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Abstract

The past decades have witnessed the rapid growth of studies regarding light-matter interactions in
plasmonic systems. It is well-known that light can be confined at subwavelength scale in plasmonic
nanostructures, which could generate electromagnetic (EM) field enhancement and boost many optical
phenomena such as Raman, fluorescence, harmonic generation and two-photon luminescence (TPL). In
this respect, considerable attention has been paid to further improve the light concentration in plasmonic
systems. Meanwhile, most plasmonic nanostructures are passive systems, which largely limit the scope
and flexibility of their applications. Therefore, it is of great importance to realize all-optical modulation
in active plasmonic systems. Based on above-mentioned points, plasmonic nanogap systems (PNSs)
have been recently selected as one of the best candidates for both passive and active control of optical
emissions. In the PNS, EM field is highly localized in the gap region, thus leading to ultrasmall mode
volume compared with conventional dielectric microcavities. In addition, all-optical modulation of the

optical responses in PNS can also be achieved by filling the gap with active materials.

This thesis covers my research on investigating all-optical modulation of both linear and nonlinear
responses in two specific PNSs, i.e. plasmonic metal particle-on-film nanocavities (MPoFNs) and gold
sphere plasmonic nanomatryoshkas (GSPNs). On the one hand, I collected and analyzed the light
scattering and Raman enhancement in graphene- and molecule-sandwiched MPoFNs to probe two
common quantum size effects, namely spatial nonlocality and quantum charge transport, respectively. I
also achieved reversible plasmon resonance tuning in photoswitchable molecule-sandwiched MPoFNss,
which demonstrates my study on all-optical modulation of linear optical emissions in the PNS. On the

other hand, I continued to explore the influence of electron transport on TPL response of GSPNs



embedded with molecular nanojunctions, which lays the foundation for active control of nonlinear

optical phenomena in PNSs. The main contents and conclusions for each work are listed as follows:

First and foremost, surface-enhanced Raman spectroscopy (SERS) was taken as a tool to probe the
horizontal near-field enhancement limit in graphene-coupled MPoFNs, where one to four layers of
graphene were sandwiched between a gold nanosphere (Au NS) and the underlying gold thin film (Au
TF). In combination with the high-resolution transmission electron microscopy (TEM) cross-sectional
imaging and calculations based on nonlocal hydrodynamic model (NLHD), the gap distance correlated
SERS and dark-field scattering spectroscopies were performed on graphene-sandwiched MPoFNss,
which unravel that the intrinsic nonlocal effect of gold sets a limit to the near-field enhancement factors
(EFs) and mitigates the red-shift of plasmon resonance when the gap distance was reduced to sub-
nanometer level. The results not only prove former theoretical predictions under both near- and far-field
regime but also show the feasibility of tuning the optical response in the versatile graphene-sandwiched
MPoFNs, which has a great potential in designing the graphene-based optical devices ranging from

visible to near-infrared frequencies.

Next, I carried out far- and near-field optical characterizations on MPoFNs embedded with two types of
organic molecules. Specifically, a clear blue-shift of major plasmon resonance modes was observed in
conductive molecule (BPDT)-sandwiched MPoFNs in comparison to that in insulating counterparts
(B4T). The physical origins of the hybridized plasmon modes were also disclosed via polarization-
dependent dark-field spectroscopy, and the reduced SERS intensity of the vibrational modes verifies the
quenching of near-field plasmonic enhancement which originates from electron transport in the
molecular tunnel junctions. After discussing quantum size effects in the passive plasmonic system, I
further investigated the active modulation of plasmon resonance in MPoFNs embedded with photoactive

molecules under ultraviolet (UV)-visible light irradiation, and reversible tuning of major plasmon



resonance was preliminarily realized in individual MPoFN under ambient conditions. Based on the
findings in this part, molecule-sandwiched MPoFNs can be employed as a versatile platform to achieve
active control of optical signals under quantum regime, thus opening up a new avenue in the study of

molecular electronics.

In the final part of this thesis, TPL spectroscopy was utilized to explore the influence of electron transport
on the plasmonic characteristics of GSPNs with varied junction width. Together with the measured linear
and TPL responses of different GSPNs, theoretical and numerical analyses unraveled that the TPL
emission of the nanojunctions is closely related to the near-field enhancement within the metal regions,
and is largely influenced by the electron transport across the molecular nanojunctions. Besides, the
excitation-wavelength dependent TPL intensities of three typical nanojunctions (0.7 nm, 0.9 nm and 1.5
nm junction widths) and an Au NS of the similar size were measured under femtosecond laser
illumination, and no perceivable contribution from the low-energy plasmon modes (LEM) of those
nanojunctions was discovered. This experimental observation is consistent with the numerical results
based on quantum-corrected model (QCM), assuming the value of conductance for molecular layers and
the efficient electron transport across the nanojunctions. These results provide possibilities for
investigating charge transport in molecular nanojunctions by plasmon-mediated nonlinear

spectroscopies and can be further applied in active PNSs.
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Chapter 1 Introduction and Literature Review

1.1 Light-Matter Interactions at the Nanoscale

The interaction between light and matter that leads to several optical phenomena (such as fluorescence,
Raman scattering and nonlinear optical emissions) has been extensively studied both theoretically and
experimentally during the last decades'. Classically, light-matter interactions could be amplified through
reducing the mode volume of the structure. To achieve this, nanomaterials or plasmonic nanostructures
with small feature sizes could be used to control light-matter interactions beyond the diffraction limit in
the range from visible to near-infrared frequencies®®. However, when the dimension of nanostructures
reaches to few atoms, exploring the coupling between incident photons and atoms could reveal quantum
mechanical information of these nanostructures. Although studies relevant to these pioneering research
areas remain a challenging task and usually requires extreme experimental conditions’, there have been
plenty of breakthroughs and prosperity is expected in research field of nano-optics or nano-photonics

with the rapid growth of nano-fabrication and characterization.

Recently, plasmon-enhanced light-matter interactions such as surface-enhanced fluorescence (SEF),
surface-enhanced Raman scattering (SERS) as well as other plasmon-enhanced linear and nonlinear
optical signals have been widely investigated and applied in various fields, including photocatalysis,
photovoltaics, molecular cavity optomechanics and biosensing® ! (Fig. 1.1). The mechanism behind
these optical phenomena can be well interpreted within the context of plasmonics'!, which results from

the resonant excitations of surface plasmons (SPs). Besides, phonon-enhanced light-matter interactions

2



are also investigated in polar dielectrics, which would open a new avenue in high-field nonlinear

physics!2.

(a) (b)

o=

Enhanced field 1/,

Molecule

Metal substrate

Figure 1.1 Schematics of light-matter interaction in (a) quantum emitter (QE)/gold-bowtie nanoantenna hybrid

nanostructure'3 and (b) tunneling-controlled confocal-type TERS testing configuration'*.

1.2 Surface Plasmon Polaritons and Localized Surface Plasmons

SPs usually occurs at the interface between two materials exhibiting opposite signs (negative or positive)
in the real part of dielectric functions. In most cases, metal-dielectric interface can satisfy the condition
for exciting SPs by inducing collective oscillations of free electrons in metal. When the oscillation is on
resonance, the so-called surface plasmon resonance (SPR) will largely boost light-matter interactions,
which is applied to measure absorption of materials on both rough and planar metal surfaces. Generally,
two kinds of SPs (surface plasmon polaritons (SPPs) and localized surface plasmons (LSPs), Fig. 1.2 (a,
b)) resides in the plasmon-enhanced interactions between incident photons and nanostructures, which

will be discussed in detail as below.



(a) (b)

o
Dielectric E >
E

Figure 1.2 Illustration of (a) surface plasmon polariton (or propagating plasmon)'> and (b) a localized surface plasmon!®. The
whole electron cloud in (b) is shifted relative to the positively charged lattice, and oscillates back and forth until it finally

reaches the equilibrium.

Based on the theory of electromagnetics (EMs), SPPs can be regarded as a type of surface wave
generated at the interface between metal and dielectric. The dispersion relation of this surface wave is
obtained by solving Maxwell’s equations under appropriate boundary conditions, which can be derived

as follows:

kspp = = (24172 (1.1)

Cc “em+é&q

where w is the angular frequency of incident light, c is the speed of light wave, &, and g4 are the
permittivities of metal and dielectric respectively. The propagation length Lgpp can be written as
Lspp = 1/(2kgpp), where kipp is the imaginary part of kgpp, i.e., kspp = kgpp + ikgpp. Due to the
absorption of metal, there is a strong lateral confinement at the interface. Besides, as the electric field
decays instantly in the direction perpendicular to the surface of metal, there is a penetration depth of
SPPs in both metal (L,,) and dielectric (Lq), both setting the limits in the vertical direction. In short,
SPPs propagates along the metal-dielectric interface, but attenuates exponentially in the direction

perpendicular to such interface. Therefore, tightly lateral (vertical) confinement at the interface and high
4



field localization are generally observed under the excitation of SPPs!® 1> 17 Although SPPs can be
excited by both incident photons and electrons, the momentum-matching between free-space photon and
SPPs needs to be satisfied. Generally, prisms or gratings are employed to match the difference in the
wave vectors of both free-space photon and SPPs. For prism coupling method (Fig. 1.3(a)), the lateral
momentum of light beam reflecting at the prism-metal interface would satisfy the condition for
generating SPPs at metal-air interface. For grating coupling method (Fig. 1.3(b)), wave vectors of

incident light and SPPs could be matched by providing a vector from the grating!!.

(a) (b)
SPPs
I Metal Q Q q Q Q I
Prism i K a
.

SP|

D,

Incident light wave

K
0 Grating

Figure 1.3 Two approaches used for the excitation of SPPs at metal-dielectric interface. (a) Prism coupler (Kretschmann
configuration): Metal film is attached onto the surface of prism. Light illuminates the prism at critical angle of total internal
reflection (TIR) to generate an evanescent wave that penetrates through the metal film. SPPs are generated at the outer side
ofthe gold thin film (Au TF). (b) Grating coupler: light illuminates the grating with a constant period to activate SPPs (provide

momentum match).

In comparison to SPPs which is a kind of propagating SPs, LSPs is the non-propagating SPs and usually
occurs when light impinges on noble metallic nanoparticles (NPs). The generation of LSPs would
confine light into nanometer scale, thus largely enhancing electric fields near NP surface and exhibiting
maximum value at plasmon resonant frequency in the absorption spectra of NPs which can be tailored

through changing NP shape and size'®. Hence, localized surface plasmon resonances (LSPRs) reveals

5



the interaction between incident photons and surface electrons in metallic NPs (the so-called optical
antennas), and exists in various surface-enhanced spectroscopic processes such as SERS and SEF!-2,
Meanwhile, LSPRs related spectroscopies have become a powerful tool for both biological and chemical
sensing due to the fact that LSPRs is very sensitive to the local environment?®2°, Furthermore, as the
interaction between the optical antennas and emitters (such as fluorescent molecule®®, quantum dots, etc.)
strongly modifies the radiative character of the emitters, it is of great importance to investigate the

physical mechanism of plasmon-mediated optical emissions in such a hybrid system.

1.3 Plasmon Coupling in Plasmonic Nanostructures

When two or more plasmonic nanostructures are placed close to each other, the plasmon resonance of
each individual nanostructure could hybridize and generate multiple modes upon investigation?’-?°, The
hybridized mode energy would either blue-shift or red-shift as a consequence of the differences in

30-34 " For instance, in metallic bowtie

surface charge distributions of adjacent nanostructures
nanoantennas system, the plasmonic resonance first blue-shifts as the interparticle distance increases,
then red-shifts when the gap distance is further enlarged®. To quantitatively resolve the plasmon
response in coupled NPs, plasmon hybridization model (as schematically depicted in Fig. 1.4(a)) is
introduced and has been expanded to other plasmonic nanostructures such as metal particle-on-film
nanocavities (MPoFNs)**#! and four-layer concentric nanoshell?’. For example, in a nanosphere dimer
system, the plasmon resonance in each metallic nanosphere can be expressed as wys = wy, \/g, where
wp 18 the bulk plasmon frequency, [ is the angular momentum representing spherical harmonics of

different orders (dipole (I = 1) and quadrupole (I = 2) and higher order modes). When the distance

between two NPs becomes small enough, splitting of the dimer plasmon appears and thus forming both

6



bonding and antibonding modes. The highest energy mode (antibonding) has no dipole moment and
therefore cannot couple to incident light, leading to the “dark™ optical character in the far field. While

the lowest energy mode (bonding) is “bright” due to the large dipole moment.

As for another robust system (MPoFNs) which is easy to fabricate, NP couples to its image within the
metal film (Fig. 1.4(b)). This plasmonic nanostructure is more like a metallic nanosphere dimer as
solutions of the EM boundary conditions at the planar surface equal to an image NP within the metal.
When the optical field is polarized in the substrate plane, the induced transverse plasmons which are
spaced far above the metal surface induce only a weak coupling and a plasmon resonance close to that
of individual Au NPs*2. The other type of plasmon modes is sensitive to the optical field component
along the dimer axis, and it is highly localized due to the relatively small cross section. Similarly, higher
order plasmon modes would generate and tailor both the near- and far-field optical responses of
MPoFNs*. In summary, this model is beneficial to understand the physical picture of hybridized mode

evolution in coupled nanostructures and design various plasmonic devices.

Antibonding (dark) mode

(a) (b)
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Figure 1.4 Plasmon hybridization in (a) metallic NP dimer: The dipole plasmon of individual spherical NPs is three-fold
degenerate (along the three space axes). When two NPs are put closely enough, the dimer exhibits modes that result from the
hybridization of that in individual NPs. The mode resides in lowest energy level is bright which leads to a large dipole moment.
The highest energy mode has no dipolar moment and cannot couple to radiation (dark mode); (b) metal particle-on-film
nanocavities (MPoFNs): The NP sees its reflection within the mirror and couples to it, so that each charged region generates

a dipole in combination with the oppositely charged image NP.

Another intuitive model for analysing the coupled plasmonic nanostructures is the circuit model, which
is utilized to investigate the optical resonance frequency regarding the morphology as well as the gap
width within the coupled system**. In this model, the coupled nanostructures can be regarded as a circuit
with resistance R and capacitance C, and plasmon resonance wavelength of a specific nanostructure
can be derived by solving equations based on R-C oscillator circuit method. In particular, when the two
adjacent nanostructures are separated by materials with varied refractive indices or conductivities, this
model can provide an analytical solution on the spectral shift under different coupling regimes, which is

helpful to guide experiments®.

In addition to flexible modulation of plasmon resonance, plasmon coupling can also cause large near-
field enhancement in the gap area, which could amplify both linear and nonlinear optical emissions*®.
Here, plasmonic coupling in metallic nanostructures is partially summarised in Fig. 1.5. With the
progress of both nanofabrication and optical characterization, we could observe more interesting optical

coupling in plasmonic nanostructures.
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Figure 1.5 Mode hybridization via various plasmonic nanostructures. (a) Polarized transmission spectra in periodic arrays of
pairwise interacting Au NPs. The lattice constant is 800 nm in parallel direction to the pair axis, 400 nm perpendicular, and
the height of Au NP is 30 nm*°. (b) Polarization-resolved dark-field scattering spectra of Ag nanosphere dimer and trimer and
corresponding TEM images*’. (c) Polarization averaged extinction of a pair of gold hemispherically-capped rods with aspect
ratio 2.0 interacting end-to-end as a function of interparticle separations 56.5, 42.4, 28.2, 14.1, 7.1, 5.3, and 3.5 nm with
smaller separations more red shifted. Inset: Fractional shift of the longitudinal plasmon band as a function of interparticle
distance scaled for rod length. The point at Gap/Rod-Length = 3 represents the plasmon resonance of a fully decoupled rod
with the same dimensions as those in the dimer?!. (d) Scattering of NP-on-mirror (NPoM) with semiconductor nanospacers.
(i) Au NP spaced above gold surface by 2-D semiconductor sheet, forming MIM cavity. (ii)) TEM image of a faceted Au NP
(scale bar 50 nm). (iii) Dark-field-STEM image of single NPoM cross section. The MIM cavity formed by facet and surface
is clearly visible (scale bar 50 nm). (iv) Dark-field scattering and SEM characterization of NP on MoS; (scale bar 1 um). (v)
Dark-field scattering spectra of individual NPoMs. Labels are resonances arising from hybridized MIM cavity modes (j1, j2,
j3) and the transverse single NP mode (T)*. (e) Characterization and coherent coupling with single-Cy5 in NPoM. (i, ii)
NPoM without and with Cy5 molecule in DNA origami. (iii, iv) Experimental dark-field scattering of five individual NPoMs,
with resonance peaks ., +, - and linewidths I, marked. Absorption spectrum is also illustrated (blue)*. (f) Concentric
nanoshell with dimensions a;/bi/ax/b, = 80/107/135/157 nm; the inner- and outer-nanoshell plasmons interact strongly,
leading to strongly hybridized plasmons?’. Experimental (blue) and theoretical (red) extinction spectra for concentric

nanoshells (3) in contrast to the inner (1) and outer (2) nanoshell plasmon resonances in various coupling regimes.



Nanostructures were derivatized with 1-dodecanethiol and either suspended in CS; in a I mm path length sealed cell or dried
and mixed with KBr and pressed into a pellet to obtain the spectra. The peak positions of the dipole resonance modes are
marked for clarity. The theoretical extinction spectra were calculated with a vector basis function solution of Mie scattering
theory for a coated sphere. The inner-nanoshell spectra (1) were measured in solution before the growth of the a, and b,

layers.

1.4 Quantum Size Effects in Plasmonic Nanogap Systems (PNSs)

As mentioned above, metallic NPs with nanometric gaps are generally regarded as plasmonic
nanocavities which have intriguing virtues in terms of the ultrasmall mode volume and remarkable near-
field enhancement in the gap region. Due to these advantages, plasmonic nanocavities are widely applied

in the plasmon-enhanced spectroscopies such as SERS®’, plasmon-enhanced photoluminesces®!,

52,53 54,55

nonlinear harmonic generations > >, plasmon-exciton strong coupling”™ >, etc. Intuitively, reducing the
mode volume as far as possible would boost the near-field enhancement, which benefits the plasmon-
enhanced optical phenomena. However, many recent studies have disclosed that quantum size effects
such as quantum tunneling and spatial nonlocality can put a limit on both the mode volume and the near-
field enhancement of individual plasmonic nanocavities with gap width approaching sub-nanometer
level®®!. Essentially, all these quantum size effects stem from strong electron-electron interactions in
the metal, resulting in large difference in optical response compared to that under classical predictions.
For instance, plasmon-induced charges at the surface of two metallic nanostructures can tunnel through
a barrier within the gap region®”. Therefore, studying the impact of quantum size effect on the optical

resonances of plasmonic nanocavities has become one of the main parts of quantum plasmonics®® 2.
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1.4.1 Classical Local Response

Within the classical regime, the optical response of plasmonic nanostructures can be well predicted by
classical Drude model. The equation of this model can be expressed as VXV XE(r,w) =
kZep(w)E(r, w) + iwuo)(r, w). Where ko is wave vector in vacuum, p, is the permeability of the

2
@p
w?+iyyw

vacuum. For free electron gas the dielectric function &p(w) =1 — , Where y, is collision

2
frequency, wy, is the unscreened plasma frequency, which can be calculated via wp, = / :im, in which
0

n is the number density of free electrons, e is the electric charge, m and &, are the effective mass of the

electron and electric permittivity of free space, respectively.

1.4.2 Nonlocal Response

In the above discussion on classical local response of nanostructures with typical feature size > 1/2,
the induced polarization density at a given point r is P(r) = gyx.E(r), where y. is the electric
susceptibility in the homogeneous material, E is the electric field. While as the feature size < 4/2 in
plasmonic metallic nanostructures, description of the plasmon waves within the picture of classical EM
fields would be insufficient, calling for quantum description of the plasmons. One of the quantum effects
1s nonlocal screening, which is also called spatial nonlocality, and can be well interpreted by the theory
of surface screening. Spatial nonlocality treats electron-electron Coulomb interaction and Pauli repulsion
as an electron gas pressure, excluding electron tunneling and quantum oscillations. Under this kind of
microscopic description, polarization density at a given point r is P(r) = ¢ [ xo(r' — r)E(r")dV’,
where . is a function of r and thus spatially dispersive. The nonlocal response is the result of a large

number of individual microscopic interactions over a certain volume surrounding the point r® %, In

addition, due to the selection of boundary conditions on the charge current®> ¢

11
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spreads out in the bulk region of the metal, exhibiting both transverse and longitudinal modes under
nonlocal description. While in local model the induced charge is strictly distributed along the metal-air

interface®’. (Fig. 1.6 (a, b)).

As for the models which are employed to explain the observed nonlocal response in coupled plasmonic
nanostructures®®’2, the nonlocal hydrodynamic (NLHD) model is mainly used due to its high
compatibility and calculation efficiency®® %> 774 This model can well predict the blue-shift of plasmon

resonances with respect to that calculated by classical local model®” .

In principle, the NLHD model can be implemented by solving the coupled Eq. (1.2) and Eq. (1.3) with
an additional boundary conditions (ABC) n-J(r,w) = 0 at the boundaries of the metal, where n is

the normal vector of the metal surface,
VXV XE(rw) = kieore(w)E(r, ) +iwu](r, w) (1.2)

B2V[V - J(r, w)] + w(w + iy (r, ) = ig,wwiE(r, w) (1.3)

Here ko is the wave vector in a vacuum, &,(ig) is the permittivity (permeability) of the vacuum,
Ecore (W) s the local permittivity of gold responsible for the bound ions and electrons, and f is the
nonlocal screening parameter; y, and wp are the collision and plasmon frequency of the Drude model,
respectively. S is related to the Fermi velocity of gold, vg = 1.39x10° m/s via 2 =3vZ/5. &core(w)
of gold is obtained by subtracting the Drude part from the empirical data, i.e., &.ore(®) = ey (W) +

wp

@rtiyea) where &, (w) is the experimentally measured permittivity of real metals®*.
0

Recently, the study on spatial nonlocality has been conducted in various plasmonic nanostructures, such
12



as dimers (Fig. 1.6(c)), metallic cylinders (Fig. 1.6(d)) and MPoFNs (Fig. 1.6 (e, f)), which will trigger

a great deal of applications in the field of quantum plasmonics.
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Figure 1.6 Spatial nonlocality in metallic nanostructures. (a, b) Induced electron density as a function of position at the
interface between a metal nanowire and the vacuum®. The metal-air interface is centred at x = 0. Assuming a local
description (a), the induced charge density decreases to a Dirac delta function at the metal-air interface. In the framework of
the hydrodynamic model (b), the induced charge density spreads out in the bulk region of the metal along a distance
determined by the nonlocal parameter § = f/wy; (c) Extinction spectra of dimers formed by spherical gold particles of 20
nm in diameter®. Local (dashed curves) and nonlocal (solid curves) calculations are compared for several separations
between the particle surfaces, d. Consecutive curves are offset vertically by 500 nm? for clarity. The external electric field is
parallel to the interparticle axis. (d) Extinction width, in units of the geometric width, of a Na cylinder of radius 1 nm, in a
medium with &, =1, (full curve). The dashed curve shows the result of the local theory’®. (e, f) Behavior of the film-coupled
nanosphere, assuming a local and nonlocal model with different values of S, as a function of separation distance®’.
Calculations refer to a gold nanosphere (Au NS) of radius r = 30 nm on a film with 300 nm thickness. (¢) Resonance peak
position as a function of gap distance. (f) Comparison between numerical calculations with 8 = 1.27 x 10® m/s and

experimental results from SAM- and LBL-type spacers. Inset: Schematic of the MPoFN spaced by an amine-terminated
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alkanethiol self-assembled monolayer (SAM). Note that in the absence of nonlocal screening, the peak scattering wavelength

is extreme; nonlocality places a limit on the ultimate enhancement.

1.4.3 Vacuum Tunneling and Molecular Charge Transport

In addition to nonlocal effect, quantum tunneling is another quantum size effect which plays a major
part in the investigation of optical characteristics of coupled metallic NPs with sub-nanometer gap size.
In 2012, Esteban et al. carried out a theoretical study on the near- and far-field optical responses of
metallic dimers with sub-nanometer vacuum gaps (see Fig. 1.7(a)), in which quantum-corrected model
(QCM) is proposed based on time-dependent density functional theory (TDDFT). This model could be
employed to investigate quantum tunneling process within classical framework’’, which opens a new
avenue to solve the quantum tunneling issue in plasmonic nanocavities. After that, Savage et al. used
two atomic force microscopy (AFM) tips to precisely control the distance between the coupled metallic
NPs (as shown in Fig. 1.7(b)), and found that quantum tunneling become the dominant effect when the
space between the two tips was reduced to 0.3 nm, which is highly consistent with the calculations based
on QCM’®. Scholl et al. also proved the quantum tunneling effect in the dimers and trimers formed by
silver nanospheres with the help of transmission electron microscope (TEM) and electron energy loss
spectroscopy (EELS)®* 7. So far, numerous similar experimental and theoretical studies have clarified
the influence of quantum tunneling effects on resonance wavelength of plasmonic nanocavities.
Specifically, the tunneling current will short circuit the coupling between metallic NPs, thus leading to
the transition from bonding dipolar plasmon (BDP) mode to charge transfer plasmon (CTP) mode, and

large reduction of the local field inside the nanocavities.
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Apart from coupled NPs with vacuum gap, molecular self-assembly method (SAM) is usually employed
in the preparation of plasmonic nanocavities with sub-nanometer gaps. Under this circumstance,
electrons would tunnel through the molecular junctions between metallic nanostructures, which is more
sophisticated than that through vacuum gap. On the one hand, the charge transfer mechanism has been
extensively studied in the metal-molecule-metal nanojunctions under an applied direct current (DC) bias.
Back in 2004, Kushmerick et al. studied the resonant charge transport in the metal-molecule-metal
nanojunctions under applied bias, which indicates the strong coupling between tunneling charge carriers
and the longitudinal vibration mode of molecules®®. Subsequently, together with the electronic structures
of metal-molecule-metal junctions, Kim ef al. investigated the influence of metal work function, surface
anchoring groups and molecular length on molecular tunneling process®!. On the other hand, plasmonic
nanocavities with molecular junctions offer a solution to the mechanism of charge transport through
molecular junctions at optical frequencies. The representative work is the EELS study on the plasmon
resonances of the plasmonic nanocavity formed by silver NP dimer with the monolayer molecular
junctions. The results indicate that charge transport can take place at a relatively large gap distance by
means of molecular frontier orbital. The CTP mode also appears within the Ag-molecule-Ag

nanojunctions as a result of the quantum tunneling effect®

. Gonzélez et al. conducted a systematic study
on the relationship between optical properties of the molecule-bridged dimer nanocavity and its
molecular conductance based on QCM, and derived the threshold molecular conductance under the
generation of CTP mode®® (Fig. 1.7 (c, d)). In addition to NP dimers, MPoFNs and Au core-molecule-
shell nanostructures are also employed to investigate charge transport across molecular junctions. In this

respect, both theoretical and experimental studies were conducted on the higher order CTP mode induced

by quantum tunneling effect in the MPoFN and its influence on Fano resonance®®. Besides, a type of hot
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electron-mediated resonant charge transfer process was also proposed in Au core-molecule-shell

nanostructures with the help of SERS®’.
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Figure 1.7 Quantum tunneling and charge transport in metallic nanostructures. (a) Investigation of the material properties of
a metallic dimer using both classical and quantum models””. Schematics of a metallic dimer formed by two spherical NPs
with gap width D under (i) CEM, (ii) QM and (iii) QCM. The schematics demonstrate the change of the dielectric characters
of the materials at the boundaries of the dimers. The joint sketches show the corresponding absolute value of the conductivity
o (i, iii) and electron density distribution |¥|? (ii). Within the classical regime (i), the conductivity is different from zero
only inside the nanospheres and no electron transfer can occur between the NPs (electron tunneling probability T =0).In a
fully quantum mechanical treatment (ii), the electron densities in the gap is non-zero for small D and electron can transfer
between the NPs (T > 0). In the QCM (iii), the electron tunneling is accounted for by describing the material in the junction
with a fictitious dielectric medium (illustrated by a shaded red color) characterized by a local dielectric permittivity
e(l(x,y), w) that depends only on the local width [(x,y) of the junction and the NP material at both sides. (b) (i), Scheme
for simultaneous optical and electrical measurements of plasmonic cavity formed between two Au-coated tips, shown in dark-
field microscope images (ii) and false-color scanning electron microscope image (iii) of a typical tip, end radius R =150 nm.
(iv), Selected experimental spectra from the last 1 nm to contact, shown vertically shifted”®. (c) (i) Schematic illustration of

the PCC®. A nanoshell dimer connected by a cylindrical conductor of radius @ and internal length d. The radius of the
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silica core is R;,; = 45 nm, the outer gold surface R.y; = 55 nm. k is the wavevector of the incident EM wave. (ii)
Extinction spectra of a PCC for a =2 nm as a function of junction conductance. Insets illustrate the charge distributions for
the BDP and the CTP. (iii) Near-field maps at the resonance wavelengths for some of the systems in (ii): BDP at 4 = 840
nm (top); SBDP at 4 =790 nm (middle); CTP at 4 =2940 nm (bottom). (d) (i-iii) Quantum plasmonic tunnel junctions. (i)
Schematic illustration of the molecular tunnel junctions made of silver nanocube dimers connected by a SAM on an electron-
transparent silicon nitride membrane. The contactless electron nanoprobe was placed near the functionalized silver NPs to
excite and measure the surface plasmons of individual dimers. (ii) The distance between two adjacent NPs is defined by the
thickness of the SAMs of EDT or BDT. (iii) A schematic energy-level diagram of the junctions. (iv-v) Direct observation of
quantum tunneling between plasmon nanostructures. (iv) A high-resolution TEM image of the molecular junctions and
histograms of the gap sizes. (v) Two examples of measured EELS spectra with the occurrence of quantum tunneling directly
observed by the tCTP peak and quantum-corrected simulations of the extinction spectra, confirming the identification of the

peaks®.

1.5 Two-Photon Photoluminescence in Metallic Nanostructures

In the past few decades, exploring nonlinear optical properties in metallic nanostructures has also
become a research hotspot in the field of plasmonics. In this context, plasmon-mediated nonlinear optical
responses including second-harmonic generation (SHG), third-harmonic generation (THG), four-wave
mixing (FWM) and two-photon photoluminescence (TPL) were widely investigated in different

plasmonic nanostructures®®-*°,

As one of the nonlinear optical phenomena, TPL occurs by absorbing two low energy photons with short-
lived intermediate states. After excitation process, the fluorophore relaxes to the lowest energy level of
the first excited electronic states through vibrational processes, followed by the subsequent fluorescence

emission process (as schematically and experimentally demonstrated in Fig. 1.8 (a, b)). In addition, TPL
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is a third-order nonlinear phenomenon and scales quadratically with the intensity of the incident light
wave’!. Therefore, TPL is very sensitive to plasmon resonance in metallic nanostructures. Previous
studies have indicated that Au nanosphere usually exhibits weak TPL response due to its small two-
photon absorption cross section as well as low emission quantum yield. While anisotropic Au nanorod

exhibits strong TPL emission due to the lightening rod effect® 3.

Recently, coupled nanostructures (aggregated metal NPs) are well-known for generating strong TPL3":
9495 which can be applied in two-photon bio-sensing and bio-imaging®® °7. The observed strong TPL
can be attributed to local field enhancement resulting from the longitudinal plasmon resonance of these
nanostructures at the wavelength range coinciding with the excitation wavelength. Besides, recent study
shows that TPL intensity of Au NP clusters significantly rises from monomer to linear trimer, which
results from strong interaction between TPL and longitudinal plasmon resonance modes of Au clusters.
Moreover, the TPL spectra of these single Au nanosphere clusters behave similarly as their
corresponding scattering spectra, indicating strong correlation between their TPL and plasmon
resonance”® (Fig. 1.8(c, d)). Up to now, various approaches have been employed to explore TPL

mechanisms within plasmonic nanostructures, including two-pulse emission modulation (TPEM) and

pump-probe measurements”’.
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Figure 1.8 (a) Jablonski diagrams of two-photon photoluminescence (TPL), which occurs when fluorophores are excited
from the ground state to the first electronic states!?. (b) Experimental illustration of TPL!'?!. Because of the quadratic
relationship between the excitation intensity and fluorescence emission, light is emitted only at the focal point of the focused
laser beam. (c) SEM image and statistics of relative TPL emission intensity of Au NS monomers, dimers, and linear trimers®®.
(d) TEM image and TPL spectra of 55 nm Au NSs under different concentrations of poly(diallyldimethylammonium chloride)

(PDDA)*,
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Chapter 2 Plasmonic Nanostructure Fabrication and

Characterization

2.1 Preparation of Graphene-Sandwiched Plasmonic Metal Particle-on-

Film Nanocavities (MPoFNs)

To fabricate graphene-coupled MPoFNs, a gold mirror is needed. Here, thermal evaporation procedure
of Au film was schematically shown in Fig. 2.1(a). The source (bulk Au) in crucible was heated in high
vacuum chamber (10”7 Torr level), vaporized and eventually reached the substrate (silicon wafer) to form
Au thin layer. The evaporation rate and vacuum level mainly determines the roughness of the Au film.
While the thickness of Au film was tuned by changing the exposure time of the substrate to the source.
Figure 2.1(b) demonstrates AFM characterization of Au thin film (about 100 nm thickness) which was
prepared by thermal evaporation on a silicon wafer at a deposition rate of ~ 1 A/s. Besides, electron
beam (E-beam) evaporation is another gold film evaporation approach, in which the resistive heating

filament is replaced with an electron gun which emits high-energy electron beam.
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Figure 2.1 (a) Schematic of thermal evaporation of gold film. (b) Atomic force microscope characterizations of Au TF

prepared via above approach. The root-mean-square (RMS) roughness was determined to be 0.9 nm, and gold deposition rate

is 1 Ass.

To further reduce roughness of the prepared Au TF, template stripping method'?? was investigated and
widely applied to form the well-defined plasmonic nanocavities. Figure 2.2 is the flow chart of the whole
process in Au TF preparation. Briefly, a gold thin layer was deposited on a silicon wafer by E-beam
evaporation, then glued to glass slides using UV sensitive adhesive (Norland Optical Adhesive 61,
Norland Products), then the adhesive was cured by about 30 minutes under UV light exposure. After

peeling off the film from silicon wafer, we could obtain a fresh Au TF with ultrasmooth surface.
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Figure 2.2 Schematic of the template stripping method employed to prepare ultrasmooth gold film.

After the preparation of smooth Au TF, large-area graphene flakes with various number of layers were
grown on a copper substrate by chemical vapor deposition. The copper substrate was then spin-coated
with poly (methyl methacrylate) (PMMA) at 3000 revolutions per second (rps). The copper substrate
(with PMMA-covered graphene flakes) was then put into a 10% FeCl, solution for 2 h. After the
dissolution of copper, the remaining PMMA/graphene film was transferred onto the Au TF. The whole
sample was then kept in acetone for 2 h for dissolving the PMMA layer. Colloidal Au NSs of 80 nm
diameter (NanoSeedz) were stabilized in an aqueous solution of cetyltrimethylammonium bromide
(CTAB). The Au NSs were washed twice by centrifugation, before being re-dispersed in H-O and drop-
casted on the graphene/Au TF sample and subsequently dried in air at room temperature to produce

graphene-sandwiched MPoFNs. The whole process is schematically shown in Fig. 2.3.
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Figure 2.3 Flow chart of preparation for graphene-sandwiched MPoFNs.

2.2 Synthesis of Gold Sphere Plasmonic Nanomatryoshkas (GSPNs)

The 20 nm Au cores were firstly synthesized by the seed-mediated method. The obtained
cetyltrimethylammonium chloride (CTAC)-capped Au cores were washed once and re-dispersed in water.
The molecule powder was dissolved in ethanol. Then 50 pL of molecule ethanol solution (1 mM) were
slowly added to the 1 mL of Au core (1 nM) colloids under vigorous ultra-sonication. The mixtures were
then incubated for different time durations of 0.5, 3, and 9 hours, for samples with 1,4-benzenedithiol
(BDT), 4,4’-biphenyldithiol (BPDT), and 4,4’-terpheyldithiol (TPDT) molecules, respectively. After
that, the molecule-modified Au cores were centrifuged and washed by water to remove excess molecules.
The Au core-shell NPs were prepared by adding 190 uL of molecule-modified core colloids into the
aqueous mixture of 4 mL CTAC solution (0.1 M), 200 uL of ascorbic acid (0.04 M), and 200 uL of
HAuCls (4.86 mM). Finally, the obtained GSPNs were washed and kept in CTAC solution (0.08 nM)

(Fig. 2.4).
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Then, these synthesized GSPNs with varied molecular nanojunctions were washed by centrifugation and
then re-dispersed in H,O before drop-casting onto the glass substrate and subsequently dried in air at
room temperature to do the optical characterization'®. The refractive indices of the BDT and BPDT
(TPDT) molecular layers were quantified as 1.59 and 1.65 (1.65), respectively, by fitting experimental

and calculated shifts of plasmon resonance of the NPs using the least squares method!'®.
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Figure 2.4 Schematic of the synthesis process for gold sphere plasmonic nanomatryoshkas (GSPNs).

2.3 Synthesis of Molecule-Decorated Au NPs

The Au NSs were synthesized using a reported method!'® with diameters about 88.6 nm. All Raman

molecule powders were dissolved in ethanol. Then a certain volume (500-1000 pL) of 5 mM BDT;
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BPDT; biphenyl-4-thiol (B4T) and 4-methylbenzenethiol (MBT) molecules solution were slowly added
to the 5 mL Au NS (0.01 nM) solution under vigorous ultrasonication for 30 minutes, respectively. The

mixtures were then thoroughly washed by water and finally dispersed in CTAC (5 mM) aqueous solution.

2.4 Synthesis of Photoswitchable Molecule-Sandwiched MPoFNs

I have prepared a type of particle-on-film nanocavities by linking Au NSs on the Au TF with a self-
assembled monolayer (SAM) of host-guest molecular complex. Ultrasmooth Au TF was fabricated via
template stripping method (see Fig. 2.2). Then the thio- 3 -cyclodextrin (thio-3-CD) (host) and
diarylethene (1,2-Bis[2-methylbenzo[b]thiophen-3-yl]-3,3,4,4,5,5-hexafluoro-1-cyclopentene) (guest)
molecules were both dissolved in dimethylformamide (DMF) with concentration of 5.66x10™* M. Next,
two of the target molecules were mixed together, followed by sonication for several minutes to

encapsulate the diarylethene molecule in thio-3-CD cavity.

The Au TF was functionalized with a SAM of the host-guest molecules by simply immersing the film in
the solution for overnight, followed by rinsing with DI water and blow-drying with high-purity nitrogen.
Finally, the CTAB-capped Au NSs with about 80 nm diameter was drop-cast on the functionalized Au
TF. After keeping the drops of NP solution on the film for several minutes, the sample was blow-dried

with nitrogen flow to remove additional solution and therefore avoid unwanted aggregation of NPs.
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2.5 Ultraviolet-Visible (UV-Vis) Spectroscopy

Ultraviolet-visible (UV-Vis) absorption spectroscopy is a type of spectroscopy that measures the
absorbance of light after it passes through an analyte (solid or solution) at a certain wavelength. The
light source of the UV-Vis spectrophotometer (as schematically shown in Fig. 2.5) covers UV to visible
frequencies of EM spectrum, which is able to influence the excitation of electrons from the atomic or
molecular ground state to higher energy levels and results in an absorbance at wavelengths specific to

each molecule.

When the incident light passes through an analyte with a specific path length, part of the light is absorbed
and the remainder transmits through it. Therefore, the absorbance of a sample can be defined as A =
—log(T), T =1/1,, where transmittance T is the ratio of the transmitted light intensity I to the
incident light intensity [, at the particular wavelength. In addition, from Beer-Lambert Law the
absorbance of a sample can be written as A = &€-L-c, where € and c¢ are the absorptivity and
concentration of the sample, respectively; L is the distance of the light travels through the sample. As
both € and L are constant, A is proportional to c, i.e. A & c. Based on above analyses, quantitative

determination of the analyte can also be carried out via UV-Vis spectroscopy.

Moreover, as extinction spectrum reveals the electronic transition and absorption band of the compounds
under EM wave continuous spectrum illumination, UV-Vis spectroscopy is normally used to investigate
the optical resonance of Au colloids. Inset in Fig. 2.5 illustrates the typical measured extinction spectrum

of 60 nm Au nanospheres solution, which exhibits a broad band and the peaks at 538.5 nm.
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Figure 2.5 A schematic diagram of double-beam UV-Vis spectrophotometer: The light source is generally a tungsten lamp

for the visible region of the spectrum, and a deuterium or hydrogen lamp for UV wavelengths. Then the monochromator can
produce a beam of monochromatic illumination from incident light by either a prism or diffraction grating based dispersion
system. After that, a beam of radiation from a monochromator is split into two separate beams before reaching to the sample
and reference cell with about 1 cm thickness. Lastly, the two half beams passed through the detector (usually photomultiplier,

silicon diode and the diode array). Inset shows the measured extinction spectrum of 60 nm Au nanospheres solution.

2.6 Single-Particle Dark-Field Spectroscopy

In the last decades, there is a great interest in studying dark-field microscopy of various nanostructures.
Due to the high signal-to-noise ratio and contrast of dark-field microscopy, a bunch of researches
regarding live biological samples and optical scattering properties of Au NPs are becoming promising

topics. The main difference between dark- and bright-field microscopy lies in the illumination part, in
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which central incident beam is blocked and focused by condenser lens, leading to outer ring of
illumination within dark-field microscopy. While for bright-field illumination light source direct goes to
sample after being focused by objective lens. Specifically, when investigating linear scattering characters
of individual Au NPs, it is critical to collect only the signal from Au NPs and exclude scattering from
nearby nanostructures or the substrate. Figure 2.6 illustrates two types of dark-field illumination
configurations (reflection (a) and transmission (b)). Firstly, center of the lamp source was blocked such
that the Au NPs were illuminated by the incident light at high angles. Then the non-interaction light
would keep the same high angles as it either reflects or transmits on the Au NPs. While the scattered

light will be collected by objective and finally reach to the detector (CCD camera).

In my single-particle dark-field imaging and spectroscopy, a customized Olympus BXS51 upright
microscope paired with a 100x dark-field objective (LMPlanFLN-BD, NA=0.8) was utilized to focus
white-light beam from an incandescent lamp onto the sample plane. Scattered light was collected through
the same objective and analyzed with an imaging spectrometer (Acton SP2300, Princeton Instruments)
equipped with a gray CCD camera (PIXIS: 400BR eXcelon, Princeton Instruments). Moreover, this
system could combine with the oblique illumination module to realize polarized excitations on individual

Au NPs.
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Figure 2.6 Schematic illustration of (a) reflected and (b) transmitted dark-field microscopy. The incident light hits the

substrate at high enough angles such that the collective objective cannot capture any non-diffracted light.

2.7 Raman Spectroscopy

Raman and SERS spectroscopy were collected with a WITec alpha300 M+ confocal Raman microscope
(WITec GmbH) equipped with a 633 nm He—Ne gas laser (Fig. 2.7). The incident laser power was fixed
at 3 mW for graphene Raman and 0.3 mW in the SERS measurements, in order to suppress laser-induced
thermal effects or photodamages. A diffraction-limited spot size of ~ 340 nm in radius was obtained for
the incoming 633 nm laser beam through a 100x objective (NA = 0.90). Raman scattered light was
dispersed by a high-resolution grating of 300 grooves/mm and then analyzed by a 600 mm focal length

spectrometer (UHTS 600).
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Figure 2.7 Experimental setup for the confocal Raman microscopy.

2.8 Confocal Nonlinear Optical Spectroscopy

TPL emissions from individual nanomatryoshkas are tested on a commercial laser scanning confocal
microscope system (TCS SP8, Leica) combined with a mode-locked Ti:sapphire femtosecond laser (Mai
Tai HP, Spectra-Physics). The pulse duration and repetition rate of the femtosecond laser is about 100 fs
and 80 MHz, respectively. The laser beam is tightly focused by a dry 100x objective with a high NA of
0.95. The scanning of the laser beam at the focal plane is controlled by the scan field rotation module.

After continuous scanning over the sample, TPL emission signals are detected by a HyD detector.
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Chapter 3 Passive Control of Light Scattering and
Raman Enhancement in Graphene-Sandwiched

Plasmonic Metal Particle-on-Film Nanocavities

(MPoFNs): Spatial Nonlocality Effect

There is growing interest in studying light—matter interactions at the nanoscale in recent years. One of
the important themes in this research field is to investigate light localization in MPoFNs, which can
confine light into the small gap area and lead to field enhancements by several orders of magnitude!! 1%,
Such a highly-localized light in the gap region enables strong light—matter interaction, thus reflecting
fundamental properties of individual plasmonic junctions*: 197 1% According to the classical EM theory,
which is interrogated by a local model, reducing gap size in MPoFNs would eventually result in a
continuous increase of near-field enhancements and red-shift of plasmonic modes*> > 1%, However,
when the gap width approaches nanometer or even sub-nanometer level, quantum mechanical effects
including spatial nonlocality and electron tunneling gradually appear and change the far- and near-field
optical response of MPoFNs!! !l Previous studies indicate that the charge spill-out of electrons leads
to quantum tunneling at extremely small gaps between metallic NPs. Above the quantum tunneling scale,
spatial nonlocality plays a major part in the optical properties of the metallic NPs. As one of the quantum
mechanical effects, spatial nonlocality can be interpreted under the theoretical framework of surface
screening’® 12114 Different models such as the non-retarded specular reflection model and retarded

hydrodynamic model were employed to describe the conduction electron movement at sub-nanometer

gaps™ 2. Among them, the most common approach applied to describe spatial nonlocality is the nonlocal
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hydrodynamic (NLHD) model (as mentioned in Section 1.4.2) resulting from its high precision and easy
implantation with commercially numerical codes®® %7374 In this model, the movement of free electrons
is not defined solely by the local field at a specific point, but by the integration of the adjacent electric
field. Therefore, NLHD model can well predict the observed blue-shift of plasmon modes in contrast to

the classical local model, which is the result of surface charge thickening®”> !5

As stated above, quantum mechanical effects, such as spatial nonlocality and electron tunneling, in both
far- and near-field optical properties of PNSs have been observed and analyzed>’- 78 82 116. 117 "I the far-
field regime, dark-field scattering spectroscopy at single NP level has been used to investigate the spatial
nonlocality-induced red-shift saturation of plasmon resonance with reducing the thickness of molecular
spacer between Au TF and Au nanosphere®’ and also the electron tunneling-induced occurrence of a CTP
mode in a pair of gold-coated AFM tips with sub-nanometer gaps’®; Meanwhile, EELS has been
employed to observe and analyze quantum plasmon resonances in small silver NPs with diameters down
to 1.7 nm'!® and also molecular nanojunction controlled tCTPs®. In the near-field regime, nonlinear
optical spectroscopy'!” and SERS*® 1% 119 have been taken as indirect approaches to study the influence
of those quantum mechanical phenomena quantitatively, especially the plasmonic near-field
enhancement limit, in different plasmonic nanostructures. In particular, SERS of graphene and two-
dimensional transition metal dichalcogenides (2-D TMDs) have been employed to investigate the spatial
nonlocality in rough silver films!!'® and calculate plasmonic near-field enhancement factors (EFs) in
MPoFNs!?. Specifically, the SERS intensities of both out-of-plane and in-plane lattice vibrations of
layered MoS; sandwiched in an MPoFN are used to explore the vertical and horizontal electric field
enhancements in plasmonic nanocavities: a significant quenching of the vertical local field enhancement,
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in comparison to the classical EM prediction, is observed when the layer number of MoS> decreases to

19 However, the horizontal electric field enhancement calculated from their measured SERS

monolayer
EFs is even larger than that under classical predictions, which leaves a question whether the opposite
variation trends of vertical and horizontal field components result from the wrinkles in the MoS: layer
or the relatively large thickness of monolayer MoS> (0.62 nm). Moreover, the MPoFNs with gap
distances defined by high-resolution TEM cross-sectional imaging are not correlated with that employed

in the dark-field scattering and SERS measurements, and no quantum calculations are carried out to fully

understand the far- and near-field properties of the MoS>-sandwiched MPoFNs.

Actually, the horizontal near-field enhancement in the MPoFNss is of equal importance as many distinct
optical phenomena, for example, plasmon—exciton couplings in monolayer TMD-sandwiched MPoFNs
are related with the horizontal electric field component as a consequence of the horizontal orientation of
bright exciton dipole moments in monolayer TMDs!?* 12! Additionally, the horizontal electric field
components in the MPoFNs also have a great influence on determining the plasmon-induced hot-carrier
generation efficiency at relatively large gap distances!??. Hence, there is a strong interest to study the
horizontal near-field enhancement limit of the MPoFNs with a proper methodology where the gap width
can be further decreased and TEM characterizations as well as optical spectroscopies can be exactly one-
to-one correlated. Besides, a comprehensive comparison between results from experimental
measurement and classical/quantum calculations for the same MPoFNs can further sharpen our
understanding of the near-field enhancement limits in different plasmonic nanocavities and their related

quantum mechanical origins.
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In this Chapter, layered graphene was employed as a spacer to separate the metallic NP and the
underlying Au TF in MPoFNs (as schematically shown in Fig. 3.1 (a, b)) and SERS spectroscopy of
graphene was also used to indirectly explore the quantum mechanical limit of the horizontal near-field
component enhancement within the sub-nanometer gap area. Graphene is a 2-D honeycomb lattice of
carbon and exhibits two prominent peaks (G and 2D) in Raman spectrum. The measured SERS
intensities of these two major Raman vibrational modes of layered graphene correspond respectively to
a primary in-plane vibration mode and a second-order overtone of another in-plane vibration'?*, are
analyzed as a function of graphene layer number as it varies from one to four. Therefore, there is a
possibility to study the influence of quantum mechanical effects on in-plane local field enhancements
by measuring the SERS EFs of these two in-plane vibrational modes as the gap width reaches the sub-
nanometer level. In addition, I conducted correlated TEM imaging and optical spectroscopies exactly on
the same MPoFNs. Together with both classical local and quantum nonlocal calculations, it was
demonstrated that the SERS EFs of the in-plane vibrational modes of layered graphene are distinctly
affected by the spatial nonlocality, enabling further quantitative investigation of the light—graphene

interaction in the range from visible to near-infrared frequencies'**.

3.1 Gap Widths Characterization on Graphene-Sandwiched MPoFNs

In my experiment, high-resolution TEM cross-sectional imaging was employed to precisely define the
Au NS—Au TF gap distances of these graphene-sandwiched nanocavities. Figure 3.1(c) and (e) illustrate
the TEM cross-sectional image of a SLG-sandwiched MPoFN and the corresponding average count
profile in a local region (enclosed in the white box of Fig. 3.1(c)) across the gap, respectively. Firstly,

the average count profile in Fig. 3.1(e) shows two predominant peaks, as denoted by two vertical red
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lines, which correspond to the edges of the graphene layer (see horizontal red lines in Fig. 3.1(c)). Then,
the thickness of the SLG can be estimated to be 0.37 nm, which is close to the theoretical value (0.34
nm). Secondly, Figure 3.1(e) also indicates that the prominent count peaks are not very sharp, suggesting
the appearance of transition areas between the SLG and the Au NS or the Au TF. Such transition areas
originate from air gaps between the layered graphene and the metals (both Au NS and Au TF).
Emergence of the metal—graphene air gaps results from several factors such as the surface roughness of

125, 126, and

Au TF (as shown in Fig. 3.1(c)), the van der Waals force relaxed metal—graphene distances
the ripples of the layered graphene. It should be stressed that these air gaps are important for the
plasmonic response of each MPoFN as both the resonance wavelength and near-field properties of the
nanocavity are extremely sensitive to the Au NS—Au TF gap distance, especially when the possible
quantum effects were considered within such small gap regions. Hence, I define the graphene—NP air
gap width from Fig. 3.1(e) as the distance between the top edge of the graphene layer (as denoted by left
vertical red line) and the bottom edge of the Au NS (as denoted by the left vertical yellow line). Similarly,
the graphene—Au TF air gap width is the distance between the bottom edge of the graphene layer (as
denoted by the right vertical red line) and the top edge of the Au TF (as denoted by the right vertical
yellow line). Note that the edges of both Au NS and Au TF were chosen at about half position of the
transition areas between graphene and metals. Therefore, the total size of the air gap which is measured
from the TEM characterization results is the summation of the sizes of these two air gaps. According to
this method, the total air gap sizes in the SLG- (Fig. 3.1(c) and (e)), 2LG-, and 4LG- (Fig. 3.1(d) and (f))
sandwiched MPoFNs are estimated as 0.22, 0.19, and 0.25 nm, respectively. Since the best resolution of

the TEM is around 0.1 nm, it is assumed the total size of the local air gap is identical for all the MPoFNs,

1.e. 0.2 nm. Note that this air gap is only determined within a local area.
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Figure 3.1 (a, b) Schematics of a monolayer graphene (a) and SLG-sandwiched MPoFN (b) deposited on Au TF under an
oblique p-polarized incidence. (c, d) High-resolution TEM cross-sectional images of an SLG- (c¢) and 4LG- (d) sandwiched
MPoFN. The white box encloses a local region across the gap, while the red and yellow lines denote the edges of the graphene
layer and the metals, respectively. (e, f) Average count profile of SLG- (¢) and 4LG- (f) sandwiched MPoFN across the local
region enclosed in the white box in (c) and (d) respectively. The vertical red and yellow lines mark the positions of the edges

of the graphene layer and the metals, respectively.

3.2 Far- and Near-Field Spectroscopies of Graphene-Sandwiched
MPoFNs

To investigate the far-field optical properties of the graphene-sandwiched MPoFNs, I used a standard
dark-field optical microscope equipped with an unpolarized light source to measure the single-particle
scattering spectra of those plasmonic nanocavities. The light beam is tightly focused on the sample plane
via a 100x dry objective (NA = 0.8), which generates, apart from the in-plane field component, a large
amount of out-of-plane electric field components. As a consequence, both the transverse and vertical
mode of the MPoFNs can be effectively excited. According to the scattering spectra illustrated in Fig.

3.2(a), two major scattering peaks can be observed. The short-wavelength scattering peak occurs in the
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range from 530 to 540 nm, which is the horizontal plasmon resonance mode of the MPoFN and therefore
insensitive to the change of gap distance. While the long resonance mode originates from the vertical
gap mode with a much stronger scattering intensity, which significantly blue-shifts with increasing the
graphene layer number (i.e., as the gap width increases) and matches well with previous reports!?: 127-

130 To be more specific, the resonance mode blue-shifts from about 670 nm to 600 nm with the graphene

layer number varying from SLG to 4LG.

As discussed above, the air-gap width obtained from the TEM imaging is for a local region much smaller
than the effective interaction region between the NP and the Au TF. Besides, the Au TF prepared by
thermal evaporation has a RMS surface roughness of around 0.9 nm as measured by AFM mapping (see
Fig. 2.1(b)). Based on these two factors, I determined the average air-gap size (d,;i;) in the effective
interaction region to be the summation of the local air-gap width (0.2 nm) and an additional thickness of
0.5-RMS, i.e., duir =0.2 nm + 0.5:0.9 nm = 0.65 nm. Following this approach, the total effective gap
width (d) in each MPoFN is expressed as dg, + d,ir, where dg,. = N-0.34 nm is the thickness of N-
layer graphene. Consequently, the maximum and minimum effective gap widths in the graphene-coupled
MPoFNs are around 2 nm (for the 4LG-coupled nanocavity) and 1 nm (for the SLG-coupled nanocavity),
respectively. It is expected that, at such a length scale (1 nm < d < 2 nm), the nonlocal screening effect
greatly influences both the far- and near-field optical responses of the plasmonic nanostructures. To
prove this, I calculated the scattering spectra for the four graphene-sandwiched MPoFNs by employing
both classical local and quantum nonlocal models implemented in a commercial numerical software,
COMSOL Multiphysics. In the simulations, a transverse magnetic (TM) polarized plane wave was
incident on the nanostructures at an angle of 53°, and NLHD model was employed to calculate the
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nonlocal screening effect (as shown in Section 1.4.2). However, direct solving the coupled equations
(Eq. (1.2) and Eq. (1.3)) for a large-scale plasmonic nanostructures in COMSOL such as a MPoFN
always occupies enormous memory and is therefore very time-consuming. To overcome this issue
efficiently, I used the dielectric-layer model'®!: 132, where the nonlocality is interpreted as an inward shift
of the metal—dielectric boundary; namely, a thin layer of metal is substituted with a dielectric material
with a suitable calculated dielectric function &q. Then the thickness of dielectric layer Ad can be

determined via the following expression:

Ad = £4(Em—éb) (3.1)

€pEmkL,

Where ¢, is the dielectric constant of the background, and k;, is the longitudinal plasmon normal wave

vector, which is inversely proportional to the decaying length of the surface charges.

(a) 633 nm laser line (b)
LG l —_ = SLG (Local)
1.0+ 5 —— 121G (Local)
L © ——3LG (Local)
- ———4LG (Local)
0.5+ l %‘ = = =SLG (Nonlocal)
L E = = =2LG (Nonlocal)
- T
- onlocal
1.04—3LG E’
o 0.54 | 8
= (]
3 ] [
& 0.0 500 600 700 800 900
g 1.04—2LG ( ) Wavelength (nm)
ﬁ | c 700
E 054 | = Local model (Sim)
zo | ' . 6804 === Nonlocal model (Sim)
0.04 ) E o0 —— Experiment
1.04=™SLG ! Vertical mode g
c
1 Horizontal mode l % 6401
0.5+ T 2
] = 6204
0.04 |
T v T T T d T 600
500 600 700 800

T T T T
1 2 3 4

Wavelength (nm) Graphene layer

Figure 3.2 (a) Measured scattering spectra of graphene-sandwiched MPoFNs with the graphene layer number varied from

one to four. (b) Calculated classical local and nonlocal scattering spectra of the graphene-sandwiched MPoFNss. (c¢) Calculated
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and measured resonance wavelength of the vertical gap mode as a function of graphene layer number. The simulations were

carried out under both classical local and quantum nonlocal models.

Figure 3.2(b) demonstrates the simulated local and nonlocal scattering spectra for the four graphene-
coupled MPoFNs. One can see that the vertical gap mode for each graphene-coupled MPoFN is clearly
blue-shifted through the nonlocal screening effect. This blue-shift can be directly understood as a
consequence of an increased effective gap width due to the centroid displacement of the conduction
charge density inward towards the metal surface from the geometry boundary in the gap area in which
the Au NS and the Au TF have the strongest interaction. Nevertheless, the increased effective gap width
has no significant impact on the transverse plasmon resonance mode since this mode is intrinsically
insensitive to the gap width as mentioned above. Furthermore, the blue-shift of the gap mode in contrast
to the classical local prediction reduces as the total effective gap width increases when more layers of
graphene was sandwiched in the MPoFN, which has been both theoretically predicted'*® and

experimentally proved'** in plasmonic NP dimers with similar gap distances.

In Fig. 3.2(c), the measured and simulated plasmon resonance wavelengths were compared for the
vertical gap mode. It is as expected that the resonance wavelength calculated by the nonlocal model
blue-shifts compared to that by the classical local model for each graphene-sandwiched MPoFN. The
error bars demonstrate standard deviations of the measured resonance wavelengths for the four
graphene-sandwiched MPoFNs. Explicitly, Figure 3.2(c) indicates that the resonance wavelengths of the
vertical gap mode calculated by the nonlocal model agree much better with the measured results than
those calculated from the classical local model. The disparity between the measured and nonlocal results
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is acceptable because it is impossible to assure that all the parameters used in the calculations are exactly
the same as those of the prepared samples. First and foremost, the total gap width of MPoFN used in
each calculation inevitably have a certain amount of discrepancy from that for the corresponding real
sample, which is due to the fact that surface roughness of Au TF and the local morphologies of Au NSs
lead to varied gap distances at different regions. Besides, the sizes of the Au NSs have fluctuation around
40 nm, which is verified by the TEM characterization of different graphene-sandwiched MPoFNs (as
shown in Fig. 3.3). Finally, the current modeling of the anisotropic dielectric characters of graphene (see
Eq. (A.1) and Eq. (A.2)) may be too ideal to accurately describe the dielectric responses of graphene at
visible frequencies. As seen from Eq. (A.1), the in-plane dielectric constant of the layered graphene
largely depends on the surface conductivity, which in turn is determined by several inherent physical
parameters of graphene as seen from Eq. (A.2), including Fermi energy, Fermi velocity, carrier relaxation
lifetime and mobility. Nonetheless, after calculating the scattering spectra of the SLG-sandwiched
MPoFN with different carrier mobilities and/or Fermi energy of graphene sheet (see Fig. 3.4), it is found
that the scattering properties of the plasmonic nanocavity are insensitive to the in-plane dielectric
constant of graphene. While the resonance wavelength of the gap mode clearly red-shifts (as shown in
Fig. 3.4) when the out-of-plane dielectric constant of graphene was increased from 1.0 to 2.5. Even so,
the nonlocal calculations have revealed the fundamental mechanisms of nonlocal screening in affecting

the far-field optical property of the graphene-coupled MPoFNss.
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Figure 3.3 High-resolution TEM cross-sectional images of (a, b) 1LG- and (c, d, ¢) 4LG-, 5LG-, 6LG-coupled MPoFNs.
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Figure 3.4 Simulated far-field scattering spectra (53° excitation) of an SLG-sandwiched MPoFN with varied carrier mobility

(1), Fermi energy (Ep) and out-of-plane permittivity (&, ) of the graphene by the classical local model.

Except for the prominent influence in the far-field optical properties, the nonlocal screening effect also
leads to an ultimate limit to the near-field enhancement and confinement within the small gap area of

the MPoFNs. As mentioned above, SERS is a powerful tool that has been recently employed to
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investigate the quantum effects on the plasmonic near-field EFs of different plasmonic nanostructures.
In graphene-sandwiched MPoFNs, Raman scattering of the graphene layers can be largely enhanced by
the strong local near-field intensity induced in the gap area. In the experiment, SERS intensities of both
G and 2D bands were measured for the four graphene-sandwiched MPoFNs under 633 nm continuous
wave (CW) laser excitation. The incident laser beam with a linear polarization is tightly focused onto
the sample plane via a 100x objective lens (NA = 0.9), and the laser power is set as 0.3 mW to avoid
probable photodamage to the plasmonic nanocavities or unwanted nonlinear optical effects within the
local gap area. Note that here the Raman spectra of graphene were obtained under 3 mW power of the
same laser and then scaled down by 10 times to make a comparison with the SERS spectra of the
graphene-coupled MPoFNs. The reason for this treatment is that the Raman emissions of layered
graphene under 0.3 mW laser irradiation are too weak for the Raman measurement. This treatment has
been proved to be reasonable by observing a linear relationship between the incident laser power and
Raman intensity of a pristine graphene (as illustrated in Fig. A1), although it causes the disparity of the

noise between the SERS and Raman spectra.

Figures 3.5(a)—(d) demonstrate the SERS spectra (black line) of four graphene-sandwiched MPoFNs
and the corresponding Raman spectra (red line) of the same graphene layers on the bare Au TF. Evidently,
both the G and 2D band Raman peaks are largely enhanced due to the existence of the MPoFNs. Besides,
structure-correlated dark-field scattering imaging and spectroscopy are also conducted on the same
plasmonic nanocavities before and after the SERS measurements. The dark-field images as well as the

scattering spectra collected before and after the SERS measurements are identical to each other,
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indicating no perceivable photodamage caused by the CW laser irradiation (as shown in Fig. 3.6). Such

control experiments ensure the precision and consistence of the measured results.
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Figure 3.5 Raman spectra taken on (black) and off (red) each of the four MPoFNs with graphene layer number ranging from

SLG to 4LG. The integration time of signal for both Raman and SERS spectra was 10 s.
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Figure 3.6 Scattering spectra and dark-field images (see insets) of the same nanostructure as in Fig. 3.5 taken before and

after SERS measurements.

Moreover, I theoretically calculate the graphene layer dependence of SERS EFs in the four graphene-

sandwiched MPoFNs. Here, the SERS EF is defined as:

E_},*":II‘I_P.ﬂ (3.2)

Igr AsgRrs

where Iyp isthe SERS signal collected from the confocal region including a MPoFN. I;,. isthe Raman
signal collected from the graphene layer that is close to the MPoFN (to make sure the same graphene
quality and thereby the same inherent Raman response). A is the valid laser excitation region with a
spot size of around 340 nm in radius for the 633 nm laser, which corresponds to a 0.36 pm? spot region,
and Aggrs 1s the valid local field region of the plasmonic nanocavity, which is defined by:

Asgrs = TR (3.3)
where R denotes the effective radius of the in-plane near-field “hot spot” in each graphene-sandwiched

MPoFN and is attained from the calculated electric field distribution profile of each nanostructure. In
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my simulation, the SERS EF for each graphene-coupled MPoFN can be approximately defined by the

surface-averaged in-plane near-field EF with the following equation:

2

Ej(4in) 2

Ejo(4in)

Ej (Aout)
E||0 (Aout)

(3.4)

where |E" (Ain, Aout)| = ’|EX|2 + |Ey|2 is the amplitude of the overall in-plane near field at the

incident (outgoing) wavelength. |E||o(/11n, Aout)| = J |Exol? + |Ey0|2 denote the amplitude of the

corresponding background in-plane electric field. In the calculations, the near fields at the outgoing
wavelengths were acquired by setting the excitation wavelengths the same as the emission wavelengths
of the corresponding Raman scattering signals, that is, 704 nm and 760 nm for the G peak and the 2D
peak, respectively. To determine Ry, I have calculated the fraction of in-plane SERS EF according to

the following equation:

2
7p?|Ej(Ain)-EjoGin)| _|E||(lout)—E||o(lout)|2da

_ 0 | Ep@Gin || Ejo(Aout) |
filp) = — o (3.5)
o |Ej(Ain)~Ejo Gin)| |E1Gout)—Ejo(Aout) da
0| Ejo(4in) | Ejo(lout)

Note that in the calculations I employed 350 nm as an actual integral radius in the denominator of Eq.
(3.5). Figure 3.7 demonstrates the fraction of in-plane SERS EF as a function of integral radius p at the
middle plane of the SLG (a, ¢) and 4LG (b, d) calculated via the nonlocal model. It is seen that the
fraction saturates quickly with enlarging integral radius. Here I determine R when the fraction of in-
plane SERS EF reaches 99%, meaning that the corresponding gap area would contribute the total in-
plane near-field enhancement. The insets in Fig. 3.7(a) and (b) ((c) and (d)) illustrate the effective in-
plane electric field distribution profiles for the SLG- and 4LG-coupled MPoFNs in correspondence to
the G peak (2D peak). As shown by the profiles, the electric near fields within the SLG-coupled MPoFN
gap area are more tightly restricted than that in the gap areas including multilayer graphene sheets,

resulting in smaller R, when the gap width reduces. The fractions of in-plane SERS EF as a function
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of integral radius for 2LG- and 3LG-sandwiched MPoFNs and the corresponding effective in-plane

electric field distribution are illustrated in Fig. 3.8. The obtained values of R are then employed to

determine the surface-averaged in-plane near-field EF of each graphene-coupled MPoFN given by Eq.

(3.4) under both classical local and nonlocal regimes.

o
e

1.04

0.8+

0.6

Fraction

0.44

0.24

0.04

G peak

SLG

10000

8000

- 6000

4000

2000

(c)

20

40 60
Integral radius (nm)

80

1.04

0.8+

0.64

Fraction

0.4+

0.24

0.04

2D peak

SLG

10000

8000

6000

4000

2000

20

40 60
Integral radius (nm)

100

z

Fraction

(d)

Fraction

1.04

0.8+

0.6

0.44

G peak

4LG

20

40 60
Integral radius (nm)

80

0.84

0.64

0.44

0.24

0.04

2D peak

4LG

20

40 60
Integral radius (nm)

80

100

Figure 3.7 Fraction of in-plane SERS EF as a function of integral radius in the gap area of (a, ¢) SLG- and (b, d) 4LG-

sandwiched MPoFNs by the quantum nonlocal model. The insets in (a) and (b) demonstrate the effective in-plane electric

field distribution (under 633 nm excitation and emission at 704 nm, corresponding to the G peak) for the SLG- and 4LG-

sandwiched MPoFN, respectively. The insets in (c) and (d) demonstrate similar results to those in (a) and (b) (under 633 nm

excitation and emission at 760 nm, corresponding to the 2D peak) for the same MPoFNs. Numerically, a p-polarized plane

wave excites the graphene-sandwiched MPoFNs at an incident angle of 64°. The white dashed lines in the insets denote the

boundaries of the Au NSs and the underlying Au TFs.
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Figure 3.8 Fraction of in-plane SERS EF as a function of integral radius in the gap region of (a, ¢) 2LG- and (b, d) 3LG-
sandwiched MPoFNs by the quantum nonlocal model. The insets in (a) and (b) demonstrate the effective in-plane electric
field distribution (under 633 nm excitation and emission at 704 nm, corresponding to the G peak) for the 2LG- and 3LG-
sandwiched MPoFN, respectively. The insets in (¢) and (d) demonstrate similar results to those in (a) and (b) (under 633 nm
excitation and emission at 760 nm, corresponding to the 2D peak) for the same MPoFNs. Numerically, a p-polarized plane
wave excites the graphene-sandwiched MPoFNs at an incident angle of 64°. The white dashed lines in the insets denote the

boundaries of the Au NSs and the underlying Au TFs.

3.3 Observation of Horizontal Near-Field Enhancement Limit in

Graphene-Sandwiched MPoFNs

By calculating the corresponding R, values for the four graphene-sandwiched MPoFNs, both
experimental and simulated SERS EFs can be determined by Eq. (3.2) and Eq. (3.4), with results shown
in Fig. 3.9(a) and (b). Here the experimental results represent statistics of SERS EFs measured over

dozens of similar nanostructures for each graphene-sandwiched MPoFN (see Fig. A2). The error bars
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were attained from the standard error in Gauss fitting of the statistic EFs that can be seen in the zoomed-
in views in the insets of Fig. 3.9(a) and (b). Besides, the measured SERS EFs illustrated in Fig. 3.9(a)
and (b) are scaled up 20 times to better view the comparison to the simulated results. This is due to the
fact that the measured SERS EFs are approximately an order of magnitude smaller than the calculated
values because of the relatively low collection efficiencies during the SERS test. Clearly, Figure 3.9(a)
and (b) demonstrate that the variation of the measured SERS EFs for both the G and 2D bands as a
function of the graphene layer number shows a similar variation trend to that of the nonlocal calculations.
In sharp contrast, when the layer number of graphene sheet reduces, the calculated local SERS EFs for
both the G and 2D Raman bands increase much more rapid than the measured results. In particular, the
calculated local SERS EFs for both Raman bands in the SLG-sandwiched MPoFN exhibit a sharp rise,
which apparently deviates from the measured trends. Hence, it can be summarized that the in-plane near-
field EF of the graphene-coupled MPoFN is evidently attenuated by the spatial nonlocality eftect. In the
meanwhile, it is worth noting that the near-field enhancement has not reached saturation yet even in the
SLG-sandwiched MPoFN due to its relatively large gap distance. Further improvement in the preparation
of such graphene-sandwiched MPoFNs, for instance by using ultrasmooth Au TF, may be able to further
reduce the gap distance such that more prominent quantum effects including surface charge spill-out and

electron tunneling could be observed in both far-field scattering and near-field SERS measurements.
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Figure 3.9 Simulated and measured in-plane SERS EFs (a, b) as a function of graphene layer number. The SERS EFs for
both G and 2D bands of graphene sheets were calculated with Eq. (3.2) and Eq. (3.4). The measured SERS EFs are scaled up

20 times, and the error bars can be seen in the zoomed-in views in the insets.

3.4 Conclusion

To sum up, I have combined comprehensive theoretical calculations as well as far- and near-field optical
characterizations to explore the near-field enhancement limit in graphene-sandwiched MPoFNs. In
contrast to the classical local and quantum nonlocal simulation results, the measured SERS EFs clearly
disclose that the in-plane near-field enhancement is largely mitigated by the spatial nonlocality effect as
the gap distance reaches to the sub-nanometer level. Distinctively different from many previous studies,
I first performed rigorously correlated morphological characterizations and optical spectroscopies
exactly on the same graphene-coupled MPoFNss so as to avoid ambiguities caused by possible geometric
difference from structure to structure. In accordance with the predictions using quantum nonlocal model,
both near-field SERS EF and far-field plasmon resonance shift exhibit a quantum limit to the gap

distance of the MPoFNs. This work not only helps us deepen the understanding of the plasmonic
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response of nanocavities with sub-nanometer gaps but also is a step forward in exploring modulation of

plasmonic resonances in graphene-based nanophotonic devices.
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Chapter 4 Passive and Active Modulation of Light
Scattering and Raman Enhancement in Molecule-
Sandwiched Plasmonic Metal Particle-on-Film
Nanocavities (MPoFNs):  Molecular Charge

Transport

Plasmonic nanocavity with small gap distances can achieve strong light confinement and
enhancement'®>. Light being trapped into the gap region leads to the quantum mechanical effects when
the dimension between two metallic nanostructures further decreases. Specifically, plasmonic
nanocavity that consists of single metallic NP separated from metal film by a nanometer-thick spacer
(either a self-assembled molecular monolayer or a dielectric oxide layer) has attracted lots of attention

as this system provides a versatile platform for plasmon resonance tuning and hybridization?® 42 136139,

140-142

enhanced Raman scattering , nonlinear plasmonics'®, quantum plasmonics''” and so forth.

In this Chapter, I used MPoFNs embedded with two types of organic molecules and thoroughly
investigated the quantum charge transfer process under ambient conditions. Particularly, charge transfer
effect on the hybridized plasmon modes was observed and their physical origins were also disclosed via
polarization-dependent dark-field scattering spectra. These results could provide effective guidance for

investigation of quantum size effects on plasmon resonance modes induced by large metallic NPs
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coupled to the metal film underneath'**. Next, I investigated active modulation of plasmon resonance in
p g p

MPoFNs embedded with photoactive molecules.

4.1 Molecular Conductance Induced Plasmon Resonance Shift and Its

Influence on Near-Field Enhancement

Charge transfer effect through molecular junctions has been thoroughly explored in plasmonic particle-
on-film nanocavities®”> 6% 45197 Applying dark-field scattering spectroscopy, a clear blue-shift of the
coupled plasmon mode in a particle-on-film nanocavity due to the charge transport between NP and the
underlying metal film has been verified'*®. In another similar system, higher order CTP modes and
quenching of plasmonic near-field enhancement induced by the charge transport across the molecular

junction formed by Au nanoplate-Au NS heterodimers were also reported®*.

According to Mie theory, the plasmon modes of Au NSs induced in the range from visible to near-
infrared frequencies depend on their dimensions. The lowest order plasmon mode that originates from
electric dipoles (EDs) will exist in all Au NSs with diameters varying from 20 nm to over 400 nm'#,
When the diameter of individual Au NS increases, higher order plasmon modes can be observed in its
scattering spectrum. Moreover, if large NPs are placed onto the metal film, higher order plasmon modes
are induced in the nanocavities, which differs from regular dipole mode both in peak position and
linewidth!'*’. In addition, placing active or passive materials including 2-D materials and molecules in
this narrow gap area would cause the variation of gap distance and refractive index and therefore change

both the far- and near-field optical properties in MPoFNs. Thereby, these higher order modes together
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with other hybridized plasmon modes not only influence the far-field scattering spectra but also

substantially affect the near-field response in the MPoFNs sandwiched by different materials such as

molecules®.
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Figure 4.1 High-resolution TEM (a) and SEM (b) images of the Au NSs. (c¢) Extinction spectrum of the Au NSs solution. (d)
Dark-field scattering image of the individual BPDT-sandwiched MPoFNs and SEM image of a BPDT-sandwiched MPoFN

(marked by the red square).

Motivated by this insight, I fabricated MPoFNs containing relatively large Au NSs with an average
diameter of 88.6+4.8 nm (as shown in Fig. 4.1(a) and (b)), and the extinction spectrum of Au NSs in
aqueous solution exhibits a plasmon resonance wavelength of 553 nm (Fig. 4.1(c)). The synthesized Au
NSs were firstly decorated by SAM of both conductive (BPDT) and insulating (B4T) molecules (as

shown in Section 2.3) then deposited onto the ultrasmooth Au TF obtained by template stripping method
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to form molecular nanojunctions within the gap region (see Fig. 4.1(d)). Note that BPDT and B4T have
the similar molecular length (~1.3 nm) and refractive index'*®. For dithiol molecules (BPDT) which
connect the Au NS and the underlying Au TF through forming Au-S covalent bond, electrons could
transfer across molecular nanojunctions. Yet, charge transport rarely happens in nanojunctions formed
by monothiol molecules (B4T) because of the difficulty in creating conductive links. In the dark-field
scattering spectra of the as-prepared molecule-sandwiched MPoFNs (shown in Fig. 4.2(a)), transverse
modes of both BPDT- and B4T-sandwiched MPoFNs appear in the wavelength range from 500 to 600
nm. More importantly, vertically and horizontally mixed mode as well as dipolar plasmon mode were
also observed!®, which is determined by the corresponding surface charge distributions. A clear blue-
shift of these two modes was observed in BPDT-sandwiched MPoFNs compared to B4T-sandwiched
MPoFNs, which can be analyzed by the circuit model (Section 1.3). Specifically, in the above Au NPs-
BPDT/B4T-AuTF nanocavities, one can consider the nanojunction as a capacitor shorted by each
molecule with a conductance G;. Then the resonance wavelength of the molecule-sandwiched MPoFNs
at G is derived based on R-C circuit model'*®. The expression is depicted below:

2
Amporn(G) = 1+—0k 4.1)

1+(a)TRc)2

where A, is the resonance wavelength when G =0, k isaconstant, w is plasmon frequency, Tgc =
RC is R-C time constant. Using the plate capacitor model, Trc can be further expressed as:

_ ngeo4

Trc = Gid (42)

where ng is the refractive index within gap region, A; is the area of each molecule, d is gap distance.
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As indicated by above relation between coupled plasmon resonance and conductance G (Eq. (4.1)),
molecule with relatively large conductance would decrease the R-C time constant, which eventually
results in a blue-shift of the resonance frequency. In addition to far-field measurement, I also conducted
SERS characterization on individual molecule-sandwiched MPoFNs to investigate the effect of charge
transfer within molecular nanojunctions on near-field enhancement. As illustrated in Fig. 4.2(b), the
three main Raman peak intensities are larger in insulating B4T-sandwiched MPoFNs than that in

conductive BPDT-sandwiched MPoFNss, indicating the quenching of near-field enhancement.
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Figure 4.2 (a) Measured single-particle dark-field scattering spectra of the MPoFNs spaced by BPDT (black) and B4T (red)
molecules. Insets show the plasmonic nanojunctions formed by these two molecules. (b) SERS spectra of the corresponding
structures with BPDT and B4T molecules. The representative SERS spectra of two individual MPoFNs with BPDT and B4T

molecules in the gap area are illustrated in the inset. Laser wavelength used in SERS measurement is 633 nm.

To study charge transport through the molecular tunnel nanojunctions quantitatively, I measured dark-
field scattering and corresponding SERS spectra of more than a dozen of BPDT/B4T-sandwiched
MPoFNSs. As illustrated in Table 4.1, the blue-shift of plasmon resonances, together with reduction of

SERS intensities in conductive molecule (BPDT) sandwiched nanocavities were also observed
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compared with that in insulating counterparts (B4T), further confirming the above conclusions on both
far- and near-field measurements. Note that instead of Raman scattering peak intensity, integral intensity

of the Raman peaks was employed to better demonstrate the electron transport on local near-field

enhancement.
Plasmon resonance wavelength SERS intensity (a. u.)
(nm)
Mode | Mode I Raman peak | Raman peak || Raman peak ||
1L BPDT-MPoFNs 698 + 14 762 £ 11 600 + 266 442 £210 1014 + 494
1L B4T-MPoFNs 723 £17 799 £ 14 610 £ 229 572 £240 1725 + 788

Table 4.1 Statistics of the measured resonance wavelength of the vertically and horizontally mixed mode as well as vertically
dipolar mode (defined as mode | and ||, respectively) and the integral SERS intensity of the three main Raman scattering
peaks in 1L BPDT-MPoFNs (around 1081 ¢cm! for peak | ; 1280 cm™ for peak Il ; 1587 cm! for peaklll) and 1L B4T-
MPoFNs (around 1078 cm! for peak | ; 1280 cm! for peak Il ; peak Il is split into two peaks at about 1587 cm™ and 1598

cm™).

4.2 Spectral Decomposition of Plasmonic Modes in Molecule-Sandwiched

MPoFNs

To further unravel the physical origins of the plasmon modes observed in scattering spectra. I measured
the polarization-dependent dark-field spectra of the BPDT- and B4T-sandwiched MPoFNs as depicted
in Fig. 4.3(a) and (b), respectively. Using a homebuilt dark-field microscope, an oblique white light was
focused on the sample at an incident angle of 75 degrees (shown in inset of Fig. 4.3(a)). In Fig. 4.3(a),
scattering peak at around 775 nm gradually disappears when the polarization changes from p to s,

indicating this plasmon mode only responds to vertical polarization. This result verifies my prediction
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in the previous section. Therefore, this mode can be referred as vertically dipolar plasmon mode.
Meanwhile, the peak at around 700 nm is relatively weak under s-polarized illumination, which indicates
that this plasmon mode is a mixture of both vertical and horizontal mode. Besides, the resonance at about
600 nm exhibits same trends as that at around 775 nm, suggesting that it is a higher order vertical
plasmon mode. The mode evolution of B4T-sandwiched MPoFNs also shares the similar trend as that of
BPDT-sandwiched MPoFNs but is different in the peak positions and relative intensities. Therefore, the
plasmon modes of BPDT/B4T-sandwiched MPoFNs can be completely decomposed in the far-field

regime and well explained from a perspective of the mode hybridization.
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Figure 4.3 Measured dark-field scattering spectra of MPoFNs separated by 1L BPDT (a) and 1L B4T (b) thiol molecules

under oblique excitation of incident white light with different polarizations. Excitation configuration is schematically shown

in the inset.
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4.3 Reversible Plasmon Resonance Tuning in Photoswitchable Molecule-

Sandwiched MPoFNs

In above-mentioned nanostructures, various kinds of materials such as graphene and thiol molecules
were used to alter the plasmon resonance. However, these demonstrations were all achieved in a passive
manner. Therefore, it is strongly desirable to realize active control of plasmon resonance in a reversible

way and at ultrafast timescales'>!134

, which is of essential importance for optical information processing
and designing novel on-chip devices. Recently, host-guest molecular configuration has been proved to
be a well candidate in studying strong coupling in plasmonic nanocavities'>>. In particular, photochromic

behavior of the diarylethene molecules included in cyclodextrins becomes attractive due to the high

cyclization quantum yield of such host-guest molecular system!¢.

Here I studied active tuning of linear plasmon resonance in photoswitchable molecule-sandwiched
MPoFNs. The MPoFNs were prepared by depositing individual Au NSs (80 nm in diameter) onto the
Au TF functionalized with a nanometer-thick SAM of photoactive host-guest molecules in which the
thiol-B-cyclodextrin has thiol group that can bind to the gold surface by forming Au-S bond. Figure 4.4(a)
and 4.4(b) show the powder Raman characterization on both diarylethene molecule and thiol-f-
cyclodextrin in which various peaks were observed. Specifically, in Fig. 4.4(b), Raman peak at 2571 cm’
!occurs as the evidence of thiol groups bonded in B-cyclodextrin'>’. From Fig. 4.4(c) one can observe
appearance of new bands at about 358 and 523 nm in the absorption spectra of diarylethene molecule
solution by gradually increasing UV exposures, which has been identified as the closed ring form of
diarylethene molecules, i.e. the increase of the m-conjugation length of the molecule!*® 1. After visible

light illumination, the absorption spectrum returned to the initial state, indicating the reversibility of
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switching process. This kind of photochromic reaction process is based on reversible hexatriene-
cyclohexadiene type photocyclization'®®. Typically, the opened ring form of diarylethene has two
different conformations, parallel and antiparallel. The photocyclization can only proceed from the
antiparallel conformation while the parallel conformation is photochemically inactive!*® '®!. Physical
trapping of a diarylethene molecule inside a thio-B-cyclodextrin cavity can largely increase the ratio of
antiparallel to parallel conformations, thus benefiting the molecular photochromism, and will expand

the application in active control of optical emissions in molecular-sandwiched nanocavities.

Next, I investigated the plasmon resonance tuning on the photoswitchable molecule-sandwiched
MPoFN:s. Firstly, each MPoFN was identified using a CCD camera. Once identified, dark-field spectra
were taken on the MPoFNs. After that, the sample was exposed under 365 nm UV light for 5 minutes to
stimulate the photochromic reaction process of host-guest composites and scattering spectra were
measured to compare with the initial dark-field spectra. Finally, the UV light was turned off and another
scattering spectrum was collected after 5 minutes of white light exposure to complete the whole
switching cycle. As depicted in Fig. 4.4(d), the gap mode of single MPoFN initially peaks at about 726
nm. After UV illumination, the gap mode red-shifts by 6 nm in contrast to the initial peak position, then
the resonance peak of the designated MPoFN shifts back to the initial position after white light irradiation,

which is caused by the reversible change of the effective dielectric environment of the junction.
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Figure 4.4 (a, b) Powder Raman spectra taken on diarylethene molecule (a) and thio-B-cyclodextrin (b). Raman spectra were
measured under the 532 nm CW laser irradiation. Insets show the chemical configurations for both molecules (c) UV-Vis
spectral change of the diarylethene molecule solution (6x 10~ M) upon irradiation with 365 nm light every 3 minutes (0-12
min). Inset illustrates the open and closed forms of the diarylethene molecule. (d) Dark-field scattering spectra of individual
diarylethene-molecule-sandwiched MPoFN taken during one UV-white light exposure cycle. The host-guest molecule-

sandwiched MPoFN was schematically shown in the inset.

4.4 Conclusion

To sum up, I have experimentally studied charge transport in two types of molecule-sandwiched
MPoFNs. When the junction is connected by conductive molecule (BPDT), a clear blue-shift of both
vertically and horizontally mixed mode as well as vertically dipolar plasmon mode in the dark-field
spectra compared to insulating counterpart (B4T) indicates the direct charge transport across the
molecular nanojunction. The physical origins for dominant plasmon resonance modes were also revealed

by polarization-dependent dark-field spectroscopy. Besides, the reduction in the measured SERS spectra
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of conductive molecule-sandwiched MPoFNs provides the evidence of plasmonic quenching of near-
field enhancement which results from charge transfer in the molecular tunnel junctions. Furthermore, I
demonstrated reversible tuning of the resonance mode within single photoswitchable molecule-
sandwiched MPoFNs under UV light illumination. The above findings not only provide a well platform
for studying charge transport in molecular nanojunctions, but also open up a new avenue in the field of

active plasmonics.
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Chapter 5 Unveiling Electron Transport in Gold
Sphere Plasmonic Nanomatryoshkas (GSPNs) with
Two-Photon Luminescence (TPL) Spectroscopy

In the plasmonic nanocavities, charge transport across molecular junctions is usually confirmed by
observing a new plasmon mode, i.e. a CTP mode®" 77-8% 1©2 Nevertheless, in other configurations, charge
transport even if strong enough does not necessarily generate the CTP mode but leads to the quenching
of several old modes. This is typically the case for plasmonic nanomatryoshkas that refer to metallic NPs
with interior small gaps'®*!"!, Several recent studies have shown that the low-energy mode (LEM) of a
gold sphere plasmonic nanomatryoshka (GSPN) will disappear when the charge transport between the
core and shell is prominent!¢” 170172 Although absence of the LEM in principle can be inspected by
some far-field spectroscopies such as dark-field scattering and UV-Vis spectra, these observations
sometimes are not robust®> 1’ This is because the far-field responses of the LEM are relatively weak in
ultra-small junction width. Especially in experiments, the LEM may only exhibit weak scattering
intensity and broad linewidth. On the contrary, the near-field enhancement of LEM can be quite sensitive,
making it more appropriate to investigate the charge transfer effect in plasmonic nanomatryoshkas by

various near-field spectroscopies.

Recently, molecule-assisted charge transport in GSPNs has been studied by SERS®. In this Chapter, I
further demonstrate that the charge transport across molecular nanojunctions has strong impact on the

two-photon luminescence (TPL) emission of the GSPN. Synthesized GSPNs with nanojunctions filled
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with three types of dithiol molecules that have 1-3 benzene rings were employed to fully investigate
their TPL responses. Particularly, QCM considering different assumptions of junction conductance is
used in the simulations. Comparison between the measured TPL intensity as a function of excitation
wavelength and the corresponding calculations reveals that the charge transfer effect dramatically
impairs the TPL enhancement via LEM. The results of this work can provide a feasible way to study the

molecular-assisted charge transport by nonlinear optical spectroscopies.

5.1 Linear Optical Response of GSPNs

Linear optical response of GSPNs has been extensively investigated both numerically and

166

experimentally ®®. According to these studies, the optical resonances of a GSPN can be basically

understood as the hybridization between plasmon modes of the outer shell and the inner core®> 1¢7-170-
172 From this perspective, the distance between the shell and the core, i.e., the junction width, is one of

the most important factors that determine the resonant properties (such as resonance wavelength,

scattering cross section and near-field enhancement) of a GSPN.

In this work, GSPNs with interior nanojunctions were synthesized via a wet-chemistry approach (see
Fig. 2.4). The junctions were formed by three kinds of dithiol molecules: 1,4-benzenedithiol (BDT),
4,4’-biphenyldithiol (BPDT), and 4,4’-terpheyldithiol (TPDT). Although a few metallic bridges may
generate in such nanojunctions during the growth of shell, the impact of these bridges on the optical

tSS

response of GSPNs is fairly limited compared to that by charge transfer effect®™. The structures of

molecules are shown by the top insets in Fig. 5.1(a)-(c), respectively. The statistically averaged junction
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widths of the GSPNs embedded with BDT, BPDT, and TPDT molecules were obtained as 0.7 nm, 0.9
nm, and 1.5 nm, respectively. In addition, TEM images of the GSPNs are shown in the bottom insets in
Fig. 5.1(a)-(c) from which the radii of the gold core and the outer gold shell are estimated as 10 nm and

30 nm for all the synthesized GSPNs.

I first studied the far-field response of the above samples by measuring their UV-Vis spectra. As can be
seen from Fig. 5.1, each extinction spectrum exhibits a single peak of the HEM near 535 nm, whereas
the feature of LEMs cannot be found in the spectra. This phenomenon is consistent with the previous
studies, which imply that the LEMs in GSPNs embedded with such dithiol molecules are quenched
because of the significant charge transfer effect. The corresponding dark-field spectra were also obtained
as shown in Fig. 5.1(d)-(f) before and after TPL measurements, which indicates no photodamage induced

by femtosecond laser irradiation.
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Figure 5.1 Far-field experimental characterization of GSPNs with (a) BDT molecular junction, (b) BPDT molecular junction,
and (c) TPDT molecular junction. TEM images of the samples and the molecular structures are shown by the bottom and top
insets, respectively. The scale bars of the TEM images in (a)-(c) are 20 nm. (d-f) Scattering spectra of the corresponding

GSPNs in (a)-(c) taken before and after TPL measurements.

To obtain more information on the GSPN, I numerically investigated the linear optical response of a
GSPN with junction width varying from 0.7 to 10 nm, whereas the radii of the inner core (ry) and the
outer shell (r,) are kept as 10 and 30 nm, respectively (see the inset in Fig. 5.2(a)). For simplicity, the
GSPN embedded with a dielectric junction (refractive index 1.60) is assumed to be free-standing in air.
Mie scattering code is applied to acquire both the far-field and near-field optical responses of the GSPN

under excitation of a linearly polarized plane wave'”>.
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Figure 5.2(a) shows map of the normalized extinction cross section of the GSPN as a function of the
junction width in the wavelength range of 400-1200 nm. It can be seen that there are two prominent
resonance bands of which the spectral features have different dependence on the junction width. The
high-energy band is almost fixed at 515 nm, which can be viewed from the resonance wavelength as a
function of the junction width (gray dotted-line). Meanwhile, the extinction cross section of this high-
energy band is also insensitive to the junction width. Conversely, resonance wavelength of the low-
energy band red-shifts as the junction width decreases (white dotted-line) along with reinforcing the
extinction cross section. Figure 5.2(b) shows the extinction spectrum of the GSPN with a certain junction
width (2 nm). The resonance peak at 515 nm corresponds to a high-energy mode (HEM), while the one
at 800 nm is a low-energy mode (LEM). The transient surface charge distributions of the LEM and the
HEM are shown by the insets close to the extinction peaks. Note that for the HEM (LEM) the charge
density on the exterior surface of the GSPN is larger (much smaller) than that on the interior surfaces
(the inner surface of the shell and the surface of the core). This discrepancy explains why the optical

response of the HEM is less sensitive to the junction width than that of the LEM.
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Figure 5.2 Linear optical responses of the GSPN as a function of the junction width varying from 0.7 to 10 nm. (a)

Normalized extinction cross section as a function of the junction width in the wavelength range of 400-1200 nm. The GSPN
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is assumed to be free standing in air and excited by a linearly polarized plane wave. The gray (white) dotted-line guides the
wavelength of the maximum extinction of the high (low) energy band as a function of the junction width. (b) Spectrum of
the normalized extinction cross section of the GSPN with 2 nm junction. The insets close to the extinction peaks illustrate

the corresponding transient surface charge distribution on the metal surfaces at the LEM and HEM.

In addition to the far-field optical responses, the near-field properties of the GSPN is more attractive in
this work as plenty of nonlinear optical phenomena such as SHG and TPL are closely related to the
plasmonic near-field enhancement. At the same time, the conclusion drawn from the far-field
experimental results may not be reliable due to the fact that the absence of the LEM in the UV-Vis spectra
may also originate from the spectral suppression and broadening effects caused by the defects of the
samples and the average effect of multiple NPs. Therefore, surveying the near-field response of GSPNs
is arguably a more appropriate method to probe the charge transport in GSPNs with molecular

nanojunctions.

Figure 5.3(a) plots the normalized near-field EF |E;,./Ey| monitored at the center of the junction (see
the red dot in the inset) as a function of the junction width in the wavelength range of 400-1200 nm,
where Ejo. is the local electric field and E; is the amplitude of the incident plane wave. It is clearly
seen that the near-field EF of the LEM in the junction area is much larger than that of the HEM. Hence,
GSPNs can serve as excellent surface-enhanced Raman tags when dithiol molecules are embedded
within the gap area!®+1%% 174 Interestingly, Figure 5.3(a) indicates that the near-field EF of the LEM in
the junction region does not monotonously increase when the junction shrinks. That is to say, there exists
an optimal junction width that provides the maximum local field enhancement in the junction region.
Considering the geometrical symmetry of the GSPN, the spatial distribution of the near-field
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enhancement can be simply studied by calculating |E;,./Eq| along the x-coordinate from the center of
the core (x =0 nm) to 10 nm away from the outer surface of the shell (x =30 nm). Figure 5.3(b) shows
the spectra of |E;o./Eq| with respect to the LEM and HEM for the GSPN with 2 nm junction width,
which demonstrates that the strongest near-field EF of the LEM resides in the gap area and can be larger
than 10. Besides, it is worthy to notice that the electric fields inside the gold core with respect to both
the LEM and the HEM can also be magnified, though the EFs are not so large in comparison to that
inside the junction region. However, the near-field enhancement inside the metal region is crucial for
some bulk absorption related nonlinear optical phenomena, for example the plasmon-assisted TPL

emission.
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Figure 5.3 (a) Near field EF |E;,./E,| monitored at the junction center as a function of the junction width in the wavelength
range of 400-1200 nm. The inset shows the monitoring point (red dot) and the x-coordinate. (b) Near field EF |E;./Eq| of
the GSPN with 2 nm junction along the x-coordinate from the center to the edge of the GSPN as marked by the black dashed

line in the inset in (a). The solid and dashed lines correspond to the LEM and HEM, respectively.
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5.2 Two-Photon Luminescence Response of GSPNs with Different

Molecular Junctions
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Figure 5.4 Schematic of the plasmon-assisted TPL emission process of Au NPs.

Based on the physical picture of the plasmon-assisted TPL emission (see Fig. 5.4), the TPL emission

intensity from an infinitesimal volume dV of a plasmonic NP can be expressed as!”>"17:

ITPL(wemr I‘) -dV = Iz(wex: I‘) ’ YZabs(zwex) ) YR(wem) ’ Yem(wem) -dV (5-1)

Here, wem(wex) is the angular frequency of the emission (excitation), I(wey, I') denotes the excitation
intensity at position I, Y,,,s(2wey) refers to the absorption probability of two photons for generating
energetic electron-hole pairs with energy of 2Awey, Yr(wem) is the relaxation probability of the
energetic electron-hole pairs with the emission energy of Awep,, and Yo, (wey) refers to the emission
probability of the radiative recombination in bulk metals but mediated by the plasmonic antenna effect.
In Eq. (5.1), both Y,,,s(2wey) and Ygr(wem) are determined by the intrinsic properties of the metal.

The excitation intensity I(wey, T) is equal to |Ejgc(wex, T)|?, Where Ejoc(wey, T) is the local electric
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field at weyx and position r. The plasmon-mediated emission probability Y, (wen) 1s essentially
related to the local density of plasmonic states, which is proportional to the local field intensity at wep,,
i.e., |Ejoc(@em,T)|?. Actually, above-mentioned luminescence emission process is associated with the
Purcell effect in which the magnitude of enhancement (Purcell factor) is closely related to field
enhancement. Going back to Fig. 5.3(b), It can be concluded that the near-field enhancement of the LEM
inside the metal region is beneficial for enhancing I(wey, ), whereas the excitation at HEM contribute
to photon emission at short wavelengths, i.e. promoting Y, (Wer). Equation (5.1) can be further
reduced to Eq. (5.2) by dropping Y,,s(2wex) and Yr(wem) When we only consider about the relative

TPL intensity of NPs with the same composition.
I3 (Wem 1) * AV Lo (@exs T) * Lem (Wem, T) - dV (5.2)

In Eq' (5'2)9 Lex(wex; r) = |Eloc((‘)eX1 r)/E0|4 and Lem(wemr r) = |E10C(wem’ r)/E0|2 Correspond to

the near-field EFs at the excitation and emission wavelength, respectively.

To fully understand the plasmon-assisted TPL emission process, I first carried out single NP TPL
experimental characterization, which is different from the UV-Vis spectroscopy measuring the extinction
spectra of NPs in solution. Figure 5.5(a) schematically demonstrates the TPL testing system based on a
commercial laser scanning confocal microscope equipped with a Ti:sapphire femtosecond laser. Figure
5.5(b) shows the false color image of the TPL emission from a sample of GSPNs embedded with a
certain molecular nanojunctions, which exhibits light spots of different size. Then the nonlinear emission
image was combined with the corresponding dark-field image from the same region to discern single
NPs for further spectra acquisition. Moreover, the NPs were not evidently damaged by the femtosecond

laser irradiation due to the fact that both the dark-field scattering spectra and images exhibited no
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observable changes before and after the TPL measurements. The measured (symbols) and fitted (red line)
TPL spectra of a single GSPN show an emission peak near 550 nm as illustrated in Fig. 5.5(c). Note that
the TPL intensity was acquired by collecting the emission from the area that covers only one NP. The

area size and excitation power of the laser were the same for each kind of sample.
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Figure 5.5 Experimental TPL characterization of GSPNs embedded with molecular junctions. (a) Schematic of the confocal
TPL spectroscopy system. (b) TPL false color images of GSPNs (average 1.5 nm junction width) placed on a glass substrate.

(c) Measured (symbols) and fitted (line) TPL spectra of a GSPN (marked by the yellow square in Fig. 5.5(b)).

TPL response of GSPNs was also calculated based on Eq. (5.2). All the geometries and material
properties in the simulation models are selected according to the synthesized NPs in the experiments.

Specifically, the radii of the outer shell and the inner core of GSPNs are kept as 30 and 10 nm,
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respectively. Besides, GSPNs are placed on a glass substrate in simulations in order to be consistent with
the experiments. Firstly, the GSPNs with dielectric junctions of three different widths (0.7, 0.9 and 1.5
nm) were considered. The refractive index for the 0.7 nm junction was set to 1.59, and that for 0.9 and
1.5 nm junctions was 1.65. For comparison, the TPL response of a solid Au NS (30 nm in radius) was
also calculated in the simulation. Figure 5.6(a) shows the spectra of the relative TPL intensity with
respect to the Au NS and the GSPNs excited by a linearly polarized plane wave with amplitude E, and
wavelength 750 nm. Obviously, all the spectra demonstrate a TPL emission peak near 525 nm in the
emission wavelength (A, ) ranging from 400 to 650 nm. The results verify that the TPL emission of the
GSPN is enlarged by the plasmonic antenna effect of the HEM, which red-shifts to 525 nm as a
consequence of the presence of substrate. For the Au NS, the TPL emission peak is considered as the
electric dipole mode of which the resonance wavelength is close to that of the HEM of the GSPN. For
the GSPN, one can find that the TPL response depends on the junction width. For instance, the TPL
intensity of the GSPN with 1.5 nm junction width is overall larger than that of others with smaller
junction width. Additional calculations of the GSPN excited at other wavelengths (see Fig. 5.7) suggest
that TPL intensity is also magnified by the LEM of which the resonance wavelength depends on the
junction width. In Figure 5.6(b), I compare the TPL intensity of the GSPNs and the solid Au NS,
integrated in the emission wavelength ranging from 400 to 650 nm, as a function of the excitation
wavelength (Aqy). Similarly, the integrated TPL intensity of GSPNs with different junction widths
exhibits peaks at the resonance wavelengths of the LEMs, while that of a solid Au NS without the LEM
monotonously decreases in the excitation wavelength ranging from 700 to 1200 nm. Hence, it is clear
that both the spectral position and near-field EF of the LEM determine the dependence of the integrated
TPL intensity as a function of A.,. Compared to the numerical results illustrated in Fig. 5.6(a), the

measured TPL spectrum is broader and red-shifted due to the imperfections of the synthesized NPs.
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Figure 5.6 Calculated TPL responses of GSPNs with junction width (denoted as g) of 0.7, 0.9 and 1.5 nm based on different
models of the junction conductance. (a) Relative TPL intensity of GSPNs as a function of the emission wavelength (A¢p,)
excited at 750 nm calculated based on a classical dielectric junction model. (b) Integral TPL intensity as a function of the

excitation wavelength (4.4) calculated based on the same model as used in (a).
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Figure 5.7 TPL intensity as a function of the emission wavelength A, (400 to 650 nm) and the excitation wavelength Aqy
(700 to 1200 nm). (a) A solid Au NS, (b) the GSPN with insulating junction of 0.7 nm, (c) the GSPN with insulating junction

of 0.9 nm, (d) the GSPN with insulating junction of 1.5 nm.
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5.3 Influence of Electron Transport on Two-Photon Luminescence

Response of GSPNs

After analyzing both linear and TPL responses of GSPNs with dielectric nanojunctions, it is now possible
to investigate how charge transport in the nanojunction influences the TPL response of the GSPN. In the
simulation, the junction need to be treated as a conductive material with a complex dielectric function
when charges can transport across it. This is the principle of the QCM that has been most commonly
employed in the study of charge transfer effect in plasmonic nanostructures. Based on the QCM, the

. e . 77,83, 85, 180.
relative permittivity of the conductive gap &g, can be expressed as :

_ 2, logap
Sgap =Ny + w—go (53)

where ng is the real part of the refractive index, i is the imaginary unit, and &, is the permittivity of
the vacuum. The most important parameter in Eq. (5.3) is the conductivity 0g,p, which is related to the

junction conductance Gg,y,. For a spherical conductor with interior junctions, the relationship between

gap-

85.
Ogap and Gg,p follows™:

G __ Ogap4Tr (ri1+9)
gap g

(5.4)
where g denotes the junction width. If the junction in the GSPN is treated as a classical circuit element,
Ogap should be a constant for different junction widths as it is the intrinsic material property. In this
classical circuit model, Gg,p, is nearly proportional to 1/g according to Eq. (5.4). However, for charge
transport across molecular junctions, many studies have revealed that Gg,, exponentially attenuates as

the junction width increases'8!-187:

Ggap(g) = Ggoapexp[_ﬁ (g — 90)] (5.5)
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where Gé’ap denotes the conductance of the shortest junction with initial width g,, and g is the decay
factor. In the following numerical calculations, Ggap is assumed to be 250 times larger than the quantum
conductance G, (7.745% 107 S). This presumption is based on the previous study, in which the

conductance of a single 1,4-benzenedithiol (BDT) molecule was estimated as 0.044 G,%.

There have been many investigations indicating that f is primarily determined by two factors: barrier
height and mechanism of the charge transport!33-185, For the direct tunneling across conjugated molecules,
f is typically in the range of 1-3 nm™! and can become much smaller (for example 0.3 nm™') when the
nature of charge transport process was changed from tunneling to hopping'®’. Fig. 5.8(a) shows spectra
of the integrated TPL intensity as a function of the excitation wavelength ranging from 700 to 1200 nm,
which was calculated based on Eq. (5.5) by considering different values of f. The results show that for
a larger decay factor (8 = 3 nm™), the spectra of the TPL intensity still exhibit distinct peaks at the
resonance wavelengths of LEMs for GSPNs with relatively large junction widths (g = 0.9 and 1.5 nm),
although the strengths are much smaller than those calculated based on the insulating model (Fig. 5.6(b)).
This observation reveals that the charge transport in GSPNs with large junction widths is not sufficient
to completely quench the LEM due to the fact that tunneling probability with S = 3 nm™ quickly
reduces as the junction width increases. Nevertheless, when more efficient charge transport occurs (for
example hopping), the decay of junction conductance can be much slower, leading to strong quenching
of the LEM even for a large junction width. This can be verified by the spectra of § = 0.3 nm™ for g
=0.9 and 1.5 nm in Fig. 5.8(a), where the peaks of the TPL intensity at the resonance wavelengths of
the LEM almost disappear. One can also consider a special case that the junction conductance is totally
independent on the junction width, i.e. f = 0. Then the charge transport across molecular junctions is
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always intense enough to completely quench all the LEMs for different junction widths as illustrated by
the dash-dotted lines in Fig. 5.8(a). Under this circumstances, TPL response of the GSPNs becomes very
similar to that of a solid Au NS (solid gray line), which shows a monotonously decreasing trend when
Aex increases from 700 to 1200 nm. In Figure 5.8(b), I compare the calculated near-field enhancement
(Lex) of the LEM from the center of the core to 10 nm away from the outer surface of the shell based on
the insulating junction model and molecular junction model with = 0.3 nm™, which indicates that
near-field enhancement is largely reduced in the GSPN with a molecular nanojunction due to the strong
charge transfer effect. Furthermore, the field reduction mainly occurs inside the nanojunction and metal
regions close to it, while the field distribution outside the shell is robust, as shown by the Ley
distribution across the cross section of the GSPN with an insulating (left inset) and molecular junction
(right inset). One can also observe that the HEM (resonance at the short wavelength) is nearly insensitive
to the charge transport, which results in the same field distributions in GSPNs with an insulating and a

molecular junction (see Fig. A3).
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Figure 5.8 (a) Integral TPL intensity as a function of the excitation wavelength (4.4) calculated based on the tunneling-type
model. TPL intensity of a solid gold sphere is appended in (a) by the gray line. Note that the results of g = 0.7 nm for

different [ are the same as shown by the black solid line. (b) Near-field EF (Lgy) from the center to 10 nm away from the
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outer shell of the GSPN calculated at the excitation wavelength of the LEM based on the insulating model (solid line) and
the tunneling-type model with f = 0.3 nm™' (dashed line). The left and right insets show the distribution of L.y on the

intersecting surface of the GSPN.

Next, I try to experimentally investigate the charge transport across molecular junctions by measuring
the integrated TPL intensity of GSPNs as a function of the excitation wavelength in the emission
wavelength range of 400 to 650 nm, and comparing it with the corresponding calculations. Unfortunately,
limited by the laser system, the wavelength of the reliable excitation in the experiment can only be tuned
from 715 to 800 nm. Symbols in Fig. 5.9 show the measured TPL intensity versus the excitation
wavelength for a solid Au NS, GSPNs with BDT, BPDT, and TPDT nanojunctions in (a)-(d), respectively.
To make a reasonable comparison between the experimental and numerical results, the measured data
were fitted by using the errors as weight, then the fitted and calculated spectra were normalized to the
intensity at 715 nm. Firstly, for a solid Au NS the measured TPL intensity (solid line in Fig. 5.9(a))
reduces as the excitation wavelength increases, which agrees with the trend of the numerical spectrum
(dashed line in Fig. 5.9(a)). Then, for GSPNs with shorter molecular junction widths (BDT and BPDT),
the calculated TPL intensity obtained by considering an insulating junction and a molecular junction
with different value of f has no observable distinctions in the excitation wavelength range of 715-800
nm, as illustrated by the dashed lines in Fig. 5.9(b) and 5.9(c). Both the measured and calculated TPL
intensity decrease as the excitation wavelength increases, which is similar to the results of a solid Au NS
shown in Fig. 5.9(a). This can be understood by the fact that the resonance wavelengths of LEMs of
GSPNs with shorter junction width (0.7 and 0.9 nm) are far beyond 800 nm as disclosed by the numerical
calculations shown in Fig. 5.6(b). In this context, whether the charge transport happens or not cannot be

concluded from the results in Fig. 5.9(b) and 5.9(c). Yet, for GSPNs with a longer molecular junction
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width (TPDT, 1.5 nm), the resonance wavelength of the LEM is about 900 nm (see Fig. 5.6(b)), which
is close to the edge of window of the excitation wavelength range (715 to 800 nm) in Fig. 5.9. Therefore,
the variation trend of the TPL intensity as a function of A,y is different for numerical calculations based
on different models of junction conductance (as shown in Fig. 5.9(d)). In short, when the junction is
completely insulating (black dashed-line) or the junction conductance is quite small (for example in the
tunneling-type model with f = 3 nm! (blue dashed-line)), the TPL intensity first decreases then
increases in the excitation wavelength range of 715-800 nm. Otherwise, when B = 0.3 nm™ (olive
dashed-line) and f =0 (pink dashed-line), the TPL intensity decreases all the way in the same excitation
wavelength range. Clearly, the measured results in Fig. 5.9(d) can match the numerical calculations only
when highly conductive molecular junctions with slow decay factors (8 = 0 and f = 0.3 nm™) are
considered in the simulation. Hence, it is believed that the results shown in Fig. 5.9(d) provide another
experimental evidence of the significant charge transport process in the molecular junctions. As the TPL
response (Fig. 5.9) is closely related to the near-field properties of the GSPN, it is more convinced than

the far-field results (Fig. 5.6 and 5.8) in terms of identifying the charge transport in molecular junction.
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Figure 5.9 Comparison between the experimentally measured TPL responses of gold sphere as well as GSPNs and numerical
results calculated based on different models. Measured (symbols) and calculated (dashed-lines) integral TPL intensity of (a)
a solid gold sphere, GSPNs with (b) BDT, (c) BPDT, and (d) TPDT molecular junctions, as a function of the excitation
wavelength (1¢x) in the range of 715-800 nm. The solid lines are the fitted curves of the experimental data and (b)-(d) share

the same legends. The error bars represent standard deviations of the TPL intensity of several NPs at each excitation

wavelength.

5.4 Conclusion

In summary, I investigated the TPL response of GSPNs embedded with molecular nanojunctions and
found that the charge transport across the junctions has strong impact on the nonlinear optical response.
Together with the experimental spectra, theoretical and numerical results have demonstrated that the
near-field enhancement of the LEM inside the metal regions is also significantly quenched due to the
charge transfer effect. As a result, the TPL response of GSPNs with highly conductive molecular

junctions is similar to that of a solid Au NS, which has been verified by both the numerical calculations
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and experimental measurements. The results indicate that in addition to the SERS characterization, TPL
spectroscopy can be employed as another efficient near-field probe to explore the charge transfer effect
in plasmonic molecular nanocavities. The mechanism of charge transport is at the heart of the molecular
electronics and has been extensively studied in molecular wires under DC bias!®3-!87, Nevertheless,
charge transport in molecular junctions under optical frequencies can be very different from that under
DC bias because many plasmon-related effects can be involved in this process, for example plasmon-
induced hot electrons'®®. In this respect, this work provides a useful insight regarding how to shed light
on charge transport mechanisms across molecular junctions under optical frequencies by plasmon-

enhanced spectroscopy.
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Chapter 6 Conclusion and Outlook

My studies throughout this thesis include exploring all-optical modulation of both linear and nonlinear
emissions in PNSs. First of all, comprehensive theoretical calculations as well as far- and near-field
optical spectroscopic measurements were combined to probe the near-field enhancement limit in
graphene-coupled MPoFNs. Together with classical local and quantum nonlocal calculations, the
experimental SERS results clearly reveal that the in-plane near-field enhancement is strongly mitigated
by the nonlocal screening effect when the gap thickness approaches to sub-nanometer scale. Different
from the previous studies, for the first time, I carried out rigorously correlated morphological
characterizations and optical spectroscopies exactly on the same MPoFNs in order to avoid ambiguities
caused by possible geometric variation from structure to structure. Consistent with the nonlocal model
predictions, both near-field SERS EF and far-field plasmon resonance shift exhibit a quantum

mechanical limit to the gap width of the MPoFNss.

Then, I experimentally investigated quantum charge transport in the organic molecule-sandwiched
MPoFNs. A blue-shift of the hybridized plasmon modes of the scattering spectra was clearly observed
in conductive molecule (BPDT) sandwiched MPoFNs in contrast to that in MPoFNs with junctions
formed by insulating molecule (B4T), which suggests that electron transport occurs in the molecular
junction. To better understand the origins of major plasmon modes observed in scattering spectra,
polarization-dependent dark-field spectroscopy was performed on each molecule-sandwiched MPoFN.

Furthermore, as one of the near-field characterization approaches, SERS spectra were also measured on
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individual molecular nanocavities to disclose charge transport across molecular nanojunctions.
Specifically, in single-particle SERS measurement, several-fold reduction of SERS intensity was
observed in conductive molecule-sandwiched MPoFNs compared to insulating counterparts, which is a
signature of plasmonic quenching of the near-field enhancement. In addition to above works in passive
MPoFNs, single-particle dark-field scattering spectroscopy was also carried out to realize active tuning
of the plasmon resonance mode in individual photoswitchable molecule-sandwiched MPoFNs under

UV-white light irradiation.

Finally, TPL responses of GSPNs embedded with molecular nanojunctions were studied to reveal the
impact of electron transport on the nonlinear optical emissions. In combination with the measured linear
and TPL responses of different GSPNs, theoretical and numerical results have indicated that the near-
field enhancement of the LEM inside the metal regions is significantly quenched due to the charge
transfer effect. As a result, the TPL response of GSPNs with highly conductive molecular junctions is
similar to that of a solid Au NS. The results indicate that TPL spectroscopy can be used as an efficient

near-field probe to study electron transport in plasmonic nanocavities.

In this thesis, PNSs have been regarded as the effective platform to study all-optical modulation of both
linear and nonlinear emissions within classical or quantum regime. On the basis of the promising
findings presented in this thesis, I intend to concentrate on several issues in the future research. One is
the molecular length dependent charge transfer effect in molecule-sandwiched MPoFNs under optical
frequency. The other problem needs to be addressed is to unravel the mechanism of charge transport

from Fig. 5.9 by extending the excitation wavelength of the femtosecond laser to a broader range. In
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addition, as active control of nonlinear signals in PNSs remains relatively unexplored, there is an urgent
need to realize it for a large variety of photonics applications. With the advancement of nanofabrication

and characterization, there will be more promising applications in this field.
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Appendices

Dielectric Function of the Layered Graphene in Simulations

Layered graphene is modeled as a thin dielectric circular sheet with an anisotropic dielectric constant.
The in-plane (&) and out-of-plane (&, ) components of the graphene dielectric function are determined
by:

g1(w,Ep, I T) = & + 122500 and g, = g, (A.1)

gowdgr
where o(w, Eg,I',T) is the surface conductivity of graphene, w is angular frequency, Ef isthe Fermi
energy of graphene (which is dependent on the graphene charge carrier concentration), I is the
scattering rate of electrons in graphene, and T is the temperature. The thickness of the graphene sheet

dgr 18 0.34XN nm where N is the layer number and 0.34 nm is the thickness of a graphene monolayer.

The surface conductivity of graphene can be computed within the local-RPA (random-phase

t189-191

approximation) limi , and is given by:

_ e © . (9fa® _ 9fa(=%) ie?(w+i2l) (o fa(=§)-fa(§)
J(w’EF’F’T)_nhZ(wﬁzr)fO E( & & )df_i_ Tth? fO (w+i2r)2—4(&/h)? dg (A.2)

where I' = 1/(21) with T = uEg/(ev2) being the carrier relaxation lifetime in graphene, vg is the
Fermi velocity of graphene, and pu is the carrier mobility in graphene. Other parameters have the same

physical meanings as described above.
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The first term in Eq. (A.2) corresponds to the intraband electron-photon scattering processes in graphene
and the second term originates from the direct interband electron transitions. In my simulations, the
Fermi energy of graphene is taken as 0.5 eV and the carrier mobility is assumed to be 1000 cm?/(V-S)
for typical CVD-grown graphene. For few-layered graphene (less than five layers), the out-of-plane

polarization is assumed to be extremely weak and the corresponding dielectric constant &, = g, = 1'%2,

Power-Dependent Raman Characterization on SLG
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Figure A1 Measured Raman intensities for the G band and 2D band of a CVD-grown SLG on a 100 nm thick Au TF as a

function of incident laser power.

Statistics of Measured SERS Enhancement Factors in Graphene-Coupled
MPoFNs
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Near-field Enhancement of the HEM of the GSPN with an Insulating and

a Molecular Junction

4000

EF

[ 4L Gr-G band
——Gauss fit

6000 8000 10

86

3626.89

20000

EF

I 1L Gr-2D band
——Gauss fit

40000 60000

Counts

2998.22
/

10000

20000

I 2L Gr-2D band
—— Gauss fit

30000 40000

Counts

1514.16

2000

EF

EF
B 3L Gr-2D band
——Gauss fit
4000 6000 8000 10000

1475.78

2000

4000

EF

——Gauss fit

4L Gr-2D band

6000 8000 10000



25

J Insulating
- -
204 £=0.3 nm
15+
£ !
[}
=4 10 - f1s
r 10
5+ 5
1 0
0 b4 T v T 4 T ¥
0 10 20 30 40

X (nm)
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The Linewidths of the Pump Laser at Different Excitation Wavelengths

Wavelength
715 | 718 | 726 | 730 735 740 745 750 755
(nm)
Linewidth
281 | 636 | 546 | 568 | 522 | 859 | 825 | 8.12 | 832
(nm)
Wavelength
760 | 765 | 770 | 775 780 785 790 795 800
(nm)
Linewidth
(um) 6.52 | 6.29 | 8.08 | 811 | 879 | 8.64 | 832 | 830 | 8.36
nm

Table A1 Measured linewidths of the Ti:sapphire femtosecond laser in the excitation wavelength ranging from 715 to 800

nm.
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