This work was later corroborated 1 1975

where the electric field enhancement mechanism for SERS was postulated@®’Xu et



have demonstrated that single molecule SERS sensitivity can be achieved by the
adsorption of an analyte at the junction between two AgNP (dimer) that aretsefmra
a distance of 1 nm. They estimate that using this configuration, enhancement factors of
up to 2.5 x 18 can be achieved that essentially renders the nanogap between the
particles a “hot spot”. Results from various other studies have strengtherteedhe
that significant increase of SERS enhancement can be obtained by adsorbingtan anal
in between closely spaced silver and gold nanostrucfiires

One of the earliest and most commonly used methods for synthesizing
monodisperse metal nanoparticles stabilized in the form of a colloidal suspernki®n is
citrate reduction methdd *° Although this method produces nanoparticles with
controllable size and aggregation, the nanopatrticles are coated with theistpagent
(heavy citrate ions and chlorine ions that are negatively charged eledtiidde layers).
This surfactant can interfere with the analyte’s signal as well asiateethe
electromagnetic enhancement or other surface-enhanced effects

Other methods that have been used to prepare arrays of metal nanoparticles for
electromagnetic field enhancement include E-beam lithogfaptgctrodepositiclf and
laser ablatioft" ** For the present thesis work, AgNP were synthesized using electroless
deposition, which involves the formation of monolayers of AQNP by immersion of
semiconductor films/wafers in a metal salt solution. The metal salt solstreduced by
the semiconductor substrate to produce surfactant-free and “clean”, monodisperse

nanoparticles 2



I1.2) Metal on Semiconductor System

When a metal thin film is in contact with a semiconductor, at thermodynamic
equilibrium, the individual Fermi levels of the metal and the semiconductor must be
equal. Therefore, a charge transfer occurs between the metal and semicondactor. T
magnitude and polarity of the charge transfer depend on the relative positions of the
Fermi levels of the semiconductor (depends on doping, i.e., p-type or n-type) and the
metaf*. The energy band diagrams for a thin film of silver in contact with an n-type Si

and p-type Si are shown below.

Silver

Figure2.1. Energy band diagram for silver in contact with peySi.

In the case of p-type silicon, the addition of trivalent impurities (e.g., borgn) tra
valence electrons, creating empty valence states called holes, whiclheabesemi level
Er to be shifted to a lower level (Figure 2.1). Therefore, when silver, whose eggnhi |
is at a relatively higher level, is in contact with p-Si, silver losesrelesicausing it to

become positively charged.



However, the donation of free electrons to the conduction band by pentavalent
impurities (e.g., phosphorous) in n-type Si causes its Fermi level to shiftghex hevel
(Figure 2. 2). Therefore, when silver is in contact with n-type Si, sinceetina Fevel of
n-Si is at a higher level, the resulting electron transfer from n-Si to sdwses silver to

get negatively charged.

Silver | n-Si

Barrier Height E
=AE; C

Figure2.2. Energy band diagram for silver in contact with pe\Si.

The phenomenon of the selective charging of AQNP synthesized on p-type and n-
type Si can be explained through the principles discussed above.

Further background information will be made available during discussion of the

results if needed.



CHAPTER I

METHODOLOGY

I11. 1) Overview

This chapter provides the processing and characterization details ethgloyeg
the course of the present thesis work In this investigation, silver nantgsawwere
synthesized on high conductivity p-type and n-type silicon wafers using tveoeahitf
techniques: 1). Electroless deposition, which involves the reduction of silver ions in a
metal salt solution on silicon substrates, and 2) vapor deposition of silver on silicon
wafers, followed by annealing. The synthesized nanoparticles were thectehaea by
atomic force microscopy (AFM), UV-Vis spectroscopy, Mie scattgrifFM, scanning
electron microscopy (SEM), confocal laser scanning microscopy, and SERSgzaile de

of which are disclosed below.
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III. 2) Substrate Preparation

The substrate on which the nanoparticles were synthesized was p-type and n-type
silicon wafers obtained from ‘Silicon Quest International’. The p-typter had a
diameter of 2", a <1-0-0> orientation and its resistivity w&s001 - 0.00%2cm, while
the n-type wafer had a 4” diameter, a <1-1-1> orientation and its végistas < 0.005
Qcm.

The wafers were first rinsed with isopropyl alcohol (IPA) and de-ionizéd (D
water, and then blow dried with nitrogen,fNThe native oxide on the silicon wafers was
removed by immersion in a 5% hydrofluoric acid (HF) solution for 10 minutes, followed

by a de-ionized (DI) water rinse and iNow dry.

I11. 3) Nanoparticle Synthesis Using Electroless Deposition

Silver nanoparticles were synthesized as illustrated in Figure 3.1. The diced
wafers (1 cm x 1 cm) were immersed in 0.002 M AgN®.1% HF solution for 60 s.
The redox reaction was terminated by immersion of the wafers in DI wasP Are
formed by a simple redox reaction involving the reduction ofidgs in the AgNG by
the silicon. HF is primarily used in the electroless deposition technique to continuous
etch away the silicon oxide on the wafer that would otherwise form a barrier padam
silver’s nucleation (i.e., redox reactions).

One limitation of EFM is its inability to resolve the potential profile afsely
spaced (i.e5 50 nm or less) nanoparticles. To overcome this drawback, HF was not

mixed in AgNQ. Therefore, for characterization by EFM, the AgNP were reduced by

11



immersion of wafers in 0.02 M AgNgolution for 10 s. In the absence of HF, nucleation
was observed to be suppressed significantly. Similarly, gold nanoparicis®)
conducive for EFM characterization were synthesized on n-type Si by immer$.02

M HAuCI, for 10 s.

AgNO; Solution

‘J . .
‘/ si|li|::; ,\\::rpamdes

Figure 3.1. Sketch illustrating electroless reduction of silmanoparticles on the silicon substrate.

I11. 4) Nanoparticle Synthesis Using Vapor Deposition

For the physical vapor deposition (PVD) of silver, a Cressington 208C Vacuum
Deposition System was utilized. The silver depositions were carried out a prbasure
of 4.5x10°> mBar. Silver was thermally evaporated using a tungsten wire basket (wir
diameter = 0.20 inches). The deposition rate was measured with a piezo-glentiz
crystal monitor. When the deposition rate was stabilized to 1 A/s, the shutter gdterin
silicon wafers was opened, starting the deposition process. On depositinguihedre
thickness of the silver film, 0.8 nm, the shutter was immediately closed, thécelectr
current was gradually reduced, and the system was cooled down in vacuum, befpre bei
vented.

After the venting process, the wafers were blow dried wittoNlemove any dust

particles, and then placed on a hot plate maintained at 300°C for 5 min. The annealing

12



step was employed so that the thin irregular silver film deposited retsgsi¢o
monodisperse AgNP. The basic schematic of a vapor deposition system etdtlistr

below in Figure 3.2.

-r"|- ----- Shutter
E o Control
: |
A
Tungsten
basket
Silver
vapor
) Shutter
Piezo- > .
Crystal monitor Silicon
wafer
Stage

\|\

To vacuum
pumps

Figure 3.2. lllustration of the physical vapor deposition prese

I11.5) Atomic Force Microscopy

The topography scans of the silver nanoparticles synthesized on the silicosm wafer

were performed using a Veeco Multimode V Scanning Probe Microscope, odertte

13



TappingModé" setting. The silicon wafers were stuck on a metal stub using a double
sided sticky tape. The height measurements on the silicon substratedtaéned using
a NSC 18 probe manufactured by ‘MikroMasch’.

In obtaining clear AFM images, the cantilever and tip characterjgagsa
crucial role. For AFM, we used tips whose radius was 10 nm, with an aspect ra&o great
than 3:1 and having a height of 15 um. The scans were performed using a scan window
area of 2 um x 2 um with a scan rate of 1 Hz. In order to obtain an image of good

resolution, we used 256 sampling points per line.

I11. 6) Electric Force Microscopy

EFM has established itself as a powerful non-destructive tool to charatierize
electrostatic force characteristics of nanosized struéfiffe®©ver the years, EFM has
successfully performed characterizations on a variety of electoogte@nomena such as
surface potentidf and doping concentration in semiconductbris addition, EFM has
been used in more specific cases, some of which include imaging the voltage
characteristics of working microelectronic devices and in chargeioneshd detection
of localized charge in nanostructutes-urthermore, EFM has also extended to study the
charge transport mechanisms in single NP embedded in insulating thitt fiims

EFM is essentially a modified atomic force microscope that, in addition to
mapping height profiles of nanostructures, also can map out electrical propgttties
nanostructure being studied. In a conventional AFM, the height profile is obtained eit
by a stationary or oscillating cantilever with a tip that is scanned over themahao®.

In the case of the stationary cantilever, the force between the sample araliayis

14



kept constant as the tip is scanned over the sample, and the presence of an object in the
tips’ path causes it to be lifted to a certain height which is proportional toisistadlthe
constant force between the tip and sample. For the oscillating cantilever hovever
presence of an object in the path of the scan changes the oscillating frequéecy of t
cantilever. To restore the cantilever to its resonant frequency, theitipddd a
proportional height, which in the process characterizes the height of the object being
scanned. In an EFM, after the height profile of the sample in a particular scajuised,
a modified conductive tip, which is lifted to a certain height above the sample (100 nm),
is scanned over the sample retracing the path generated during the AFMsbarghthe
lifted probe interacts with the sample through long-range Coulomb forces. Htissm
that any variations in the electrical characteristics (surfaagehim the sample are
picked up by the oscillating cantilever with the conductive tip, which alteosdiiating
frequency. The subsequent change made to restore the cantilever to its resonant
frequency results in the electrical mapping of the sample.

Electric potential 100 nm above the surface of the synthesized nanoparticles (with
respect to the high conductivity silicon wafer) was mapped using eleatree fo
microscopy (EFM). For EFM, a Veeco Multimode V Scanning Probe Microscope wa
used, fitted with a platinum coated NSC18 probe manufactured by MikroMasch. After
aligning the tip, a window area of 2 um x 2 pum was scanned, with a scan rate of 2 Hz,

and a resolution of 512 data points per line.

15



I11. 7) Scanning Electron Microscopy

The vapor deposited AgNP were imaged using a FEI Quanta 600 Scanning
Electron Microscope. Since the samples being scanned were AgNP synthesizgd on hi
conductivity silicon wafers, charging effects were minimum that allonsadfeciently

high accelerating voltage (20 kV), with a working distance of 9.9 mm.

I11. 8) Surface-enhanced Raman Spectroscopy

In order to explore the behavior of the charged AgNP on silicon wafers as SERS
substrates, known concentrations of two ionic analytes, i.e., acridine orange (AO), a
positively charged fluorophore, and fluorescein (F), a negatively chargedhore
were used as analytes. Figure 3.3 shows the general schematic of Raramezton
mechanism. In particular, for our data acquisition, a WITec alpha300 M Rantamsys
was used.

1 pL aliquots of AO (1.3 x IOM) and F (1 x 13 M) were spotted on the
vacuum deposited AgNP on the p-type and n-type silicon wafers. Using a 20kdens t
laser was manually focused at the aliquot/substrate interface. Thteamas excited by
an Ar' ion laser, at a wavelength of 532 nm, whose incident excitation power was

measured at 2.6 mW. The signal was integrated for 50 s.

16



Laser

Analyte

‘ Solution

Substrate

Figure 3.3. Demonstration of laser exposure of analyte and S&& collection.
(Courtesy: Dr. Kaan Kalkan).

I11.9) Confocal Laser Scanning Microscopy

Further investigation of the charging of the AgNP was conducted by
photoluminescence measurements. Confocal laser scanning microscopy scams of F a
rhodamine-6G (R6G), a positively charged fluorophore, spotted on AgNP deposited on
the p-type and n-type silicon wafers were performed, using a LeiSaSR2 Confocal
Microscope System. This system was fitted with a Leica DM E14 upriginbscope
with a 10x objective lens. 1 pl aliquots of F (1 *’2) and R6G (1 x 1& M) was
spotted on the AgNP deposited on the respective silicon wafers. R6G was exciteal using
514 nm Af laser, and F was excited using a 488 nrhlaser for resonant excitation of

the fluorophores. The time series scans were taken at 1 s intervals.

17



I11.10) UV-Vis Spectroscopy

Time series optical extinction of AQNP was acquired in real time during
electroless reduction using a StellarNet EPP 2000Cs UV-Vis spectrophatdittexte
with a CCD detector. For this investigation, amorphous silicon films deposited on
transparent glass substrates were used as the reducing agent. Thassangna films
enabled the UV-Vis optical transmission measurements from which extincton wa
derived. Extinction can be expressed as,

Extinction = - log (Transmission)

The amorphous Si films were prepared by chemical vapor deposition (Penn State
MCL). H; diluted silane (Kt SiH,) (20.8:1) was employed as the precursor. The
deposition was carried out at a substrate temperature of 120 °C and a power of 120 Watts.
The pressure was maintained at 5 Torr and the deposition time was 60 s.

The amorphous silicon thin film has a relatively lower Fermi leveli|airto p-
type Si. After dicing the Si film to the required size (0.5 cm x 2 cm), itimsested into
the PMMA optical cell and fixed in place using a steel spring. In order to ob&ain t
optical extinction measurements of the AgNP, the extinction of silicon stébgfithout
nanoparticles was subtracted from the extinction of silicon substrate with nizciepa
The subtraction was carried out by the Spectrawiz software that is bunthetievi
optical spectrometer. The in-situ monitoring of the AgNP synthesis kinetefmitiated
by introducing 0.002 M AgN@+ 0.1% HF into the PMMA optical cell containing the Si
film, and episodically capturing the optical extinction spectra of the syadtesigNP in

2 s intervals (computer time). In order to maximize the signal to noise hatidetector

18



integration time was set at 75 ms, and 2 scans were averaged per episode. The total

duration of the episodic capture was measured to be 136 real seconds (120 intervals).

I11.11) Mie-Scattering Measurements

Mie scattering of the AgNP synthesized on p-type and n-type silicon was
measured using a Renishaw RM 1000 Raman system. The AgNP were synthesized using
electroless reduction as mentioned in Section 111.3. Tungsten halogen illloningts
focused on the AgNP using a 20x lens, which also collected the scattered radidi@n in t
backscattering geometry. The scattered intensity is computed using agitrez
reference. Backscattering from quartz is essentially speculectaice, which is close to
constant at ~ 6 % in the entire visible range. To perform backscattered eneasts, a
150 lines/mm grating was used, and the integration time was set at 100 s. Although the
integration times were set at the same in these measurements, thaatilbmimensity

and collection efficiency was varied, so that saturation of detector did not occur.
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CHAPTER IV

RESULTS & DISCUSSIONS

IV.1.) EFM Characterization and Nanoparticle Charging

Figure 4.1 (a) shows a representative 3D AFM height map of silver nactgzarti
synthesized on p-type Si. Here, due to inability of EFM to resolve closelydspace
nanostructures less than 50 nm, AgNP with sufficient interparticle sepavetie
synthesized by immersion of Si in pure Agih$alution for 10 s, as described in Chapter
3. During a typical electroless reduction process, HF is mixed in the Agdl@ion to
continuously etch the oxide that forms on the surface of the silicon. This silicon oxide
layer is the product of the oxidation reaction and it prevents further nucleation once a
conformal layer forms. Therefore, the lack of HF in the AgNGlution leads to limited
nucleation and formation of well-separated (average particle separatiancg 500
nm) but larger (average particle siz&20 nm) AgNP, which could be successfully

resolved by EFM.
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Figure4.1. (a) 3D view of an AFM height map of AQNP depositedmtype Si (operated in
TappingModé) (b) Corresponding 3D view of the EFM potential map.

In Figure 4.1 (b), the corresponding electric potential map of AgNP is shown at
100 nm above the surface. Here, the protrusions clearly indicate that the AQNP
synthesized on p-type Si are positively charged. This positive charge is inducethby Fe
level difference between silver and p-type Si. For AQNP synthesized on jqrep- t
silicon, the Fermi level of silver is at a higher energy than that of p-SingadgNP to

donate electrons to Si, thereby acquiring a positive charge. The work function oissilve

21



4.3 eV. For heavily-doped p-Si, Fermi level is expected to be at about the valence band
edge, which is 5.15 eV below vacuum level resulting in a Fermi level differena&gf (
~0.85 e\f* %% °7

To further elucidate the impact of Fermi level difference on nanoparticle
charging, AgNP were synthesized on n-type Si incorporating the same synthesi
parameters used for synthesizing AgNP on p-type Si. Similarly, Figura)4sBdws a
representative 3D height map of AgQNP synthesized on n-type Si. As observedsingm
n-type Siin 0.02 M AgN®©for 10 s yields well-spaced AgNP (average siZgl nm, and
average interparticle separation distan@90 nm), suitable for EFM characterization.

Figure 4.2 (b) depicts the corresponding electric potential map wheré&hkhe E
scan was again conducted 100 nm above the surface. This time, depressions are observed
which are indicative of negatively charged AgNP. Similar to the case oivebgit
charged AgNP, the negative charge acquired by AgNP is also attributed to the Ferm
level difference. However, the Fermi level of silver is lower than the Hexrmai of
heavily doped n-Si. Consequently, thermodynamic equilibrium is establishecchygmrle
transfer from latter to former causing AgNP to acquire a negative cliagbeavily-
doped n-Si, the Fermi level is expected to be at about the conduction band edge, which is
4.05 eV below the vacuum level Hence, the Fermi level difference between sidver a

Si, (A Ep) is about - 0.25 eV.
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Figure4.2. (a) 3D view of an AFM height map of AgNP deposited etype Si (operated in
TappingModé), (b) Corresponding 3D view of the EFM potential map.

In order to establish that the Fermi level difference induced selectivgiropaan
also be extended to other metal NP on semiconductor systems, EFM was performed on
gold nanopatrticles (AuNP), which were synthesized on n-type Si employcigoédes

reduction.

23



Figure 4.3. 3D view of an EFM potential map for AUNP synthediza n-type Si.

Depressions in the electric potential map of AUNP synthesized on n-Si (Figure
4.3) confirm the presence of negatively charged AuNP. Owing to Fermi lefexkdice
between goltf (E-~ 5.3 eV below vacuum level) and n-Si(E4.05 eV below vacuum
level), electrons flow from n-Si (higher Fermi level), to the gold nanapest{lower
Fermi level) upon contact. This causes the AuNP to acquire a negative diarge (
1.25 eV).

Furthermore, in either positively or negatively charged metal NP, the umdgrlyi
substrate (Si) region is oppositely charged. The resulting Coulombiciatiresct

anticipated to anchor the nanopatrticles to the Si substrate.
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IV.2) Nanoparticle Size v/s Potential

Size v/s potential analysis performed for individual AGQNP on Si revealed a
monotonous relationship. The analysis was carried out using the Nanoscope 7.20
software integrated with the Veeco AFM. The results for positively and melyati
charged AgNP are displayed in Figures 4.4 a and b, respectively. Here, tReehggittic
potential is measured at 100 nm away from the surface and corresponds to thef center
the particle’s projection on the xy plane.

It is observed that the magnitude of AgNP potential (100 nm away from the
surface) increases with increasing size. To better understand thenstgij a simple
model was constructed. Assuming that for a charged nanoparticle, the majtngy of
charge accumulates at the interface with silicon, the opposite chargedapéz at the
Ag/Si interface behaves as a dipole.

For p-Si, having a resistivity of 0.0@2m, the value of the doping densitly is

calculated to be ~ 3 x ¥ocmi®using the relation

N, =(quep)™ (4.1)
where,

q = electron charge (1.6 x 1dC)

e = Hole Mobility (440 crA V™ s%)

For the calculated value b , the depletion width W is calculated to be ~ 20 nm

using the equatidi

2& kT
W= |5 (Vy =V == )
\/qND bi q (4.2)
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Where,
&s 1S the permittivity of the semiconductor substrate

V = AEg, which is the Fermi level difference

However, EFM measures the potential of the NP at a height 100 nm above the
surface of the NP having a heightR®fThen, for a dipole, and at a point 100 nm

above the NP surface, the potential is given by

QW /2)

EFM ~ 4rs (R+ L)2 (4.3)

where,W/2is the dipole separation distance, while the center of the dipole is
approximated to be at the interface.
For a NP of hemispherical shape having a height (radius) eqeafxcan be

calculated as
Q = eN W (7R%) (4.4)

From equations 4.3 and 4.4, the potential of a nanoparticle synthesized on a doped
semiconductor substrate, at a point 100 nm away from the surface of the nanoparticle ca

be expressed as
R2
(R+L) (4.5)

Where,A is the appropriate constant.
Using the above equation, and from the values obtained usingAB\ptained

by the minimization of the square error. The calculated values fimr AQNP
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synthesized on p-type S\{) and n-type SiAn) was 36.51 and 18.52 respectively. The
fits are represented by the red lines on the respective plots. In the cagatviehe
charged AgNP (Figure 4.4(a)), the potential of the AgNP is low enough to be
significantly affected by initial calibration error in the EFM in terof a constant
baseline. Accordingly, a baseline of 3.5 x*\is subtracted from the measured values

of AgNP potential for the best fit.
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Fitted Data
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0 100 200 300
Size (nm)

Figure4.4. Graph illustrating the relation between nanopaetgire and potential with the calculated fit
for AQNP synthesized ofa) n-type Si (baseline subtracted), gbjl p-type Si.
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The data in Figure 4.4(b) show that the potential of the AgNP tends to saturate
with the increasing size of the NP. For negatively charged AgNP howsygerd
4.4(a)), the size of the AgNP and their corresponding potential is an order of magnitude
less than those observed for positively charged AgNP. Owing to this disparity, the f
obtained for negatively charged AgNP is in the linear regime of the fit obtained for
positively charged AgNP, and thus does not show saturation.

The above described mathematical model tries to provide a basic understanding of
the relation between NP size and its potential. As the data obtained from BieM is t
potential of the AgNP at a distancelaf100 nm above the surface of the AgNP, the
mathematical analysis was performed accordingly. However, in equationl4=b, ffi.e.,
at the surface of the AgNP), the theoretical value of the potential renasistsuot for all
sizes of AgNP.

This discrepancy sources from the simplicity of the dipole model, which neglects
the 3D geometry and assumes all metal charge is located at the interfaceotberthe
hand, in a metal all internal fields must be essentially zero at equilibriumeeHey
Gauss law, the charge density inside the metal is also zero. Accordingligce suvarge
distribution on the metal is necessary to counterbalance the field createdibietface
dipole. Effectively, this surface charge increases the dipole separatioaforbethe
dipole separation does not eqWél2 and it is a function of size of the nanopatrticle, R.

Therefore, equation 4.5 can be corrected as,

_AR%(d, + f (R))
" (R+L)

(4.6)
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where,
do is a constant, arfdR) is the correction for dipole separation which varies with
the NP sizeR).

Therefore, at the surface of the NP5 0, and equation 4.6 reduces to
Os =A(d, + f(R)) (4.7)

Equation 4.7 gives the approximate theoretical variation of the surface potential of

the AgNP, with the corresponding variation in NP size.

IV.3) Impact of NP charging: Self-Inhibition of AgNP
Coalescence (Electroless deposition)

The episodic monitoring of the electroless reduction of ANP on a hydrogenated
amorphous silicon film (a-Si:H) is shown in Figure 4.5 in terms of optical extinct
Each episode is captured at intervals of 2 s, beginning from the time of the intsoducti
of the metal salt solution (0.002 M AgNCGr 0.1% HF) into the optical PMMA cell
enclosing the a-Si:H film on glass substrate. The spectra were captuseitalrtime
period of 136 s. As the reaction proceeds, the height of the regular plasmon and the

hybrid plasmon peaks gradually increase, indicating the strengthenindg 8. LS
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Figure 4.5. Episodic capture of the optical extinction specfr@dgNP synthesis on high band gap
amorphous Si.

Also evident in Figure 4.5, is the relative shifts of the peak positions of both,
regular and hybrid plasmon peaks. The normal plasmon peak shifts from an initial
position of 386 nm to a position of 402 nm at saturation, a total red shift of 16 nm.
Similarly, the hybrid plasmon peak shifts from an initial position of 490 nm to 512 nm at
saturation, a shift of 22 nm. These shifts are represented in the waterfafi ghiet

episodic capture, which is shown in Figure 4.6.

30



402 512

[ 23
=]

Episodes (t = 2s)

1950 386 490 550
Wavelength (nm)

Figure 4.6. 3D waterfall plot of the episodic capture of syrsiseof AGNP on high band gap amorphous
Si. The relative shifts of the regular and hybrigspon peaks are also represented.

The red-shift of the regular plasmon peak indicates an increase in average AgNP
size during growth, as expected. Furthermore, the red-shift of the hylsidgrigpeak
indicates an increase in interparticle electromagnetic interacteonhybridization),
which is attributable to increased size as well as reduced interparfiel@sen. The
presence of the hybrid plasmon peak even at saturation confirms that: although the
particles grow, they never coalesce, thereby sustaining the LSPR. This einemoran
be attributed to the charging of the individual AQNP. Compared to silver, the Fermi level
of the intrinsic a-Si:H film is at a lower energy: a case similanabwith p-type silicon.
Typically, a-Si:H has a higher bandgap of ~1.8 eV. Hence, the Fermi ¢e\takf
intrinsic material should be at the midgap. Namely, it is estimated to be ~ 4.9V be

the vacuum level. Therefore, the AgNP lose electrons to Si, and are expected ®acquir
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positive charge (Section IV.1). This positive charging of the AgNP leads to self
inhibiting growth of AgNP synthesized using electroless deposition.

The self inhibition due to NP charging can be explained using a Pourbaix diagram
of the reduction reaction, shown in Figure 4.7. The x-axis represents the pH of the
reaction, for which the reduction reaction has no dependence. The y-axis reptesent
voltage externally applied on the reaction. As mentioned in Section I11.3P A8l
formed by the reduction of Ay silicon (i.e., Ag + € — Ag). The solid horizontal line
in the Pourbaix diagram represents this reduction reaction in equilibrium with the
external voltage at which the net reduction (AgNP synthesis) is stopped.dlictar
occurs below the line, and is reversed to oxidation above the line.

In the case of positively charged AgNP, nanoparticle growth causes arsecrea
NP potential. On sufficient growth of the AgNP, like charges between the AgNRend t
deposition ions Afjcause the repulsion of silver ions. This reduction in' JAgwers the

reduction potential of the reaction given by the Nernst Equation as given below.

o) RT
d, =0, +—In[A 4.7
Therefore the reduction potential of the reaction is reduced, or the solid line of the
Pourbaix diagram shifts down. Furthermore, as the particles grow bigger, due to the
increasing potential of the AgNP, the nanoparticle voltage applied on th@ne@gti
increases, as represented by the dashed line in Figure 4.7. Once the nanopaatjee vol

(V) overlaps with the reduction potential, the opposing voltages (nanoparticle vatége
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the reaction voltage) balance each other out, resulting in the self-inhibition of the
reaction.

For negatively charged AgNP however, the opposite charges between the AgNP
(-) and deposition ions Agcause the reaction to proceed without any impediment (i.e.,
the reduction potential increases). Additionally, the negative charge on theléghiis
the nanoparticle voltage applied on the reaction. Hence, the two opposing forces never
coincide and counterbalance each other. Namely, the solid line and the dashed line in the
Pourbaix diagram diverge. As a result, the reduction reaction proceeds until the

individual AgNP coalesce.

Ag - Ag* + e
As ‘R’ increases

Vi

Ag* + e— Ag

(00—

As ‘R’ increases

pH

Figure4.7. Schematic of effect of nanoparticle charging onrtduction reaction.

The effect of self-inhibition of the reduction reaction was established by
performing AFM on AgNP synthesized on p-type and n-type Si. AQNP were sytiesi
on the respective silicon substrates by immersion in 0.002 M AgNQ.1% HF for 60

S.
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Figure 4.8. AFM height maps of silver nanoparticles synthesiaa@) p-type silicon andb) n-type
silicon. The scans confirm the difference in thephology and density of the synthesized AgNP ofh bot
the wafers, despite keeping the exact synthesapsters.

Figure 4.8 (a) shows an AFM height scan of AQNP synthesized on p-tyfs Si
explained above, since the AgNP are positively charged, the reactionimhgeted
with the presence of relatively large AQNP (~ 40 nm) that do not coalesceveiQvor
AgNP synthesized on n-type Si, (Figure 4.8(b)) smaller AgNP (~10 nm) are/ethser
that display no interparticle separation, confirming the role of AQNP chaogitige self
inhibiting coalescence of AgNP synthesized using electroless deposition.

As evidenced from Figure 4.8(a, b), employing electroless reductionsresalt
distinct difference in the size and morphology of AQNP synthesized on p-typetgpe n
Si. Due to self-inhibition of AGNP coalescence, positively charged AgNRaglisp
interparticle separation (few nm), which should result in LSPR. In contrastjvedgat

charged AgNP coalesce with each other. As a result, LSPR is expebtebbsb. This
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postulated difference in LSPR between AgNP synthesized on p-type and n-tyage Si

confirmed by Mie-scattering.

—— AgNP on p-Si |
- AgNP on n-Si

Scattering Intensity

450 500 550 600 650
Wavelength (nm)

Figure 4.9. Back-scattered measurements showing SPR of AgN&sied on p-type Si (black) and n-
type Si (red).

Figure 4.9 clearly confirms the expected difference in LSPR of pogitivel
negatively charged AgNP synthesized using electroless reduction. For Agtiiessyed
on p-Si, a clear, well resolved plasmon peak is observed at ~ 510 nm. However, for
negatively charged AgNP, due to nanoparticle coalescence, the LSPR does not develop.
These measurement results lead to the conclusion that owing to the selective
charging of the AgNP, while employing electroless reduction, only positorelyged

metal NP reduced on a semiconductor (i.e., Fermi level of the metal is lighdéhée
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Fermi level of the semiconductor) display LSPR, and can be used as SPR seBR8s / S

substrates.

IV.4) Impact of NP Charging: Charge-selective Raman
Scattering

Another important motivation of this work has been to harness this selective
charging of the nanoparticles in fabricating charge-selective SER3atabstince
SERS is affected by the morphology of the substrates, the difference in morpholog
the AgNP synthesized by electroless reduction makes the comparison of positively
charged and negatively charged AgNP as charge-selective SERS sulgftreidts

To overcome the issue of dissimilar morphologies of AgNP synthesized on p-type
and n-type Si, and to further explicate the effect of nanoparticle changBigRS, AgNP
were synthesized on Si using vapor deposition. The morphology of the vapor deposited

AgNP was imaged using a FEI Quanta 600 Scanning Electron Microscope.
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Figure 4.10. SEM micrograph of vapor deposited AgNP (@hn-type Si, andb) p type Si.

The SEM scan of vapor deposited AgNP on n-type Si, as shown in Figure 4.10
(a), confirms the presence of monodisperse AgNP, with an average particle-si2@ of
nm. AgNP vapor deposited on p-type Si display a similar morphology to those
synthesized on n-type Si, having an average patrticle size of ~ 20 nm (Figure 4.10 (b)).

The similar morphologies, coupled with selective charging of the AQNP arhiele

37



comparison of the vapor deposited AgNP on the p-type and n-type Si as chactjeesele
SERS substrates.

Figure 4.11 shows a SERS spectra acquired from I"Mifluorescein (F)
spotted on p-type silicon (black curve), and 1 ¥ MF spotted on n-type silicon (red
curve). F is a negatively charged fluorophore, with an absorption maximum at 494 nm
and emission maximum of 521 nm. It is hypothesized that owing to Coulombic
interaction between the analyte and charged substrates, negativelydhaogescein
molecules would be strongly adsorbed on the surface of the positively chargéd AgN

than negatively charged AgNP.
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|7/ AgNP on n-Si

5

)

> - L

%

c

QO

=

600 800 1000 1200 1400 1600
Raman Shift (1/cm)

Figure4.11. SERS spectra of 1 pl of fluorescein (1 ¥1) spotted on p-type silicon (black) and n-type
silicon (red).
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SERS spectra observed in Figure 4.11 confirm this prediction of positively
charged AgNP being selective SERS substrates for F. In both cases, t#@ianqui
parameters were kept the same (Section 111.8). Obviously, for F spotted twghpsi
charged AgNP, distinct Raman peaks for fluorescein are observed, as comapared t
absence of peaks for F spotted on AgNP deposited on n-type silicon. This is due to the
presence of NP charge, that either strongly attracts, or repels tiie analecules. In
this particular case, positively charged AgNP attract the negativaigeth F ions to its
surface due to Coulombic forces of attraction, which results in the signal enlesatcem
contrast, negatively charged AgNP repel the F molecules, keeping thegiram the
vicinity of the nanoparticle that is associated with high SERS gains, ngsuitihe
disappearance of Raman peaks. It should be noted here, that the broad peak at* 950 cm
observed in the red spectrum is the second order Raman scattering peak 6f,silicbn
is not indicative of the Raman scattering signal of the analyte (fluoresEgjojes 4.12
and 4.13 illustrate the schematic of fluorescein molecules getting edkitacor repelled

away in the case of positively and negatively charged AgNP.
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Figure4.12. Schematic of fluorescein molecules getting attittepositively charged AgNP.
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Figure4.13. Schematic of fluorescein molecules getting repediedy from negatively charged AgNP.

To further establish the impact of nanoparticle charging on SERS, acridigg oran
(AO)®° a positively charged fluorophore, was spotted on positively and negatively
charged AgNP, and SERS was performed. AO was chosen as an analyte for 88RS as
absorption maximum at 488 nm and emission maximum at 526 nm is similar to that of

fluorescein, but is opposite in charge.
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Figure4.14. SERS spectra of 1 pl of acridine orange (1.3%0) spotted on p-type silicon (black) and n-
type silicon (red).

Figure 4.14 displays the SERS spectra acquired from AO (1.3 M) @potted
on negatively charged AgNP (black curve), and positively charged AgNP (rez).curv
When spotted on negatively charged AgNP, AO being positively charged binds more
strongly on the surface of the AgNP, leading to the formation of distinct Raman peaks
(red curve). However, when spotted on positively charged AgNP, due to Coulombic
repulsion, there is lack of signal enhancement, accounting for no peaks at all (black

curve).
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IV.5) Impact of NP charging: Charge-Selective Fluorescence
Quenching

To further elucidate the charging of the AgNP, confocal laser scanning
microscopy of charged fluorophores spotted on charged AgNP was performed. Under the
influence of incident electromagnetic radiation, the electrons of theofibhore
molecules undergo transitions to higher energy states. When the electramsoréteir
original states (i.e., after ns), the excess energy can be re-enritedt{eé absorption
event) in the form of photons which, thus resulting in fluorescence. However, timedife
and quantum yield of the fluorescence is influenced by two primary factoesjidjive
decay due to photon emission and 2) non-radiative decay due to energy dissipation to the
surrounding environment. The fluorescing properties of molecular fluorophoresén clo
proximity to metal NP are affected due to the strong electromagredtdggnerated
around the surface of the metal NP. Fluorophores that are very close to surfece of t
metal nanopatrticle (i.e., <5 nm) may interact electronically with theoMNi®nate the
excited electrons to the metal, thus quenching the fluorescence by non-raifiatinels
available in the metal nanopartiti€ On the other hand, when there is no electron
transfer, two opposite events can occur. Either fluorescence quenchinglésdeedue to
radiative energy (i.e., photon) transfer to the NP from the fluorophore. In thjsloase
photon energy is dissipated into heat in the metal through conduction electron collisions.
Or, enhancement in fluorescence will be observed in the absence of radiatiye ener

transfer due to enhanced near field distributions in the vicinity of thelpastidace.
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Figure 4.15 (a) shows a confocal microscopy image of 1 pl aliquots of flumresce
(1 x 10" M) spotted on positively charged AgNP. As mentioned previously, being
negatively charged, F molecules get attracted to positively chargeB,Agdllting in an
increased adsorption of F molecules on the surface of the AQNP, which causes the
fluorescence to be quenched due the non-radiative electron transfer betwekscies
and the AgNP. In Figure 4.15 (b) however, it can be observed that when 1 pl afiquot
fluorescein (1 x 18 M) was spotted on AgNP deposited on n-type Si, like charges
between negatively charged F and AgNP cause the repellence of F molecnéssing
the concentration of F molecules in solution, leading to increased fluorescence.

To further elucidate the impact of NP charge on fluorescence quenching, a
positively charged fluorophore, rhodamine-6G (R6G) was also employed. In ¢éhefcas
positively charged AgNP, the R6G molecules get repelled away from thE Agating
to an increase in the concentration of freely suspended R6G molecules in solution,
resulting in the high fluorescence as seen in Figure 4.15 (c). On the contrary, when R6G
is spotted on negatively charged AgNP, the dissimilar charges between theaAd e
R6G molecules cause the R6G molecules to get adsorbed on the surface of the AgNP,

resulting in quenching of the fluorescence (Figure 4.15 (d)).
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Figure 4.15. Confocal microscopy images of 1 pl of fluorescdin«(10’ M) spotted on AgNP deposited
on (a) p-type Si andb) n-type Si and 1 pl of rhodamine 6G (1 x®1@) spotted or(c) p-type Si(d) n-type
Si.

The schematic of R6G molecules getting attracted to negativelgezhAgNP

and repelled away from positively charged AgNP is illustrated in Egdirl6 and 4.17.
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Figure 4.16. Schematic of rhodamine-6G molecules getting atchth negatively charged AgNP.
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Figure 4.17. Schematic of rhodamine-6G molecules getting repeligay from positively charged AgNP.
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CHAPTER YV

CONCLUSIONS

V.1) Conclusions

Based on the results obtained in this thesis, the following conclusions are drawn:

1. Surfactant-free silver nanoparticles synthesized on semiconductor
substrates (p-type and n-type Si) display charging, which is inducée by t
Fermi level difference. This charging can successfully be charsattdyy
EFM.

2. As confirmed by EFM, the magnitude and polarity of NP charging can be
controlled by varying the Fermi level difference between the metal and
semiconductor.

3. ltis established from AFM, optical extinction, and Mie scattering that the
positively charged AgNP do not coalesce during electroless reduction
despite a few nm interparticle spacing. In other words, the growth is self-
inhibiting. As a result, strong electromagnetic interaction develops in
between AgNP. Equivalently, plasmon hybridization occurs between the

AgNP, identified by a well-resolved optical extinction peak. In contrast,
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self-inhibiting growth is not observed for the negatively charged AgNP,
resulting in coalescence. We explain these findings by an electroehemic
model. As a positively-charged AgNP grows, the increasing electric
potential on its surface leads to two consequences. First, thigifbe
vicinity of the AgNP is reduced due to Coulombic repulsion. By Nernst's
Equation, this reduction in [Agresults in decrease of the reduction
potential of the reaction Ag- € — Ag. Second, the voltage (electric
potential) on the AgNP increases and starts to compete with the above
reaction for the reducing electron. When the reduction potential and
nanoparticle voltage coincide, the net reduction stops. These effects are
expected to be pronounced at the clearance between the neighboring
AgNP where the electric potential is maximized due to superposition.
Therefore, the self-inhibition of growth ultimately occurs, when the
interparticle separation narrows down to a few nm, if not earlier. On the
other hand, with growing negatively-charged AgNP, everything proceeds
in the opposite direction. The reduction potential increases while the
nanoparticle voltage decreases. Hence, the two competing impetus never
coincide and counterbalance each other. As a result, the reduction reaction
never stops until coalescence.

The practical conclusion, which draws from (3) is that only positively-
charged metal nanoparticles reduced on a semiconductor (i.e., when the
Fermi level of the metal is higher than that of the semiconductor) display

localized surface plasmon resonance, and can be used as SPR sensors /
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SERS substrates. Again, this conclusion is drawn for the electroless

reduction.

The charged and surfactant-free AgQNP serve as charge-seldtR%e S
substrates for ions as demonstrated for fluorescein (-) and acridine orange
(+). SERS is not detectable if the analyte and the AgNP charge are both
positive or both negative. We attribute the absence of SERS signal to
Coulombic repulsion between the nanoparticles and the analyte keeping
the analyte off the near field regions around the nanoparticle associated
with high SERS gains. In contrast, high signal to noise SERS signal is
obtained when the AgNP and the analyte are oppositely charged. In this
case, Coulombic attraction ensures adsorption of the analyte molecule on
the NP surface and its excitation by the intense near fields.

Charged metal NP also account for charge-selective fluorescence
guenching of ionic fluorophores (e.qg., fluorescein (-), and rhodamine-6G
(+)). Owing to Coulombic attraction, fluorescence quenching is only

observed for oppositely charged AgNP and fluorophores.

V.2) Future Work

The mathematical analysis described in Section 1V.2 is a simple one dimans

model that tries to explain the variation of the electric potential of aetdNg as a

function of its size. The equation that accurately governs the electric potksttidution

is given by
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where,

¢ is the potential,

p is the charge density

¢ is the permittivity

This equation must be solved through the whole space-charge region including
both, the semiconductor, and the metal. The charge density in the semiconductor and the
metal can still be regarded @S, and zero respectively. The solution obtained by
applying the relevant boundary conditions and using appropriate numerical methods
would reveal a better understanding of the effect of NP size on its chargéeatric

field distribution.
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