Mechanistic Study of Surface Enhanced Raman
Scattering for High Sensitivity PAH Detection in
Water
by
(©Abhijit Chatterjee

A Dissertation submitted to the School of Graduate Studies in partial fulfillment of
the requirements for the degree of

Doctor of Philosophy
Department of Chemistry

Memorial University of Newfoundland
January 2018
St. John's Newfoundland



Abstract

The main objective of this thesis is the study of surface enhanced Raman scatter-
ing (SERS) mechanisms in order to fabricate efficient SERS substrates for the trace
detection of PAHs. SERS is paining tremendous attention in environmental pollu-
tant sensing. SERS mainly relies on the plasmonic enhancement of the Raman signal
from metal nanoparticles on the SERS substrate. In addition, metal-molecule charge
transfer upon analyte adsorption is also important. Therefore, a study of the SERS
enhancement mechanism is erucial in order to design an efficient SERS substrate.
Polyeyclic aromatic hydrocarbons (PAHs; phenanthrene, pyrene etc.) gained our at-
tention due to their impact on the environment. PAHs dissolve in water at trace
concentrations. Therefore, PAH sensing is challenging using typical environmental
monitoring techniques. In this thesis, the SERS technique was employed to detect
PAHs (phenanthrene and pyrene) with enhancement factors (EFs) of 10° to 106,
The SERS activities of different types of substrates (metal-semiconductor, bimetal-
lic, metal-insulator) were tested, and the Raman enhancement mechanism was in-
vestigated using plasmon absorption studies, scanning probe microscopy, and other
spectroscopic and microscopic techniques. A synergistic effect of electromagnetic and
chemical enhancement on the SERS performance was illustrated with scanning probe
microscopy. This thesis presents new applications or extensions of materials character-

ization methods, including Kelvin probe force microscopy (KPFM) and electrostatic
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force microscopy (EFM), to the SERS mechanism question.

A range of materials was used to create the SERS substrates through multilayer
deposition. In all cases, the top layer consisted of Au, Ap, or both. These plasmonic
materials were supported by ZnO or silica spheres, whose morphology contributed to
hotspot formation, plasmon tuning, and surface hydrophobicity. Substrate’s surface
morphology was tuned by varying the film preparation methods. Some methods
allowed for independent tuning of surface roughness and surface area, two distinct
contributors to enhancement.

The semiconducting and insulating supports also electronically impacted the top
metal layer. By varying the method of preparation of the ZnO, or by adding an insu-
lating poly(methyl methacrylate) (PMMA) interlayer, both the morphology and the
electronic interactions were tuned. Different surface electronic interactions between
the metal and the analyte were linked to chemical enhancement.

Among Au/Zn0O substrates, Au possessed a partial positive surface charge as a
result of Fermi level equilibrium with certain types of Zn0, while defect-rich ZnO
led to a negative surface charge on Au. Bimetallic films with Au and Ag similarly
generated a positive or negative surface charge on the substrate depending on which
metal was on top. The direct measurement of surface charge, enabled by EFM,
explained why these surface charges impacted the EFs in an analyte-specific way.

Tuning the SERS activity of Au/Zn0O by the elimination of impurities in ZnO was
also studied. The types of ZnO impurities and defects were identified by X-ray diftfrac-
tion (XRD), Raman, thermogravimetric analysis (TGA), cathodoluminescence (CL),
electron paramagnetic resonance (EPR), X-ray photoelectron spectroscopy (XPS),
which were also used to identifv changes in defects and impurities during the opti-

mization of substrate preparation.
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Chapter 1

Introduction

1.1 Motivation

1.1.1 Polyeyclic aromatic hydrocarbons (PAHs) as environ-
mental pollutants

Polyeyclic aromatic hydrocarbons (PAHs) are a class of aromatic organic compounds
that consist of two or more fused benzene rings with shared carbon atoms. [1] They
occur mostly as a colorless, white, or yellow solid. Phenanthrene and anthracene are
the most common PAHs, and consist of three fused benzene rings, whereas pyrene
has four fused rings. Naphthalene, with two aromatic rings, is not a true polycycelic
aromatic hydrocarbon, but is instead known as a bicyclic aromatic compound. PAHs
have high boiling and melting points and very low solubility in water. PAHs primarily
form during incomplete combustion of oil and coal.

The occurrence of PAHs is generally classified as pyrogenic, petrogenic, or bio-
logical. [2,3] PAHs form from pyrolysis, when organic compounds decompose under

high temperature in very low oxygen or no-oxygen environments. This incomplete



combustion, whether of fuels in vehicles or from wood burning, generates PAHs as
by-products. Petrogenic PAHs are released by crude oil spills during extraction or
transport, whether on land or at sea. Spills on sea water can eventually impact
coastal land, so the release of oils in the environment can impact numerous ecosys-
tems. Biological PAHs can be formed as a residue through incomplete oxidation in
some biological reactions. Microbe-mediated degradation of vegetative matter also
produces PAHs.

PAHs are toxic and cause both mutagenic and carcinogenic effects in mammals.
[2,4,5] Due to the nonpolar property of PAHs, they can easily dissolve in lipids and
stay in body fat. Cytochrome P450 based mixed oxidases metabolize PAHs to various
epoxides, which are highly reactive and carcinogenic. For example, phenanthrene acts
as a photosensitizer of human skin, and it can even initiate a tumor. [4] Similarly,
naphthalene binds strongly with kidney and liver tissue, potentially increasing the

toxicity of naphthalene in the body.

1.1.2 PAH sensing techniques

Trace sensing of PAHs is crucial for studying their environmental impact. Detection
of PAHs is difficult due to their low solubility in water, causing them to occur in only
trace amounts. For example, phenanthrene has a solubility of 1 mg/L in water. [6]
Consequently, highly sensitive techniques for PAH detection have been developed
by researchers. Fluorescence or mass spectrometry, preceded by chromatographic
separation, have proven to be efficient for PAH detection in water samples.
High-performance liquid chromatography (HPLC) integrated with fluorescence
spectroscopy has been used to detect PAHs in water with a detection limit of 0.5 mi-
crogram/L. [7] Solid-phase extraction can enhance PAH uptake, thus improving the

sensitivity of the method. An in-tube solid phase microextraction (SPME) with the



HPLC-fluorescence technique uses polydimethylsiloxane (PDMS) as a sorbent layer to
attract PAHs. [8] Another technique involves molecularly imprinted polyurethanes as
the capture layer, yielding an enrichment factor of 107 and enabling trace detection of
PAHs by fluorescence. [9] Using mass spectrometry rather than fluorescence can bring

the detection limit down to ng/L, when combined with solid-phase extraction. [10]

1.2 Current advances in SERS detection of PAHs

In contrast to the methods described in section 1.1.2, surface enhanced Raman scat-
tering (SERS) is fast and near-real-time responsive. SERS has vast applications in
environmental analysis, [11] pharmaceutical research, [12] chemical science, [13, 14]
archaeological analysis, [15] food quality determination, [16] explosive detection, [17]
and forensic science, [18]. Naturally, it has also been applied to the detection of PAHs.

A superhydrophobic substrate facilitates the nonpolar PAH adsorption, which
ultimately enhances the SERS response. [19-22] A Au nanoparticle (NP)-based su-
perhydrophobic substrate achieved 10-% M detection of pyrene. [23] In addition, other
types of PAHs and their derivatives were also detected. Due to the superhydropho-
bicity of this substrate, oil-water separation was achieved, enhancing PAH separation
and detection.

Magnetic-metal hybrid materials are one of the class of the multicomponent SERS
substrates that have been employed for PAH sensing using SERS. [24,25] 16 PAHs
were detected with high enhancement factors using Fe;0;-An magnetic-metal nanohy-
brids. [6] This SERS substrate enabled qualitative detection of different PAHs in a
real world sample (river water).

Metal functionalization has been used to enhance the adsorption of nonpolar PAHs
on the metal. [26,27] An earlier report achieved a limit of detection (LOD) of 10~ M



for pyrene using a Ag/graphene hybrid material. [28] Hexadecyl trimethyl ammonium
bromide (CTAB) micelles functionalized with reduced graphene oxide-Ag NPs shows

notable sensitivity towards PAH detection. [29]

1.3 Raman spectroscopy

1.3.1 Origin and fundamentals of Raman spectroscopy

Photons, after incidence on a molecule (or more generally, substance), can scatter
elastically or inelastically. Raman scattering is inelastic, in contrast to Rayleigh scat-
tering, which is elastic. [30,31] The Raman effect is named for Dr. C. V. Raman, who
observed a frequency shift in scattered photons from a molecule.

Figure 1.1 describes this scattering process. An incident photon with an energy of
hr excites the molecule to a virtual state or a non-stationary state. The molecule can
return to the same initial state resulting in a scattered photon with the same energy
hr (Rayleigh scattering). If the excited molecule returns to a state that is higher in
energy than the original state, then the scattered photon has energy less than the
incident photon (hi-hi'). The shift in frequency of the scattered photon is known
as the Stokes shift. Conversely, if the excited molecule relaxes back to a state lower
in energy than the starting state, then the scattered photon will have energy higher
than the incident photon (hr+ht'). This shift is designated as an anti-Stokes shift,
and has lower intensity due to the excitation of the molecule from a less populated,
excited vibrational state.

The intensity (I) of the scattered light for a Raman mode depends on the dipole
moment (u) [32]

I o pi? (1.1)
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Figure 1.1: Elastic Rayleigh scattering and inelastic Raman scattering.

The dipole moment depends on the incident electromagnetic field (£) and the polar-

izability () of the molecule as

f=p,+ak (1.2)

where [1, is the permanent dipole of the molecule (zero for nonpolar molecules). Com-

bining equations 1.1 and 1.2 yields

I xa®- E* (1.3)

In other words, the intensity I of a Raman mode is proportional to the square of the
incident field E, and the square of the polarizability c. The enhancement discussed
in the next section (1.4) tackles both increasing o and increasing E.

Conventional Raman spectroscopy generates very low signal, as it is a scattering
method. In addition, Raman spectra has low signal-to-noise ratio. [33] The discovery
of surface enhanced Raman scattering (SERS) enabled the measurement of Raman

spectra of analytes at trace concentrations, opening doors for applications in sensing.
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[34] The SERS method is explained in the following section.

1.4 Surface enhanced Raman scattering

SERS was first observed by the Raman enhancement of pyridine on an electrochemi-
cally roughened silver surface. [35] This discovery introduced a powerful sensitive and
selective tool for trace detection. [36]
We can relate the SERS intensity Isgps to the normal Raman intensity I by the
enhancement factor, EF
Isgrs = Ig - EF (1.4)

Empirically, the enhancement factor is defined as [37]

EF ISERS CHarma[ {15]

CSERS IH ormal

lsgrs and Iy,.ma are the intensities of the surface enhanced Raman mode and the
normal Raman mode, respectively. Csgrs and Cyorma are the concentrations of the
analyte in the SERS and normal Raman measurements, respectively. This analyti-
cal EF includes contributions from additional surface sites available in the (usually)
rougher SERS substrate compared to a SERS-inactive substrate. A surface area cor-
rected EF (EF*) will measure the contributors to enhancement independent of surface
area changes, allowing for direct comparison between candidate substrates when tun-
ing material properties.

The enhancement factor can be presented in two parts, arising from the electro-

magnetic (EM) and the chemical (CM) enhancement mechanisms [34]

I=1Ig-(EFgy)- (EFcy) (1.6)



Electromagnetic enhancement relies on the surface plasmon electromagnetic field gen-
erated by metal nanoparticles (NPs), among other materials. In the electromagnetic
model, the enhancement of the Raman intensity occurs twice, [38,39] from the cou-
pling of the local plasmonic field with both the incident field ( E;) and scattered field
(E;). This coupling of fields gives rise to an electromagnetic enhancement factor
of [34,40]

EFgy = E} x E? (1.7)

Therefore, the SERS enhancement is proportional to the fourth power of the electro-
magnetic field. The surface plasmon can increase E by a factor of 10, leading to a
Raman enhancement of 10%.

Chemical enhancement results from the adsorption of the analyte on the metal
surface, which can lead to charge transfer, geometric changes, or other changes to
the electronic structure of the adsorbate, all of which affect the polarizability of the
molecule @, qeme. [41] The enhanced polarizability of the molecule, agggrs, can be
quite a bit larger, with an EFcyy of [34]

EF oy = %pns (1.8)

2
X molecule

The chemical enhancement can contribute to an enhancement factor by 10% or more.

[42]

1.4.1 Electromagnetic enhancement: Surface plasmons

“Surface plasmon” refers to the collective oscillation of conductive surface electrons
of a metal. [43] This surface plasmon oscillation propagates along the metal-dielectric
interface. When incident photons couple with surface plasmons, an excitation occurs

known as a surface plasmon polariton (SPP). When the plasmonic material is in the
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form of a particle which is smaller than the wavelength of the incident radiation,
localized surface plasmon resonance (LSPR) occurs, resulting in the formation of an
intense and confined plasmonic field. LSPR is sensitive to the dielectric environment
and is also influenced by the geometry factor of the particle.

The surface plasmon property of a metal can be described with the classical elec-
trodynamics approach by solving Maxwell’s equations. The Drude-Sommerfeld model
is presented here to describe the metal optical property in terms of the collection of
unbound electrons and a stationary positive charge center (a rigid ionic lattice). [44]
In this mathematical description, an oscillating electron has an equation of motion
under the influence of an applied electric field described by

d*7 dr’

m— + mEI‘ET S (1.9)

where m, is the eftective electron mass, ¢, is one electron charge, and 7 is the dis-

placement of the electron from the equilibrium position as a function of time . T is

the damping constant, which is proportional to the Fermi velocity of the electron. Ej,

is the magnitude of the applied electric field and w is the frequency of the field.
Macroscopic polarization (P) can be defined as

Pl

c=1+
El}|E|

(1.10)

where ¢ is the dielectric constant of the metal. Using ¥ = rge=™* (ry is position of
the electron at the equilibrium position), one can obtain the Drude dielectric zp, 4.

of the metal:
2

W
- =1-——F_ 1.11
€Drude() w? +ilw ( )

where w, is plasmon frequency of the metal, which is the resonance frequency of



electrons. This plasmon frequency can be expressed as

2
W, = |2 (1.12)
MeEn

Here, n is electron density. This relationship has been used extensively to calculate
the approximate dielectric constant of the metal within the approximation of free
electrons on the metal surface. This model is quite accurate in the infrared region
but can lead to problems in the visible region as it neglects interband transitions.
Interband transitions occurs when high energy photons excite electrons to a higher
energy state. These transitions are more important in the visible region, where the
incident light has a higher energy than the band transition energy.

In the classical picture, this interband transition can be described as exciting the
oscillation of bound electrons. Hence a spring constant k, describing the potential bar-
rier of the bound electron, appears in the modified version of the Drude—-Sommerfeld
equation, known as the Lorentz—Drude model [45]

mbﬁ - mﬂﬁ. + ki = e Epe— ™t (1.13)

dt2 dt
where v is the damping constant in Lorentz—-Drude model and my, is the effective mass
of the bound electron. With this modification of the Drude model, one can arrive at

an expression for the dielectric constant of the metal,

2

et
A = P
Elnterband(w] 1+ (&JE — w.z} — 3’}’{;} {114]

This equation is known to be a better approximation for calculating the dielectric
function of metals (Ag, Au) in the visible region. [46]
The plasmon electromagnetic Raman enhancement can be calculated by deriving



the electromagnetic field generated outside the metal sphere. [47] In this case, =g is
the dielectric constant of the surrounding medium and z; is that of the metal. By
solving Maxwell’s equations, one can arrive at the electromagnetic field outside the

metal sphere Ep, i.e. the plasmonic field, due to the incident field Ej
. zZ 3z, ., . .
Ep = Enz—aiEo[ﬁ — E(:g..zr+a::c:+yy)] (1.15)

In this equation z, y, and z are Cartesian coordinates, r is radial distance and Z#, 4,
and Z are unit vectors along Cartesian axes. The polarizability of the metal sphere
can be expressed as

a; = ga® (1.16)

where «; is the polarizability of the metal and a is the radius of the metal sphere. g

is defined as
. £i — Ep
g+ 25

g (1.17)

where ¢; can be quantified theoretically from the Drude model (equation 1.14).
The Raman intensity from a molecule adsorbed on the plasmonic metal sphere
can be evaluated as the absolute square of the plasmonic field {E%., see equation 1.3),

which can be expressed as
B} = B3[|1— [9’| + 3 cos? 8(2R(g) + |9)] (1.18)

Here, # is the angle between the incident field vector and the vector describing the
position of the molecule on the surface of the plasmonic material (the surface normal).

For large |g|, this equation reduces to
E% = E5|g|*(1 + 3 cos®8) (1.19)
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Therefore, at 0° and 180° angles, the highest enhancement occurs. For the anti-Stokes

peaks,
Ep’E}?
fr T

where E}, refers to the scattered radiation, to differentiate it from the plasmonic field

EF (1.20)

Er and the incident field Ep. When |g|»1 one can insert equation 1.19 into 1.20,
yielding
EF =o |g[*|g'|? (1.21)

g' is defined by the dielectric constant for the scattered radiation. Hence, the more
general expression for the enhancement factor is EFx g*, which is commonly known

as E* enhancement, as defined earlier in equation 1.7.

1.4.2 Distance dependence of enhancement

The dependence of the Raman intensity on the distance between the analyte and the
metal surface is complex. [41] However, with a more general version one can correlate
the distance between the metal sphere and the analyte with Igpps. Typically, the
highest plasmonic enhancement of the Raman mode of the analyte can be achieved
in the close vicinity of the metal surface, where the analyte molecule experiences the
intense surface plasmonic electromagnetic field. For a metal sphere with radius r, the
field enhancement decays as r—3, from the solution to the Laplace equation. [41] (The
supplementary information in Ref. 48 derives the solution in great detail.) Since the
SERS intensity goes as E* (see equation 1.7), it decays with a factor of r—!2. Figure
1.2 depicts the EF as a function of the distance from a plasmonic (gold) structure
(tip). [49]

The enhancement factor can be dramatically increased by the generation of plas-

monic hotspots. Plasmonic hotspots are intense plasmonic fields at the junction of

11



Figure 1.2: Enhancement factor variation with distance from a gold tip. Reproduced
“in part” from Ref. 49 with permission of the PCCP Owner Societies.

two or more metal nanoparticles (NPs). [50] Single molecule detection is possible

when that molecule is in a hotspot (nanoparticle junction), as demonstrated with
haemoglobin (Hb) [51] and rhodamine 6G measured with Ag NPs. [52]

1.4.3 Adsorption effects

Since the enhancement of the Raman signal from an analyte by the metal plasmonic
field is distance dependent, a strong adsorption interaction between the analyte and
the metal surface is crucial in order to experience maximum near-field enhancement,
as the signal from molecules in solution above the surface is negligible (see section
1.4.2). Furthermore, the adsorption of the analyte can also impact the polarizability
of the analyte, thus impacting the Raman intensity (equation 1.8). These adsorption
effects are explained in this section.

Adsorption interactions are generally classified as: [53]

Chemisorption: This involves chemical bonding interaction between an analyte
and the surface of the SERS substrate.

Physisorption : Electrostatic force or other physical forces between the analyte and

12



the surface of the SERS substrate, no chemical bonds are involved in this interaction.

Surface coverage of analytes determines the SERS signal. SERS intensity is di-
rectly proportional to the number of adsorbed molecules in the scattering volume,
which is not necessarily linear with the number of molecules in the scattering vol-
ume (i.e. the molecule concentration). Above monolayer coverage, the molecule in
the second layer will not experience the same surface plasmonic field as the adsorbed
molecule in the first layer. Therefore, above the monolayer coverage, the SERS signal
is no longer directly proportional to the number of adsorbed molecules. [54]

The number of adsorbed molecules depends on the number of available sites for
adsorption, which in the simplest case is related to surface area. [54] An early work
showed Langmuir adsorption behaviour for physisorbed monolayers of different an-
alyte organic molecules on glassy carbon. The intensity vs. solution concentration
plot shows the typical Langmuir isotherm, similar to a logarithmic relation between
solution concentration and SERS intensity. [55] A typical Langmuir isotherm can be

represented as
" _nm'KL'Ce
" 14+ K -C.

(1.22)
where n. is the amount of analyte molecules adsorbed at equilibrium (mg-g~!), n,,
is the maximum amount of analyte molecule to form a monolayer on the adsorbent,
(mg-g~1), K is the Langmuir isotherm constant (L-mg~!), and C, is the analyte
concentration (mg-L~1).

In many cases, however, the adsorption interactions are not so simple. One devia-
tion from the simple Langmuir isotherm comes from surface roughness. Non-uniform
surface roughness generates different types of spaces for the analyte molecule, which
affects the possible molecular orientations upon adsorption. Therefore, if we consider

two possible orientations of a molecule, a simple Langmuir isotherm transforms to a

modified Langmuir profile. [56] Figure 1.3 shows three models: single Langmuir, dual-
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site Langmuir (adsorption on different type of sites) and dual arrangement Langmuir

(different orientations at the same type of site).

L] - .
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: i o
] .
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; 500 -
= ¢ SERS (740to 795 cm™)
& Dual Site Langmuir
Single Langmuir
0 —— Dual Arrangement Langmuir

10 0 et 1t s Wt 1
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Figure 1.3: Difterent Langmuir isotherm depending on the molecular orientation on
the rough surface. Adapted with permission from Ref. 56. Copyright (2016) American
Chemical Society.

Another source of deviation from simple Langmnuir adsorption involves intermolec-
ular interactions between adsorbates, which are excluded in the Langmuir model.
[57) The adsorption of molecules with strong intermolecular interactions would be
better described with the Brunauer-Emmett—Teller (BET) model, as observed for
quinacridones on a Ag surface. [58] The relationship between solution concentration
and adsorption concentration (and hence SERS intensity) is not as simple as in equa-
tion 1.22, as the BET model does not level off like the Langmuir model.

A further effect of analyte adsorption, beyond impacting the relationship between
solution concentration and number of adsorbates, is the impact of adsorption on
the electronic structure of the analvte. In the case of chemisorption, the molecule-
surface binding interaction changes the polarizability («) of the associated bonds in
the molecule and consequently shifts the vibrational frequency. [36] For example, 1,4-
benzenedithiol shows ditferent SERS response depending on how it interacts with

the SERS substrate. [59] Figure 1.4 depicts two types of substrates: a rough Au
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surface and a sandwich structure between Au spheres and a Au surface. In the first
case, the molecule is attached through one thiol group and, in the second case, both
thiol groups. Due to these ditferent adsorption eftects, there is a marked shift in the
vibrational frequencies of the ring breathing, C=C stretching, and C-S stretching

modes.

1
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i

NI
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Figure 1.4: (a) Molecule on a rough Au surface and (b) molecule in a sandwich
between Au spheres and a planar Au surface. Adapted with permission from Ref. 59.
Copyright (2016) American Chemical Society.

1.4.4 Charge-transfer enhancement mechanism

In resonance Raman enhancement the laser excitation wavelength is in resonance with
the molecular electronic excitation (HOMO—LUMO), as shown in the Figure 1.5. [36]
This electronic excitation changes the polarizability (o ,equ.) 0f the molecule, thus
chanpging its Raman scattering cross section. Even without resonance Raman, using
SERS can also change the polarizability of the molecule through charge transfer (CT)
between the SERS substrate and the molecule. This CT is shown at right in Figure
1.5. Hence CT also leads to perturbation or modification of o, jemi., Which ultimately

impacts the intensity of the Raman mode (see equation 1.8). [34]
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Figure 1.5: Electronic excitation mediated chemical enhancement in SERS: HOMO-
LUMO electronic transition from the Raman laser (left), and metal to molecule elec-
tron transfer from excitation by the Raman laser (right).

Substrate-analyte charge transfer modifies the electron density of the analyte
molecule, which also changes the energy of the vibrational mode, resulting in shifted
Raman peaks. [60,61] Charge transfer can also lead to the appearance of additional

or new Raman peaks when CT results in symmetry breaking. [62,63]

1.5 SERS mechanistic studies

1.5.1 Theoretical approaches

Both classical and quantum approaches have been applied to determine the enhance-
ment mechanisms of SERS. The classical electrodynamics approach is mainly em-
ployed for the simulation of electromagnetic enhancement, whereas quantum mechan-

ical calculations can provide insight on chemical enhancement mechanisms.
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Classical electrodynamics approach

Solving Maxwell's equations for electrodynamics is the classical way to determine the
surface plasmon electric field. Some good implementations include finite-ditference-
time-domain (FDTD) solutions, [64] the boundary element method (BEM), [65] and
the discrete dipole approximation (DDA). [66] The FDTD simulation is observed to
be the best among them due to its excellent performance for large scale calculations
with great accuracy. [67] Therefore, the FDTD formalism and its application to SERS
mechanism studies are explained here. [67,68]

The FDTD simulation solves electromagnetic equations in the time domain with

a finite-difference calculation. Maxwell’s equation for a electric field can be written

as
. OE
VxH=ec— (1.23)
or
°F _lg.d (1.24)

it ¢
where H is the magnetic field, E is the electric field, and ¢ is the dielectric constant
of the material.

The FDTD treats equation 1.24 with finite time steps:

B(t+At) — E@) 1 LAt
AL = _Vx[H(t+ )] (1.25)

A simulation of the response of a nanoscale plasmonic material of a particular shape
with dielectric ¢ yields the plasmonic electric field E. The location of maximum
intensity E corresponds to a hotspot. For example, silver nanospheres on a flat gold
surface were modeled using the FDTD simulation. [69] The maximum electric field

intensity was found to be at the junction of the two metals.
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FDTD simulations can run on systems of realistic size, facilitating direct predictive
or confirmatory links to experimental data. In the example above, [69] the model sys-
tem consisted of Ag spheres (2080 nm) 1 nm apart on a flat Au surface (400 nm x 400
nm) that was 150 nm thick, a system which mimics closely the SERS substrate used
experimentally. The enhancement factors (EFs) can be calculated from equation 1.20,
since the simulation yields the magnitude of the plasmonic electric field ( Er) gener-
ated by an incident field (i.e. from the Raman laser) of magnitude E,. As a result,
the authors were able to check the EFs with several different excitation wavelengths
and confirm a match between simulation and experiment.

Even more complex systems can be simulated, as seen in another recent study
of the eftect of the semiconductor’s dielectric constant on the SERS response from a
metal-semiconductor hybrid material. [70] FDTD simulations illustrate the generation
of the high intensity plasmonic electric field in the case of Ag spheres on a Ge surface
(Ag/Ge) as compared to Ag spheres on a Si surface (Ag/Si) (see Figure 1.6), which

is consistent with experimental SERS measurements on these substrates.

50 .30 -10 10 - -50 : .10 10 30
x(nmj x(nm)

Figure 1.6: The electric field distribution in (a) Ag/Ge and (b) Ag/5i. Ag/Ge shows
a more intense plasmonic field at the junction. This fipure from Ref. 70 is reproduced
under the CC BY-NC-ND 3.0 license.
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Quantum mechanical calculations

Several experimental and quantum simulation studies have been performed to in-
vestigate chemical contributions. [71,72] The electronic structure calculation of the
molecule-metal system provides information on the binding behavior of the molecule
to the metal and the impact on the polarizability. This simulation also offers in-
sight on the electronic excitation of the metal-molecule system, which governs the
enhancement of the Raman cross section.

(Quantum mechanical calculations provide tools to explore beyond the electro-
magnetic contributions to SERS enhancement. [42] In the classical electrodynamics
model, the adsorbed molecule is treated as a point dipole; hence, the polarizability
dependence of Raman activity (see equation 1.3) is completely ignored. The quan-
tum mechanical model offers a more detailed description of the enhancement of the

adsorbed molecule on the metal, calculating Raman intensities ([) from

5 2
Xmolecule

5 (1.26)

Yppotecule 15 the polarizability of the molecule and g is the coordinate set for a given
mode of the molecule. Based on the definition of Raman intensity I from equation
1.26, it follows that the Raman intensity must be zero when there is no polarizability
change upon changing the molecular coordinates.

A number of chemical enhancement mechanisms have been evaluated using quan-
tum chemical calculations, vielding a detailed understanding of the sources of en-
hancement. [73-76] An example demonstrating that detail involves a TDDFT study
of pyridine on a Ag cluster. [77] Two types of Ag-pyridine orientations were modeled,
and the polarizability change was calculated for each. It was observed that the high-

est Raman enhancement can be achieved by the metal surface-pyridine interaction
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relative to the metal vertex—pyridine complex. The polarizability change (and hence
the Raman enhancement) is found to be a result of charge transfer between Ag and
Py.

A hybrid quantum-classical approach has been used to describe the SERS mech-
anism of pyridine on a surface of a Ag sphere, explicitly. [78] The electromagnetic
enhancement is modeled using Mie theory, and then chemical enhancements (both
adsorption and CT effect) were calculated with time-dependent density functional
theory (TDDFT). These two models were then combined to develop an overall metal-
molecule system, which distinguishes EM and CM. This approach was demonstrated
with a pyridine-Ag system. [78] This hybrid simulation method was also applied
to benzene-Ag and [79] para-nitrothiophenol-Ag [80] systems to determine laser fre-

quency dependence of Raman enhancement.

1.5.2 Experimental approaches
Optical absorption spectroscopy

Optical absorption of the plasmonic nanoparticles offers insight into the plasmonic
field. Since the plasmonic electromagnetic enhancement is the primary enhancement
mechanism, the magnitude of the plasmonic electromagnetic field generation is erucial
to achieving high enhancement. [41] Thus, the Raman excitation wavelength should
be comparable with the plasmonic absorption wavelength for high enhancement of
Raman signals.

One should be able to improve enhancement, therefore, by matching the laser
excitation wavelength and the plasmon peak. Normally, noble metals, such as Aun
and Ag, have their plasmonic absorption near the 400 nm region. However, as per

the earlier discussion (section 1.4.1), this plasmonic absorption can be tuned with

20



varying shape, size, or dielectric environments. [43] A plasmonic absorption study
of a SERS substrate can indicate which wavelength of the Raman laser will yield
maximum enhancement. A recent example of this strategy is seen in gold nanoring
SERS substrates, where the SERS signal is higher for the excitation wavelength, which

coincides with the plasmonic absorption maximum. [81]
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Figure 1.7: Wavelength dependent SERS activity. The 785 nm laser delivers the
highest Raman enhancement because it matches the plasmon absorption maximum
of the SERS substrate. Reproduced “in part” from Ref. 81 with permission of The
Royal Society of Chemistry.

Conversely, the substrate plasmon absorption can be tuned to match a desired
excitation wavelength. For example, changing the size of the pits in gold pyramid
arrays tunes the localized plasmon absorption in order to complement the Raman

laser wavelength. [82] Plasmon tuning for nanoparticles typically involves changing
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their size. [83, 84]

However, the relation between the plasmon wavelength and the Raman laser wave-
length for plasmonic enhancement is more complex. [41] For example, if the energy gap
between plasmon absorption and excitation source matches the energy of a Raman
mode, that can also boost the SERS signal. [85] This process is not to be confused
with Resonance Raman, where the Raman laser wavelength matches an electronic
excitation in the molecule of interest. In resonance Raman, no plasmonic field is
present.

Optical absorption spectroscopy can also demonstrate where the enhancement
mechanism is not controlled by the plasmonic field intensity. Matching the Raman
laser wavelength to the plasmon absorption maximum is not a requirement for SERS
activity when chemical (as opposed to electromagnetic) enhancement plays a signifi-

cant role. [81, 86]

Electron microscopy

While imaging, cathodoluminescence (CL), [89] it can also produce a spatially re-
solved plasmon map describing different modes of plasmonic field and intensity. The
plasmon map is also very important in understanding hotspot generation and plas-
monic enhancement, as simulated in the theoretical FDTD calculations described in
section 1.5.1.

In CL, the electron bombardment causes electronic excitation in the sample, in-
cluding plasmon excitation in the so-called “low-loss” region (0-100 eV) of the CL
spectrum. After the relaxation of excited electrons, the emitted photons are detected
to produce the CL spectrum. These emitted photons vield spatially and spectrally
resolved plasmon maps for plasmonic materials. [90,91]

In a study of Au nanodecahedra, [87] the authors found excellent agreement be-
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Figure 1.8: The consistency of theoretical (BEM) and experimental (CL, labelled as
“SEM™) plasmon modes. Adapted with permission from Ref. 87. Copyright (2015)
American Chemical Society.

tween theoretical and experimental results. The gold nanodecahedron particle was
excited by the electrons, and CL emission spectra showed similar features as the
theoretical calculations (using the boundary element method). Although both az-
imuthal and polar modes were calculated, experimentally only the azimuthal mode
was resolved (Figure 1.8). Electron-energy-loss spectroscopy (EELS) can also map
plasmonic activity, addressing modes which cannot be resolved by CL. EELS is an
electron spectroscopic technique, which can probe both radiative losses and energy
transfers (inelastical), and thus resolves more plasmon modes. Losquin et al. [3§]
meastured plasmon modes of a gold nanoprism by EELS and CL. Dipolar plasmon
modes were resolved by both techniques (Figure 1.9). Higher order plasmon modes

were not resolved by CL, but through EELS these were successfully observed.

23



o
(]

o m
o 0
e
| .
o
8
] 1.
3
o m
E r
e ch
@
=
[a]
&

)
A
=2 "
T

Figure 1.9: Higher order plasmon modes have been mapped with EELS, but CL
failed to resolve. Adapted with permission from Ref. 88. Copyright (2015) American
Chemical Society.

Scanning probe microscopy

Surface architecture plays a crucial role in SERS due to the reasons described in
Section 1.4. A substrate with a rough surface is always a pood candidate for the
SERS sensing because of the potential for hotspot generation. Additionally, surface
electronic properties have a significant impact on SERS activity. [92] Both the surface
morphology and the electrical effects are important for studying SERS mechanisms.

Scanning probe microscopy (SPM) is a versatile technique for measuring surface
morphology and electrical properties. [93,94] The instrument scans a tip across a
sample, building up an image using data from a series of adjacent line scans. When
mapping surface topography, tip-sample van der Waals interactions (short range in-
teractions) tend to govern the tip movement. In contact mode, the SPM tip interacts
with the sample surface directly, and the movement of the tip is tracked by the reflec-

tion of a laser from the tip to a detector. Tapping mode imaging involves tip-sample
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interactions over a much shorter time scale, where tip oscillation damping is tracked
by the laser reflection on the detector.

Kelvin probe force microscopy (KPFM) and electrical force microscopy (EFM)
can measure both surface morphology and electrical properties. [95,96] Surface work
function can be determined by KPFM, while surface charge can be measured by EFM.
In both cases, an initial line scan determines the topography, while a rescan of that line
at some distance from the sample measures the (longer-range) electrical forces. There
are no published applications of KPFM or EFM to study SERS mechanisms. This
thesis demonstrates the utility of these techniques in investigating SERS mechanisms
by detailed surface characterizations.

Several research investigations have been devoted to determining the relationship
between surface topographical features and the SERS response. One of the earliest and
most notable studies on the effect of a rough surface on plasmon activity using SPM
studied Ag films. [97] The plasmonic absorption and EFs of the films changed with
ditferent thicknesses of evaporated Ag. SPM images showed that difterent thicknesses
of evaporated Ag vielded ditterent particle sizes, demonstrating particle size dependent
plasmonic absorption tuning. Another demonstration of morphologv-controlled SERS
comes from a comparison between a rough and a smooth Ag thin films, [98] where
the rough surface exhibited a significantly higher SERS activity (Figure 1.10).

A recent article, which uses SPM data and FDTD simulation to explore the elec-
tromagnetic field generation, is worth mentioning. [99] The 3D surface morphology
of different Ag films (smooth and rough) were imaged using SPM. By importing the
surface topography (coordinates) into the FDTD geometry, the simulation mapped
the plasmonic field for the various surfaces, showing that the rough surface generated

the highest electromagnetic field.
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1.6 SERS substrate fabrication

In this section, different synthetic approaches of SERS substrates are illustrated.
Noble metal nanoparticles are of particular interest due to their unique plasmonic
properties. Since the surface plasmon enhancement is a surface phenomena, the sur-
face morphology of the SERS substrate has a major impact on the SERS activity.
Generally, increased surface roughness is one of the most important requirements
for a highly efficient SERS substrate. A rough metallic surface not only generates
plasmonic hotspots, but can also increase available adsorption sites for the analyte.
To control roughness, these films are often made of nanoparticles of given sizes and

shapes.

1.6.1 Chemical synthesis

Gold or silver nanoparticles (NPs) can be synthesized by the reduction of metal salts,
generally AgNO, and AgCl for Ag colloidal NP synthesis and HAuCl; for Au NPs.
[100-103] Both organic and inorganic reducing agents are used for NP formation, with
sodium citrate and sodium borohydride being the most common. [104] In most cases,
the nanoparticle size is controlled by the addition of a capping agent. The capping
agent acts as a stabilizer for individual metal nanoparticles, preventing agglomeration
from forming larger particles through electrostatic interactions. [105]

Capping agents can also impact NP shape, forming spheres, nanowires, nanotubes,
nanodisks, ete. [106, 107] One of the most recent examples involves the formation
of Ag nanoprisms using a biopolymer (protein) as a stabilizing agent, where the
amount of biopolymer chain controls the morphology of the Ag NPs. [108] These
Ag nanoprisms show high SERS efficiency towards 4-mercapto benzoic acid detection

with an enhancement factor of 2.8 x 105,
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Addition of multiple stabilizing agents compared to only one stabilizing agent
can have drastic effects on nanoparticle shape. [109] Using cetyltrimethylammonium
bromide (CTAB) as the stabilizing agent yields spherical shaped Au NPs. A mixture of
CTAB and sodium oleate stabilizing agents produces compass-like gold nanoparticles,

which after self-assembly, generate a highly ordered periodic array. The compass-like
Aun NPs have an EF of 4.4 x 10% much higher than that of spherical NPs (EF of

8 x 10%).

1.6.2 Nanofabrication
Electron-beam lithography

Electron-beam (e-beam) lithography etches the desired nanoscale features into a sub-
strate by removing material with the high energy and focused beam. Using e-beam
lithography, one can design a substrate with a wide range of array geometries and spac-
ings composed of a variety of nanoscale features. [110] Recent examples emphasizing
that variety include cone-shaped, [111] bowtie-shaped, [112] and triangle-shaped [113]
metallic arrays. The control over shape, size and spacing — particularly the nanoscale
spacing possible with an e-beam — allows for the optimization of hotspot genera-

tion. [110]

Nanosphere lithography

Nanosphere lithography (NSL) is a simpler way to fabricate highly ordered metal
nanoparticle arrays that does not require the specialized equipment or laboratories
used for e-beam lithography [41, 114] but is highly reproducible and can also gen-
erate nanoscale interparticle spacing. First, micron or sub-micron sized spheres are

deposited on a solid support, creating a hexagonal close-packed array of nanospheres
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as the sphere carrier evaporates. Metal is then deposited on the drop cast spheres
using physical vapor deposition, electron-beam deposition, or pulsed laser deposition
with thickness ranges from nm to gm. The nanosphere mask is then removed by son-
ication or with appropriate solvent, leaving behind an array of triangle-shaped metal
nanoparticles formed between the spheres. Particle shape and size can be tuned by
the size of the nanosphere, the thickness of the metal film, or metal film treatment

(post deposition) such as thermal annealing. [115,116]
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Figure 1.11: Steps involved in nanosphere lithography (NSL) to produce highly or-
dered NP arrays. [41]

In an interesting inversion of the process, metal “nanovoids” (concave hemispheres)
can also be fabricated with NSL, producing intense electromagnetic hotspots at the
ridge between the voids. [117] The process begins with deposition of Al on polystyrene
(PS) spheres on poly(methyl methacryvlate) (PMMA). The Al is covered with a poly-
imide sheet. The substrate is inverted, and the PMMA and PS5 are dissolved with
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THF. The resulting Al nanovoids are supported on polyimide, which is insoluble in
THF. This fabrication vields a highly efficient and reproducible SERS substrate.

1.7 Multicomponent SERS substrates

1.7.1 Mletal-semiconductor substrates

Metal-semiconductor hybrid materials are garnering much attention due to their tun-
able electronic (and hence optical) properties. [118] In the field of plasmonics, semi-
conductors serve as a suitable dielectric environment to manipulate the plasmonic
response of the metal. [70] A semiconductor also affects the surface morphology of the
metal layer and hence the generation of surface hotspots. [119] A metal film deposited
on a polycrystalline semiconductor film may then adopt the rough surface morphology
of the underlying semiconductor. [120] Therefore, this rougher metal surface gener-
ates intense plasmonic hotspots as a result of the overlapping of the electromagnetic
field at the junction of metal particles. Just as the metal nanoparticles can be synthe-
sized with different shapes, so too can the semiconductor crystallites, whether forming
nanorods, nanoflower, and many more. [121]

A semiconductor layer also plays an important role in the generation of a partial
surface charge on the metal. [119] Noble metals (Ag, Au) often have higher Fermi levels
compared to metal oxide semiconductors (Zn0O, TiO,), resulting in electron transfer
from the metal to the semiconductor in order to reach the Fermi level equilibrium.
Thus, the metal surface possesses a positively charged surface, and an electron-rich
analyte molecule adsorbs through an electrostatic interaction, as observed for PAHs.
[122,123] This enhanced adsorption impacts SERS response, as described in section

1.4.3.
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1.7.2 Bimetallic substrates

Bimetallic nanostructures and their applications in SERS is an emerging field of
nanoplasmonic research. [124] Au-Ag, Ag-Pd, and many more bimetallic combina-
tions have been observed to be efficient SERS substrates. [125-127] One key feature
of bimetallic nanostructures is the generation of a partial surface charge after Fermi
level equilibrium between the metals. [92] Due to the higher Fermi level of Ag than
that of Au, there is electron transfer from Ag to Au in the Au-Ag bimetallic system,
which results in a Ag surface with a partial positive charge and a Au surface with
a partial negative surface charge. This surface charge formation facilitates the ad-
sorption of the analyte through an electrostatic interaction. Furthermore, the surface
charge density tunes the plasmonic energy. A negative surface charge density shifts
the plasmon to a higher wavelength, while a positive surface charge leads to a blue

shift of the plasmon absorption. [128,129]

1.8 Summary

This thesis is mainly devoted to the mechanistic study of PAH sensing by surface
enhanced Raman scattering. As mentioned in this introduction, the study of the
enhancement mechanism is crucial for understanding the activity of the SERS sub-
strate towards a given analyte. Difterent hybrid (metal-semiconductor, bimetallic,
metal-insulator) materials were fabricated and their SERS performance towards the
detection of phenanthrene and pyrene (PAH analytes) were investigated.

The types of ZnO used in this thesis difter in erystal shape as well as in defects
and impurities. These defects and impurities are beneficial for semiconductor-driven
SERS enhancement [130] and are summarized in Table 1.1. The different types of ZnO

are achieved by varying the sol-gel synthesis parameters, which are listed in Table 1.2.
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Table 1.1: Crystal shapes and defects of the different types of ZnO used in this thesis,
by chapter.

Crystalline
Chapter  Shape domain size (nm) (002) Defects and impurities
2 Rod 22.87 O deficiency, Zn(OH),
3 Hexagonal pyramid  26.49 Zn(OH),
5 Triangular 7.01 Zn vacancies, Zn(OH),

Table 1.2: Ditferent ZnO synthesis parameters used in this thesis, specifving the
mole ratio of [Zn] to [OH] in the starting materials, additives, reaction times and
temperatures, and settling times.

Chapter [Zn|:[OH] Additive Reaction Reaction Settling
temp. time time

2 0.05:1.50 35°C 30 mins 6 hours

3 0.05:1.50 40°C 1 hour Overnight

5 0.10:0.56 thiourea 40°C 35 mins 2 hours

In this thesis, the enhancement mechanisms for a range of SERS substrates were
studied by different experimental techniques, some of which have not been applied
before to the investigation of SERS mechanisms. By identifying the key factors in
enhancement for each type of SERS substrate, I produced highly sensitive SERS
substrates for detection of an organic PAH analyte molecule. A brief chapter summary

follows.

1.8.1 Chapter 2: Surface Potential and Morphological Map-
ping to Investigate Analyte Adsorption Effects on Sur-

face Enhanced Raman Scattering (SERS)

This chapter explains the Au thickness dependent SERS performance of a Au/ZnO
substrate. Electron transfer at the metal-semiconductor interface leads to surface
positive charge formation on Au, detected from changes in the work function. A

substrate of 35 nm of Au on Zn0O achieves ppb detection of phenanthrene by balancing

32



the competitive effects of surface charge and roughness, both of which can lead to

plasmonic enhancement.

1.8.2 Chapter 3: Thermal Annealing: A Three-fold Approach
to Improving Surface Enhanced Raman Scattering (SERS)

Activity of Metal-semiconductor Substrate

Thermal treatment of ZnO prior to Au deposition leads to a significant improvement
of SERS activity in the Au-Zn0O SERS substrates studied in this chapter. Thermal
annealing tunes the surface hydrophobicity, roughness, and electronic structure of the
multicomponent substrate. The optimized combination of these three factors leads to

an EF of 10° for phenanthrene detection in water solution.

1.8.3 Chapter 4: SERS Detection Using Metal-insulator Mul-

tilayers: Effect of Insulator on Plasmonic Enhancement

An insulating co-layer with the plasmonic metal can enhance the metal’s plasmonic
field and, as a whole, improve the SERS activity. The key to this improvement is the
suppression of plasmon loss by the insulating layer. This multilayered polymer-metal

substrate displays ppb detection of phenanthrene in aqueous solution.

1.8.4 Chapter 5: Effect of ZnO Defects on SERS Activity of

Au/ZnO Hybrid Films

In this Au-ZnO nanohybrid, unlike the one in Chapter 2, Au possesses a negative
surface charge from reverse charge transfer from ZnO to Au, due to the ditferent

preparation of ZnO producing defect-rich crystallites. The metal layer changes the

33



crystal and electronic properties of the ZnQO, with that change depending on the
thickness of the Au layer. The changing electronic structure of the ZnO results in
different EFs. This introduces a new mode by which metal layers can impact SERS

activity.

1.8.5 Chapter 6: Direct Evidence of Surface Charge Con-

trolled SERS Activity in a Bilayer Metal Film by EFM

For the bimetallic substrates studied in Chapter 6, the high SERS activity arises
from enhanced analyte adsorption. The positive surface charge on a metal can at-
tract 7 electron rich PAHs. Electrostatic force microscopy (EFM) directly measures
the surface charge, explaining the link to the corresponding enhancement factors for

detecting pyrene.

1.8.6 Chapter 7: Kelvin Probe Force Microscopy to Probe
Metal-molecule Interactions: A Comparative SERS Sens-

ing of Phenanthrene and Pyrene

Chapter 7 presents the effect of the metal-molecule interaction on the SERS response.
A higher enhancement of pyrene on Au compared to phenanthrene is ascribed to the
ditfering strengths of the metal-molecule interactions. KPFM measurement indicates

chanpges in work function that links to the strength of the metal-molecule interactions.
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Abhijit Chatterjee, which includes substrate synthesis and necessary experiments. In
addition, computational Raman calculation of pyrene in the gas phase was performed
by Abhijit Chatterjee.
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Chapter 2

Surface Potential and
Morphological Mapping to
Investigate Analyte Adsorption
Effects on Surface Enhanced

Raman Scattering (SERS)*

2.1 Abstract

I demonstrate the power of Kelvin probe force microscopy (KPFM) in enabling a com-
prehensive study of enhancement mechanisms of surface enhanced Raman scattering
(SERS) through the correlation of surface electrical and topographical effects. Lo-

cal electric fields generated on Au/Zn0O nanohybrid films impact analyte adsorption,

*This chapter is a modified version of *Surface Potential and Morphological Mapping to Investi-
gate Analyte Adsorption Effects on Surface Enhanced Raman Scattering (SERS)", Abhijit Chatter-
jee, David J. G. Gale, Dmytro Grebennikov, Liam D). Whelan and Erika F. Merschrod 8., Chemical
Communications, 201753, 12024-12027
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while roughness is linked to hotspot generation. Optimizing the interplay between
these two effects vields SERS enhancement factors (EFs) of 10, achieving ppb detec-

tion of polycyclic aromatic hyvdrocarbons (PAHs) in water.

2.2 Introduction

Surface enhanced Raman scattering (SERS) is an emerging sensing technique for
the trace detection of molecules. [1,2] In the past decade, multicomponent SERS
substrates have gained much attention for their significant SERS response. [3-5]
Among the multicomponent substrates, metal/semiconductor hybrid nanostructures
show unique SERS activity, [6] expanding the range of potential materials for SERS
substrates. A better understanding of the enhancement mechanism would enable the
fabrication of highly efficient multicomponent SERS substrates for use in sensors with
industrial and environmental applications.

Both theoretical and experimental approaches have been emploved to explore en-
hancement mechanisms of SERS. [7,8] Of the contributing factors, a higher surface
area can facilitate the adsorption of an analyte [9], and a rougher surface can generate
plasmonic hot spots to enhance the Raman signal of adsorbed analyte molecules. [10]
In addition, the surface charge can dominate the interaction of the analyte with the
SERS substrate, thus affecting SERS performance. An electron-rich (or negatively
charged) analyte molecule will experience an attractive electrostatic interaction with
the positively charged surface of a metal substrate. This interaction increases SERS
performance [11] by enhancing the adsorption of the analyte. [12] In this chapter, I ex-
amine the influence of the surface charge and the morphology on signal enhancement
in metal /semiconductor SERS substrates, and I establish a methodology to study

them in a wide range of composite SERS materials.
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Charge transfer (CT), an inherent feature of metal /semiconductor hybrids, gener-
ates a local electric field as a result of the electron transfer at the metal /semiconductor
interface. [5,13] Depending on the difference between the Fermi energy ( Er) of both
components, the direction as well as the magnitude of the electron transfer can switch.
Generally, noble metals have higher Fermi energies than those of metal oxide semicon-
ductors (ZnO), depending on the size of the nanoparticles. [14] This leads to electron
transfer from the metal to the semiconductor in order to reach Fermi level equilibrium,
which produces a partial positive charge on the metal surface. This positive charge
is enough to promote the adsorption of even non-polar molecules such as polycyclic
aromatic hydrocarbons (PAHs). [15,16]

Scanning probe microscopy (SPM) can map both topographic and electronic prop-
erties of the surface of a material [17,18] that reveal the mechanism of analyte adsorp-
tion. The commonly used height scan, as in atomic force microscopy (AFM), delivers
the surface topographic information, enabling surface roughness factor and surface
area calculations. [19] The metal-semiconductor-generated local electric field can be
investigated using Kelvin probe force microscopy (KPFM), [20] which by design also
measures topography, providing both electronic and morphological information in a
single scan.

KPFM measures the work function of the sample through the electronic interaction
between the tip and the sample surface. [21] The work function, ®, of an element is
defined as the amount of energy required to extract one electron from the surface of
the material to the vacuum. Therefore, @ is higher for a positively charged material
than when it is neutral. Consequently, a higher positive surface charge density on the
surface makes for a higher ®, [22] allowing for visualization of charge formation on

the sample.

In this report, I discuss SERS mechanisms and identify KPFM as a powerful
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technique for their study. I synthesized gold covered rod shaped ZnO metal/semicon-
ductor hybrid nanostructures that have significant sensitivity toward phenanthrene, a
serious environmental pollutant. [23] With KPFM, I successfully explain the effect of
the surface roughness of the Au/Zn0O nanohybrid on its SERS activity. In addition,
I also demonstrate the charge transfer process between Au and ZnO and its influence

on the Raman enhancement.

2.3 Experimental

Rod shaped Zn0O ecrystals were created using a simple sol-gel technique and deposited
on glass slides. [24] Different thicknesses of gold were thermally evaporated on the
Zn0 thin films. For convenience, the four thicknesses of gold on ZnO are indicated
as A45 (45 nm of Au), A35 (35 nm of Au), A25 (25 nm of Au) and A15 (15 nm of
An). The SERS experiment was carried out by exposing the substrates to a 1 ppm
aqueous phenanthrene solution for 30 minutes and then rinsing with ultrapure water

followed by air drying. Sample preparation details are provided in the Appendix A.1.

2.4 Results and discussion

The field emission scanning electron microscope (FESEM) image in Figure 2.1 high-
lights the faceted rod shape of the resultant ZnO crystals, and the accompanying XRD
data confirm their hexagonal wurtzite structure. [25] It is noteworthy that diffraction
peaks of ZnO crystals are shifted to a higher angle. This can be explained by the
presence of defects in those erystals, where the width and amount of shift of the
diffraction peak indicate the defect density. [26] Raman analysis of the ZnO film also
indicates the existence of defects (the appendix, Figure A.2). [27, 28] The peak near
33° 26 could be due to the existence of a Zn(OH), phase. [29]
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Figure 2.1: The XRD data (left) shows the wurtzite crystal structure of ZnO with
Zn(OH), contaminants. The FESEM image (right) depicts rod shaped Zn0O crystals.

Phenanthrene was successfully detected using Au-covered ZnO films down to 1
ppb (the appendix, Figure A.5). The SERS activity of these films could arise from
either component (Au or Zn0O) alone, but control experiments demonstrate that the
enhancement comes from the interaction between the analyte and the Au surface of the
Au/Zn0O nanohybrid. The Au film could show plasmonic activity on its own, but the
plasmon absorption band turns out to be far from the Raman excitation wavelength
(the appendix, Figure A.4), [1] leading to its SERS inactivity (the appendix, Figure
A.6). Semiconductor films can show Raman enhancement through semiconductor-
analyte charge transfer, [30] which can be increased further by the defects generated
by the sol-gel method and seen in the XRD data above (Figure 2.1). However, in our
case ZnO alone is SERS inactive (the appendix, Figure A.6).

Au film thickness impacts the SERS activity of the nanohybrid films, with A45 =
A35 = A25 = A15 (Figure 2.2), with the 35 nm Au/Zn0O nanohybrid films showing
the highest enhancement factor (EF) (Table 2.1). Different thicknesses of Au display
different plasmon absorption (the appendix, Figure A.3), but this effect alone does not
explain the SERS activity trend of higher Au thicknesses. Therefore, 1 investigated
the consequence of Au thickness changes on other properties of the substrates: surface

charge and morphology.
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Figure 2.2: A35 (blue) shows the highest SERS activity, which is comparable to that
of A45 (red) and A25 (black) and greater than that of A15 (green). Symbols indicate
enhanced Raman modes of phenanthrene. Spectra are offset for clarity.

To measure surface morphology and electrical properties, Kelvin probe force mi-
croscopy was introduced using a MFP3D (Asylum Research) instrument with a Ti/Pt
conductive tip. A key morphological parameter is surface area, since increasing sur-
face area generates more adsorption sites for the analyte. [31] Table 2.1 shows surface
area values for a 1x1 um?® projected area, where a perfectly flat substrate would show
a surface area of 1 pm®. When I account for changing surface area, by calculating the
surface area corrected EF (EF*), the trend in EF with thickness persists. Therefore,
the surface area change cannot explain the enhanced SERS activity seen with thicker
Au films.

Table 2.1: Surface area, enhancement factor (EF), and surface area corrected en-
hancement factor (EF*) for different substrates.

Surface area
Sample tag (um?) EF (x10%) EF* (x10%)
Ad5 1.38 £0.29 6.7+0.4 51+0.1
A35 1.33+£0.17 70402 544+0.1
A25 1.25 £ 0.21 6.3+ 0.5 50+0.2
A15 1.21+£0.12 0.01 £ 0.002 0.008 + 0.001
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The surface area corrected EF (EF*) is calculated by applying a modification to
the analytical EF calculation (the appendix equation A.2). [32]

EF* = EF x Anormal

21
Asers 1)

where Apoma 18 the surface area of the plain glass slide and Aggpps is the surface
area of the SERS substrate. The area measured depends on the tip shape; therefore,
Apormar Was measured each time Agprpe was measured. The EF* values in Table
2.1 show that even when the increased surface area is accounted for, the A35 films
still show more Raman enhancement than A45 and A25, which in turn show more
enhancement than A15. This is where charge transfer and/or hot spot generation
must be playing a role.

The ZnO film plays an important role in producing positive charge density on the
surface of the Au film, which is then in contact with the analyte. The charge transfer
is a consequence of the Fermi level equilibrium at the Au/Zn0O interface. Herein,
KPFM was used to determine the work function (@) of the Au film on ZnO crystals,
a measure of the positive surface charge density formation on the metal film. [20]

During a KPFM scan, a Pt coated Ti tip electronically interacts with the sample.
The measured contact potential difference (CPD) arises from the difference between
Fermi levels of the tip and the sample surface. From the CPD wvalue and the work
function of the Pt tip, ®(tip), I can determine the work function of the sample,
$(sample)

CPD = &(tip) — ®(sample) (2.2)

The work function of the tip was calibrated using highly oriented pyrolytic graphite
(HOPG) with a known work function (4.6 V). [20]

KPFM scans were performed on A15, A25, A35 and A45, as well as on the cor-
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responding 15 nm, 25 nm, 35 nm and 45 nm thick Au films deposited directly on a
glass slide. Figure 2.3 shows the concurrent contact potential and morphology scans
from one measurement of the A35 substrate. The resultant average work functions,
@, are gathered in Table 2.2.

The work function of a film can vary because of film thickness and/or the surface
charge of the film. [33, 34] Table 2.2 shows that the work function of Au on ZnO
is always higher than that of Au on only glass for every Au thickness measured.
Therefore, the Au surface charge must be changed by the ZnO. Glass has minimal
electronic interaction with the deposited film; therefore we chose glass as a base
substrate. [35,36] Furthermore, an increase in work function can only arise from a
more positive surface.

In the Au/Zn0 system, the surface charge on Au is generated by the Fermi level
equilibration at the Au/Zn0O interface. The positive surface charge on Au implies
that the electron transfer oceurs from Au to ZnO to reach the electronic equilibrium
at their interface. This observation is consistent with a previous study which also
showed electron transfer from Au to ZnO. [20]

In changing Au film thickness, it was found that the thicker the Au film on Zn0O,
the higher the work function. Others have also observed an increase in electron
transfer between Au and ZnO with thicker Au films. [20] Thus A45, the sample with
the thickest Au film, also has the largest gain in work function relative to a plain An
film, and hence the highest surface charge.

Although A45 has the highest surface charge, and therefore the highest affinity
for the analyte, its SERS performance is comparable to that of A25 and A35, films
with lower surface charge. Therefore, there must be another factor at play in the
Raman enhancement mechanism. This other factor is the roughness of the surface,

whose increase can generate plasmonic hot spots. The roughness factor (H;) has a
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Figure 2.3: Concurrent KPFM and morphology scans of A35.

Table 2.2: Work function @ for Au films of varying thicknesses. The change in &
with thickness for Au films on Zn0O is markedly different than for Au films on glass,
as a result of the Fermi level equilibrium with Zn0O.

o (eV)
Au thickness (nm) An on glass An on ZnO
45 4.54 £0.06 5.10 £0.02
35 4.52 £0.06 5.02 £0.05
25 4.49 £0.09 4.64 £0.02
15 4.28 £0.08 4.57 £0.04

sharp increase from 15 nm to 25 nm but a subsequent drop (the appendix, Table
A1), which is quite different than the surface area trend. In fact, there is no direct
relationship between surface roughness and surface area. [37] Therefore, I can see a
separate impact of roughness on the surface area corrected EF (EF*).

Figure 2.4 shows a complete picture of the Au thickness dependent SERS activity,
where surface charge and surface roughness effects compete. The electrostatic and
geometric advantages balance out for higher thicknesses of Au, giving rise to the
similar SERS response of A25, A35 and A45.

A35, the highest-performing substrate, was then tested over a broad range of
concentrations. I plot the intensity of the 710 em~! peak versus analyte concentration

in Figure 2.5. Clearly the A35 substrate has excellent enhancement over a wide range
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Figure 2.4: Both surface roughness (R,) and surface charge (through the work func-
tion, @) are controlling factors of the Au thickness dependent Raman enhancement
(EF*).
of concentrations. This plot does not establish the limit of detection: the 710 em™!
phenanthrene peak was detectable even as low as 1 ppb (the appendix, Figure A.5).
The 710 em~! peak intensity shows an apparent log-linearity with analyte concen-
tration over this broad range. A non-linear response of intensity to concentration is
not surprising in SERS detection, because the signal requires surface adsorption of the
analyte. SERS intensity is directly proportional to the number of adsorbed molecules
in the scattering volume. [31] The relationship between solution concentration and
surface coverage, however, is generally not linear, with surface coverage leveling off
at higher concentrations, as in the Langmuir adsorption model. [38] The functional
form of the Langmuir adsorption profile is similar to a logarithm; hence the apparent

log-linearity of the plot in Figure 2.5.

2.5 Conclusions

In conclusion, this work introduces a new approach, KPFM, to investigate SERS

enhancement mechanisms. By considering the roles of surface charge and surface
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Figure 2.5: The intensity of the 710 ecm~! peak increases with higher concentrations
of analyte. The relation between concentration and intensity follows a (non-linear)
Langmuir adsorption profile.

roughness together, through the simultaneous acquisition of electrical and morpho-
logical data, a comprehensive enhancement mechanism emerged. The surface area
corrected EF (EF*) is essential to convincingly show the impacts of factors bevond
surface area. With better understanding of the Raman enhancement mechanism in
metal/semiconductor nanchybrids, I developed highly efficient Au/ZnO SERS sub-

strates for the trace detection of phenanthrene in water.
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Chapter 3

Thermal Annealing: A Three-fold
Approach to Improving Surface
Enhanced Raman Scattering
(SERS) Activity of

Metal-semiconductor Substrate®

3.1 Abstract

The heat treatment of ZnO crystals with subsequent deposition of Au not only tunes
the hydrophobicity as a result of the change of morphology of the svstem but also
modifies the electronic interaction between the analyvte and the substrate. Combi-
nation of both electromagnetic enhancement (EM) and chemical enhancement (CM)

allow to achieve nanomolar detection.

*in preparation for re-submission
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3.2 Introduction

Nonpolar polyeyclic aromatic hydrocarbons (PAHs) are considered as serious environ-
mental pollutant, [1] because their carcinogenic effects. [2] Surface enhanced Raman
scattering (SERS) is an excellent method for detection of analytes at trace concentra-
tion. [3] However, trace detection of nonpolar molecules by SERS is quite challenging
due to not only the spectral overlap of their Raman peaks but also the non-adsorbing
properties of moleciules towards the plasmonic metal surface.

This low affinity of PAHs towards the metal surface was greatly improved by
several approaches. Functionalization of the metal surface or the introduction of a co-
material to bind the PAH molecules can increase the surface adsorption on the metal
surface, which magnify the near-field effect. [4,5] In another approach, a hydrophobic
organic layer was used to make the metal surface highly hydrophobic to adsorb a
nonpolar molecule (pyrene). [6] The thermodynamic driver for the adsorption of the
nonpolar molecule on a hydrophobic surface comes from minimizing water—surface
and water—nonpolar molecule contact.

A rougher metal surface can be more hydrophobic [7,8] because of the formation
of air pockets in the surface cavities. [9] Therefore, the surface morphology can change
the hydrophobicity. Furthermore, a rough plasmonic metal surface generates intense
electromagnetic hotspots through the coupling of the plasmonic field at the junction
of metal clusters, which is the so-called electromagnetic enhancement. [10, 11]

In this work, I use thermal annealing of ZnO to both control hydrophobicity
and alter the electronic structure of Au/Zn0O nanohybrids. The SERS activity of
these semiconductor-metal nanohybrids has been well explored, [12,13] linking SERS
response to charge transfer at the metal-semiconductor interface and the formation of
plasmonic hotspots. [14-16] Herein, I identify the multifold enhancement mechanism

arising from a simple annealing treatment by relating the Raman enhancement to
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the substrate's material properties. In the case of semiconductor-metal nanohybrids,
annealing changes not only the hydrophobicity but also the electronic properties.
This impacts the metal-molecule interaction at several levels, and is the focus of my

research.

3.3 Experimental

Zn0O crystals were synthesized by a sol-gel process using ZnOAc, - 2 H,0 and sodium
hydroxide (NaOH) as precursor materials (detailed synthetic approach is described
in Appendix B.1). [17] As-prepared ZnO films on glass slides were annealed in a
programmable furnace (Thermo Scientific) at two different temperatures (200°C and
400°C) for 2 hours. 35 nm of Au was deposited using an in-lab-built metal evaporator
on the unannealed and annealed Zn0O layers. A quartz crystal microbalance (QCM,
INFICON XTM/2) was used for monitoring Au thickness. For convenience I refer
to these three types of Au/Zn0O substrates as AZRT (Au on unannealed or room
temperature Zn0O), AZ200 (Au on ZnO annealed at 200°C) and AZ400 (Au on ZnO
annealed at 400°C).

3.4 Results and discussion

Field emission scanning electron microscopy (FESEM) images (details on instrumen-
tation are given in Appendix B.2) of unannealed and annealed ZnO crystals are shown
in Figure 3.1. The thermal treatment generates fractures on the ZnO crystal surface,
which could be the result of thermal stress or water elimination. These fractures
contribute to the formation of a rough surface, and consequently the generation of
the hydrophobic surface [8] and plasmonic hotspots [18] after Au deposition. I inves-

tigated this further using a range of materials characterization technigques.
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Figure 3.1: A) FESEM images of unannealed and annealed ZnO crystals show the
formation of fractures due to annealing. B) XRD data of annealed and unannealed

Zn0 crystals indicate structural changes with the heat treatment: Unannealed ZnO
(red), 200°C annealed (blue) and 400°C annealed (black) (graphs are offset for clarity).

Prepared ZnO substrates were characterized using XRD (Details on instrumenta-
tion are given in Appendix B.2). The XRD data confirmed the hexagonal wurtzite
structure of ZnO crystals, [17] but the XRD patterns of annealed ZnO crystals show
significant shifts in their peak positions relative to the unannealed crystals (Figure
3.1). The shift of the diffraction peaks generally occurs due to chemical composition
change or strain in the crystal structure. [19,20] Both of these play a role in my sys-
tem, as shown by the XRD data discussed here and the Raman data discussed below.

The heat treatment causes thermal stress due to the ZnO/glass thermal coefficient
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mismatch. This thermal stress results in a tensile strain, and diffraction peaks shift to
a lower 2f value. Heat-treated ZnO films show sharper diffraction peaks (or decrease
in the FWHM) compared to the as-prepared ones, showing an improvement of the
crystallinity. Greater crystallinity in ZnO from heat treatment has also been observed
by Conchon et al. [21]

AZRT has an additional diffraction peak at 32.5° 26, which may be due to the
overlap of the ZnO (100) peak [17] and the diffraction peak of Zn(OH), [22] (formed
during the sol-gel preparation). This peak disappeared after annealing, as would be
expected for the Zn(OH), phase. This was confirmed by thermogravimetric analysis
(TGA). During the TGA experiment, a ZnO sample was heated to 200°C and then
held for 2 hours to mimic the annealing treatment. A 13.5% weight loss oceurred,
primarily between 100°C and 150°C (the appendix, Figure B.2), which is mainly due
to the elimination of water. [23] Therefore, it can be concluded that the as-prepared
Zn0 crystals contain Zn(OH); as a secondary phase, which explains the appearance
of an extra XRD peak.

The presence of a Zn(OH), phase in AZRT was confirmed with Raman charac-
terization of the substrate. The Raman analysis (the appendix, Figure B.1) showed
a characteristic ZnO vibrational peak at 438 em~! after thermal annealing of the
ZnO sample, [24] and the corresponding disappearance of the Zn(OH), peak at 367
em~1. [25]

Plasmon absorption spectra (Figure 3.2) of the three types of Au/Zn0O nanochy-
brid substrates were collected using an Ocean Optics USB 2000 spectrophotometer
through diffuse reflectance spectroscopy (DRS). [26] This intense surface plasmon field
arises from plasmonic hotspots formed due to roughening of the surface as a result of
annealing. [3] Additionally, surface roughness also plays a role in tuning the plasmon

absorption to the NIR region. [27]
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Figure 3.2: Au-covered annealed Zn0O yields substrates (AZ200, blue; AZ400, black)
with higher plasmonic absorption relative to Au on unannealed ZnO (AZRT, red).

SERS experiments were conducted to detect trace amounts of phenanthrene in
water. 1 ppm agueous solution of phenanthrene provided the test analyte for de-
termining the SERS activity of three types of Au/Zn0O substrates. SERS substrates
were soaked in the 1 ppm phenanthrene solution in a beaker for 30 minutes and then
rinsed well with ultrapure water and air dried. Five difterent areas on each substrate
were scanned during the SERS measurement. Figure 3.3 depicts SERS spectra of
phenanthrene on the three substrates, with AZ400 having the highest SERS activity
of the three.

The combined C—C stretching and HCC bending vibrational mode at 710 em~! [28]
was taken as the characteristic analyte peak for the enhancement factor calculations.
It is worth noting that the enhancement trend is the same for the other phenanthrene
modes as well. Enhancement factor calculations were calculated through the analyti-
cal method (the appendix, equation B.3). [29] AZ400 was the most effective substrate
with an enhancement factor (EF) of 1.2 x 10°, which is also higher than the previously
reported EF value (10%) of another super hydrophobic substrate. [6] AZ200 and AZRT

have comparable Raman signal enhancements. AZ200 displayed EF of 5.1 x 10* and
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Figure 3.3: SERS spectra of phenanthrene on different Au/Zn0O substrates: AZ400
(black) has the highest SERS activity in comparison to AZ200 (blue) and AZRT (red).
(Plots are offset for clarity).

AZRT has the EF of 4.7 x 10%. This nearly equal enhancement activity of AZRT and
AZ200 cannot be explained by the plasmonic absorption study alone. For this I had
to study the metal-molecule interaction, as described below.

The hydrophobic nature of these substrates is one of the main features of this study.
The hydrophobic character of SERS substrates enhances surface adsorption of PAH
(and other nonpolar) molecules from aqueous solution. Contact angle measurements
(details on instrumentation are given in Appendix B.7) of water on the substrates
confirmed their hydrophobicity. Freshly-prepared Au films on glass showed high water
wettability. Au on unannealed ZnO has a contact angle of 122°, while annealing makes
the contact angle as high as 146° (AZ400). The photographs of water droplets on the
surfaces in Figure 3.4 show directly that thermal annealing led to an increase in the
hydrophobicity. [9]

The hydrophobicity of the three types of Au/Zn0O nanohybrid substrate is ex-
plained by the formation of the rough surface as a result of the annealing treatment.
Kelvin probe force microscopy (KPFM) was employed to compare the surface rough-

ness of Au/Zn0 substrates. This technique can also probe metal-molecule interactions
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AZRT AZ200 AZ400

Figure 3.4: Photographs or water droplets on Au covered Zn0 substrates showing the
chanpge in hydrophobicity after thermal treatment.

as described below. Morphology data of 1x1 um? areas of annealed and unannealed
Au/Zn0O substrates revealed that AZ400 has the highest surface roughness factor (R,)
relative to AZ200 and AZRT (see Appendix B.8 for surface roughness calculations).
This rougher surface is able to increase the water—surface contact angle by generating
air-pockets, as in the Cassie model, [7] which is explained in more detail in the ap-
pendix, section B.7 and equation B.4. The correlation between the roughness factor
and the water contact angle is clearly seen in Figure 3.5, with values given in Table
3.1.

Table 3.1: A direct relationship between the surface roughness factor (R,) and the
hydrophobicity (water contact angle).

Au/Zn0 Substrate Contact angle (in °) R, (nm)
AZ400 146.1 1.8 16.478 £1.36
AZ200 140.9 £1.7 14.357 £0.92
AZRT 122.6 £3.5 9.171 £2.03

KPFM data also indicated the degree of the electronic interaction between phenan-
threne and Au/Zn0O substrates. In KPFM, a contact potential difference (CPD) arises
between the conductive tip and the surface of the material under an applied electric
field. [30] CPD values are affected by changes in surface charge, which in my case

arise from Fermi level equilibrium at the Au/Zn0O interface. Changes in electronic
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Figure 3.5: Plot showing a linear relationship between the roughness factor and the
water contact angle. The r? value for the fit (red line) is 0.9973.

structure of the ZnO layer would lead to changes in charge transfer between Zn0O and
An, and next between Au and the adsorbed analyte. Cathodoluminescence data (the

appendix, Figure B.3) confirm significant changes in ZnO electronic structure upon
annealing. [20]
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Figure 3.6: A consistent change of CPD of adsorbed phenanthrene on Au covered
heat treated ZnO substrate.

Changes in surface charge will impact the degree of substrate-molecule adsorption.
Therefore, the CPD value is a measure of the analyte-SERS substrate interaction.
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This is important for SERS substrates, because any increase of the metal-molecule
interaction can result in a change of the polarizability of the adsorbed molecule, and
consequently enhances the Raman response. [31, 32]

CPD values was measured for phenanthrene on glass as well as on Au/Zn0O sub-
strates. The sharp difference in CPD between adsorbed phenanthrene on Au/ZnO
substrates and phenanthrene on glass (Figure 3.6) demonstrates a change in metal-
molecule interaction. Phenanthrene molecule does not have any electronic interaction
with glass substrate. [33,34] The strongest interaction between phenanthrene and the
AZ400 substrate leads to that substrate’s highest SERS activity. The comparable
SERS activity of AZRT and AZ200 can be ascribed to their nearly equal metal-
molecule interaction strengths.

Detection efficacy for trace concentrations was studied with the substrate with
highest SERS activity (AZ400). Nanomolar detection was achieved by AZ400. The
intensity of the characteristic Raman signal of phenanthrene (710 em~! mode) in-
creased with increasing concentration of phenanthrene. This is plotted on a log—
linear scale in Figure 3.7 for easy comparison with analogous data in Figures 4.5 and
2.5. However, the relationship is quite linear over a very large concentration range
(see inset in Figure 3.7). The linear response indicates that we have not approached
saturation in analyte adsorption, made possible by the significantly larger surface
area of the AZ400 substrate when compared with substrates from other chapters (see
the appendix, Table B.1). Therefore, both quantitative and qualitative detection of

phenanthrene can be successfully performed by AZ400.
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Figure 3.7: Quantitative detection of phenanthrene by SERS. The Raman intensity
decreases linearly with the concentration of phenanthrene (see inset, r> = 0.9985). A
log-linear plot shows more clearly the intensities at different concentrations.

3.5 Conclusions

In conclusion, high performing Au/Zn0O SERS substrates were fabricated using a sim-
ple sol-gel technique and thermal vapor deposition. 0.01 ppm or nanomolar detection
of phenanthrene was achieved by the highest performing substrate. It was established
that the high temperature annealed ZnO with Au has high SERS activity. Anneal-
ing the ZnO underlayer has a three-fold impact on the SERS activity of Au/ZnO
substrates. Annealing creates a rough surface, generating electromagnetic hotspots.
This roughness also leads to a more hydrophobic surface, which enhances adsorption.
In addition, annealing improves the metal-molecule electronic interaction, leading to
Raman enhancement. Therefore, this multifunctional thermal annealing approach

provides a surprisingly simple route to fabricating SERS substrates with high EFs.
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Chapter 4

SERS Detection Using
Metal-insulator Multilayers: Effect
of Insulator on Plasmonic

Enhancement™

4.1 Abstract

Metal on polymer on metal oxide substrates are tested for use as a SERS substrate for
detection of polyeyclic aromatic hydrocarbons (PAHs), an important class of organic
pollutants. The thickness of the insulating PMMA polymer has a significant impact
on the strength of the plasmonic field. The role of the insulating PMMA interlayer
is to prevent plasmon loss. Through understanding and optimization of the poly-
mer thickness, the highest performing substrate was able to detect phenanthrene, an

example PAH, at ppb concentrations.

*in revision, ACS Applied Material and Interfaces
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4.2 Introduction

Raman spectroscopy is generally nondestructive and a non interfering analytical tool
for qualitative and quantitative analysis of molecules. However, trace detection of
a molecule is quite challenging by Raman, as it is a scattering method and hence
produces low signal. [1] Discovery of surface enhanced Raman spectroscopy (SERS)
has overcome this limitation. [2]

SERS has great potential in environmental pollution monitoring, as it can achieve
trace detection of an analyte ranging from carcinogenic metals to organic pollu-
tants. [3, 4] Polycyelic aromatic hydrocarbons (PAHs) are marked as serious envi-
ronmental pollutants, even at low concentration, due to their carcinogenic effects. [5]
The negative biological effects of phenanthrene, selected as an example PAH analyte,
range from skin irritation, to initiation of tumors. [6]

SERS mechanism relies upon the collective oscillation of surface electrons of plas-
monic materials. This collective oscillation, or plasmon, generates an electromagnetic
field, which greatly increases the Raman signal by enhancing the polarizability change
of an adsorbed analyte. [7-10] While not necessary, [11] the plasmon absorption wave-
length (Amaz) should be comparable to that of the Raman laser in order to achieve
maximum plasmonic enhancement. [12]

In this work, I used 2830 nm as a good laser wavelength for analvte detection in
order to avoid fluorescence interference produced by aromatic components such as
phenanthrene. [13] Reaching 830 nm plasmonic absorption by metal nanoparticles is
quite challenging, because Au and Ag films have their plasmon absorption between 400
and 500 nm. [14,15] Gold-coated micro and nanostructures show red shifted plasmon
absorption as a result of the confined oscillation of surface electrons at the grooves
of the structured surface. [16,17] Here I demonstrate that the dielectric properties of

the supporting microstructures can also be used to control the Au plasmonic activ-

90



itv. In this study, I optimize the poly(methyl methacrylate) (PMMA) thickness in
Au-PMMA-Si0, microstructures, achieving ppb-level detection of phenanthrene by
SERS.

4.3 Experimental details

4.3.1 Materials

Si0, spheres of 750 nm diameter (Fiber Optics Center ) were suspended in 2-butanone
(99%, Sigma Aldrich). The PMMA layers were created from PMMA A2 (495 MW
poly(methyl methacrylate) in 2% anisole, Micro Chem). Gold foil (99.9% metal basis)
was acquired from Alfa Aesar for Au deposition. Ultrapure water (18.2 MQ-cm,
Barnstead) was used for all aqueous solutions. Phenanthrene (98+%, Aldrich) is the
test PAH analyte. Glass microscope slides (Pearl, 1.0 mm-1.2 mm thick) form the
base for the SERS substrate. These slides were cleaned by acid treatment and then
washed with ultrapure water and air dried. The acid treatment involved cleaning glass
slides sequentially with hot concentrated hydrochloric and sulfuric acids to eliminate

organic and inorganic contamination.

4.3.2 Synthesis of SERS substrate

Various sample types are listed in Table 4.1.

Firstly, 750 nm Si0O, spheres were oven dried and then 2-butanone solvent was
added to make a 15% (by mass) suspension. Sonication (Fischer Scientific, FS20) for
3 hrs provided complete dispersion of spheres in the solvent. Dispersed spheres were
spin coated (WS400, Laurell Technologies) on glass slides at 3000 rpm for 1 minute.
A field emission scanning electron microscopy (FESEM) image of the sphere coated

substrate is shown in Figure 4.1.
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Table 4.1: List of SERS substrates. All consist of Au on PMMA on Si0O, spheres on
glass.

Sample tag PMMA deposition speed (rpm) Au thickness (nm)
Al 1000 15
A2 1000 25
A3 1000 35
Bl 2500 15
B2 2500 25
B3 2500 35
C1 5000 15
C2 5000 25
C3 5000 35

Figure 4.1: FESEM image of a sphere coated substrate.

PMMA was spin coated onto the spheres at 1000, 2500 or 5000 rpm for 1 minute.
Higher spin speeds lead to thinner layers of PMMA on SiO, spheres. [18] 15, 25
or 35 nm of Au film were then deposited by thermal evaporation. The chamber in
an in-house-built metal evaporator was maintained at a pressure of 10~ torr during
deposition; the Au foil was kept in a tungsten wire basket (Kurt J. Lesker). The metal
thickness was monitored using a quartz crystal microbalance (INFICON XTM/2).
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4.3.3 SERS measurement

1.07 mg of phenanthrene was dissolved in 1 Liter of ultrapure water to make the
concentration 1 ppm. The whole solution was then sonicated for 4 hrs to promote
complete dissolution of phenanthrene. SERS substrates were dipped into the 1 ppm
of phenanthrene solution for 30 minutes. Then substrates were rinsed with ultrapure
water and air dried. SERS spectra of the adsorbed phenanthrene on the substrate
were recorded using a Renishaw inVia Raman microscope with 830 nm laser, equipped
with a CCD detector and Leica microscope with 50x objective. 3 &+ 0.3 mW laser
power with a 40 seconds of exposure time was applied for each Raman measurement.
The scan was performed on five different spots on each substrate.

The 710 em~! vibrational peak (C-C stretching, HCC bending) [19] was selected
as a characteristic peak of phenanthrene for the enhancement factor calculation. The
EF wvalue is calculated by comparing the SERS intensity of 1 ppm and the normal
Raman intensity of 0.1 M of phenanthrene. The different concentrations are accounted

for as follows: [20]

o Isers  CwNormal

— 41
Conns  Tyomm (4.1)

leprps and Iyorma are the intensities of the surface enhanced Raman mode and
the normal Raman mode, respectively. Cgprg and Cy,rma are the concentrations of

analyte in the SERS experiment and the normal Raman experiment, respectively.
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4.4 Results and discussion

4.4.1 SERS performance

The SERS substrates were tested for 1 ppm phenanthrene detection. Five major
peaks of phenanthrene were notably enhanced: 410, 540, 710, 1350 and 1440 em~!.
Figure 4.2 compares the normal Raman spectrum (glass slide substrate) to the SERS
spectrum of sample A2. It is worth mentioning that the phenanthrene peak at 1440
em~!, which corresponds to the combined C-C stretching and C-H rocking mode,
experienced a significant shift to 1425 em~! in the SERS spectrum. This shifting
of the Raman peak to a lower wave number can be attributed to a charge transfer

process between Au and phenanthrene. [21]
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Figure 4.2: The SERS spectrum (red, 1 ppm phenanthrene solution on an A2 sub-
strate) and the normal Raman spectrum (blue, 0.1 M phenanthrene solution on a
glass slide). Graphs are oftset for a clear view.

The enhancement of SERS substrates is significantly impacted by the thickness of
the PMMA layer as well as the thickness of Au, as seen in Figure 4.3. Remarkably,
a substrate with a thick PMMA layer (A2) provides just as much enhancement as a
substrate with the thickest Au layer (C3). The different trends with PMMA thickness
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for 25 nm thick Au layers vs. 35 nm thick Au layers is also quite striking, and it

suggests different mechanisms are at play.
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Figure 4.3: PMMA-thickness dependent SERS activity of substrates. The PMMA
layer thickness decreases from left (A,) to right (C,). EFs of 15 and 25 nm thick Aun
layers decrease with decreasing PMMA thickness. In contrast, 35 nm thick Au layer
shows opposite trend.

4.4.2 The role of the PMMA layer: a comparison between

A,. B,. and C, substrates

In reducing the thickness of the PMMA layer, most of the substrates showed lower
SERS activity. For a Au layer on Si0,, there is some probability that excited Au
electrons can be injected into the Si0,. This is called hot electron injection, which
with these materials results in a reduction of the plasmonic field (“plasmon loss™).
An additional, intermediate insulating layer (PMMA in this case) will reduce the

probability of plasmon loss. [22] Therefore, varying the thickness of the polymer layer
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has a major impact on the enhancement activity.

PMMA has a high dielectric constant (k = 3.15) [23] compared to other organic
polymers, because the extended delocalization of m electrons leads to an increase
in polarizability. [24] SiO, has a similar dielectric constant to that of PMMA (k
= 3.9) [25], so one might think that the SiO, alone would also prevent hot electron
injection and hence reduce plasmon loss. An earlier study reported that PMMA-SiO,
has a higher dielectric constant compared to SiO, or PMMA alone, which supports the
unique insulating property of PMMA-5i0, as an organic-inorganic hybrid dielectric
material. [26] Another investigation confirmed that PMMA as an additive insulator
on 510, performed as a better gate dielectric material in electronics with lower leakage
current. [27]

It is evident that the SERS performance for 15 and 25 nm of Au on PMMA covered
Si0, is controlled by the thickness of the insulating (PMMA) layer. However, the 35
nm Au samples show the opposite trend (triangle in Figure 4.3): C; has the highest
EF and As has the lowest. This observation can be ascribed to the effect of the
thickness of the Au layer, which diminishes the need for the PMMA layer to prevent
plasmon loss. A previous theoretical study predicted that increasing the plasmonic
metal thickness on a metal oxide layer suppresses hot electron injection from metal
to metal oxide. [28] Hence, at a higher thickness of Au, plasmon loss becomes less
significant. Surface roughness is the dominating factor in optimizing enhancement for
the substrates with a 35 nm thick Au layer, as seen in Table C.1 in the appendix.
(Surface roughness was measured using scanning probe microscopy and instrumental

details in Appendix C.2.2.)
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Figure 4.4: Poor SERS activity of 25 nm of Au on PMMA-free S5i0O, spheres compared
to 25 nm of Au on PMMA-coated Si0, spheres. Spectra are offset for clarity.

Substrates without PMMA

A comparison of substrates with and without PMMA further confirms the importance
of this insulating layer. A 25 nm Au film (the highest performing thickness) on SiO,
spheres, without any PMMA interlayer, shows very poor SERS performance (Figure
4.4), which further supports the importance of PMMA layer on the plasmon loss.
Note that no SERS activity was achieved with a thick Au layer on glass (the appendix,
Figure A.6). Tests with PMMA-free, PMMA-coated Si0O, sphere, and only PMMA

substrates do not show any SERS activity either (the appendix, Figure C.2).

4.4.3 Detection at environmentally-relevant levels.

A2 was chosen to test lower analyte concentrations because of its highest enhance-
ment factor. These analyte concentrations reach levels at which PAHs are present in
Produced Water (PW), [29] a byproduct industrial water stream that is an important
target for environmental monitoring. Figure 4.5 illustrates that the SERS activity,

as measured at 710 em~! (the most intense characteristic peak of phenanthrene),
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strongly depends on the analyte concentration. Our substrate is able to detect 0.001
ppm (1 ppb) or 10~ M phenanthrene in aqueous solution, which is lower than the
previously reported PAH detection limit by SERS. [29]

The consistent relation between the concentration of the analyte and the Raman
intensity confirms the quantitative detection ability of SERS. One cannot expect a
linear relationship between solution concentration and SERS signal over a wide range
of concentrations. As explained in section 1.4.3, the SERS signal indicates the number
of adsorbed analytes, a quantity which is not linearly related to their concentration
in solution.
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Figure 4.5: The Raman signal intensity increases with increasing phenanthrene con-
centration. The log-linear plot emphasizes the broad range of detectable concentra-
tions.

4.5 Conclusions

A SERS substrate based on PMMA-coated SiO, spheres delivered the desired mor-
phology and dielectric support for the plasmonic gold film, yielding significant Raman
enhancement for adsorbed analytes. The presence of PMMA as an insulator layer led

to an increase in the plasmonic field of the Au film by preventing plasmon loss to the
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Si0, underlayer. This enabled the use of a thinner Au film which still obtaining a
very high EF for detecting phenanthrene in water. Our most efficient substrate (25
nm of Au on thick PMMA on SiO, spheres) achieved an EF of 10° with ppb detection

ability.
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Chapter 5

Effect of ZnO Defects on SERS
Activity of Au/ZnO Hybrid Films

5.1 Abstract

Difterent thicknesses of gold are deposited on triangular ZnO crystals, vielding surface
enhanced Raman scattering (SERS)-active substrates (enhancement factors of 10°),
as tested by sensing ppm levels of phenanthrene in water. The Au coatings change
both the structural and electronic properties of the ZnO film, as supported by a range

of material characterization techniques.

5.2 Introduction

Zn0 is a complex material. There are various ways to change the electronic structure
of ZnO. The electronic band gap of ZnO can be tuned by varying the shape, size
of crystals, and dopants. This tuning could be achieved with ditferent synthetic

parameters. [1] The use of capping agents, [2] varying the film thickness, [3] or tailoring
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the nanostructure [4] can change the electronic properties of ZnO.

Zn0O-metal hybrids are used as surface enhanced Raman scattering (SERS) sub-
strates. [5-7] SERS is based on the enhancement of the Raman signal intensity of a
molecule adsorbed onto or in the vicinity of a plasmonic metal surface. [8,9] The high
plasmonic absorption by the SERS substrate at the Raman laser excitation wave-
length generates an intense plasmonic electromagnetic field and, consequently, high
SERS activity. [10,11]

Changing the electronic structure of the ZnO can make a big difference in SERS
activity, primarily through charge transfer between the ZnO and the plasmonic metal.
[12] Surface charge on the metal coating arises from Fermi level equilibrium with the
ZnO. [13, 14] Depending on the Fermi level of the ZnO, one can observe electron
transfer from metal to ZnO [13] (as seen in Chapter 2) or ZnO to metal. [15]

Thiourea has been used to synthesize different shapes and sizes of ZnO crystals.
[16] The size of ZnO nanoparticle can be varied with the concentration of thiourea
in the photoelectrochemical deposition. [17] Thiourea can also generate nanoporous
ZnO films. [18] The synthesis of different shapes and sizes of ZnO nanoparticles are
gaining much attention. Triangular shaped ZnO crystals can be synthesized generally
using a chemical approach, which includes the methanol solution process, [19] thermal
decomposition, [20], and amine-mediated reaction [21].

This chapter presents a detailed analysis of the electronic structure of a defect-rich
Zn0O in a Au/Zn0O SERS substrate. (SERS activity is measured through detection
of phenanthrene, a molecule of environmental concern. [22]) I study several parame-
ters which impact ZnO-metal interactions and hence SERS activity, including crystal
structure, [23] defects [24] and local bonding [25] in the crystal, band gap and lumines-
cence, [26] work function, [27] and surface charge [28-30]. I also contrast these results

with those found in Chapter 2, which studies Au/Zn0O SERS substrates prepared with
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similar thicknesses of Au on a different type of ZnO.

5.3 Experimental

5.3.1 Materials

Zinc acetate dihydrate (ZnOAc,-2H,0; >99.0%) was purchased from J. T. Baker.
Sodium hydroxide (NaOH, 99.0%) and thiourea (CH,N,S, >99.0%) were obtained
from Sigma-Aldrich. Ultrapure water (18.2 M(}-cm, Barnstead) was used for all aque-
ous solutions and for rinsing. Gold (Au) wire (Alfa Aesar, 99.9% metal basis purity)
was the source for metal film deposition. Phenanthrene (984%) was acquired from
Aldrich. Microscope glass slides (Pearl, 1.0 mm-1.2 mm thick) formed the support
for the synthesized thin films. Glass slides were cut to 2x2 em? before cleaning with
hot concentrated hydrochloric acid and then hot concentrated sulfuric acid. Finally,

slides were rinsed well with ultrapure water and then air dried.

5.3.2 Au/ZnO film synthesis

The sol-gel technique was used to synthesize triangular ZnO ecrystals, which then
formed a thin film on the glass slide. [31] Solid thiourea was mixed with 100 ml of
0.10 M of aqueous solution of zinc acetate. Then 50 ml of 1.125 M NaOH aqueous
solution was added to the zinc acetate-thiourea solution. Afterwards, the solution was
stirred well, and then cleaned glass slides were immersed and left horizontally on the
bottom of the container. The reaction mixture was heated to 40°C for 35 minutes.
A turbid appearance in the reaction solution indicated formation of ZnO. Then, the
reaction solution was cooled down to room temperature for 2 hours. A white film
of ZnO formed on the glass slide, which was rinsed vigorously with ultrapure water

and then air dried. 10, 20 or 30 nm-thick Au films were deposited on those ZnO
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films by thermal vapor deposition. The metal evaporation was conducted with an in-
lab built vacuum evaporator. ZnO-glass slides were attached to a circular plate and
placed facing the molybdenum boat (Kurt J. Lesker) containing a Au wire. 10~ torr
pressure was maintained during deposition. A quartz crystal microbalance (QCM,

INFICON XTM /2 deposition monitor) was utilized to monitor gold film thickness.

5.3.3 Characterization methods and instrumentation

X-ray diffraction (XRD) characterization of samples was done using the Rigakun Ultima-
IV instrument with a Cu K-« source (at 40 kV and 44 mA). Field emission scanning
electron microscopy (FESEM) images were taken using a JEOL Jsm-7T100F equipped
with a field emission source at 15 kV. Cathodoluminescence (CL) data was collected
with JEOL JXA-8230 electron probe microanalyzer (EPMA) equipped with a tung-
sten filament.

Raman characterization of ZnO and Au/Zn0O samples was carried out using the
SERS parameters described below.

Optical absorption was conducted with an Ocean Optics USB 2000 spectropho-
tometer with the diffuse reflectance mode as described in the appendix, equation
Al [32]

Electron paramagnetic resonance (EPR) spectra were obtained using a Magnettech
MS 300 EPR spectrometer. All spectra were collected under ambient conditions, with
10 mg of sample held in a quartz tube.

X-ray photoelectron spectroscopy (XPS) was carried out on a ThermoVG Scientific
Multilab 2000 (CTRI, Dalhousie University) with an Al source (1486.6 €V) operating
at 14.6 kV and 20 mA. The energy scale was calibrated with the Cls peak. Each
spectrum is an average of 6 scans.

Kelvin probe force microscopy (KPFM) was emploved to determine surface rough-
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ness and measure surface potential of substrates. KPFM was conducted using a MFP-
3D (Asylum Research) atomic force microscope in KPFM mode. A Pt/Ti coated tip
(Mikromasch, NSC35/Pt) with a resonance frequency of 130 kHz was used as the
conductive probe. A scan size of 5x5 um?® was collected with 256 points per line over
256 lines at a 0.5 Hz scan rate. Five spots on each of the samples were scanned in
order to address any sample heterogeneity. Surface roughness and surface potential
were measured using 1 pum? masked areas (5 masked area per scan, so 25 masked
area in total). Then an average value and standard deviation were calculated for
each sample (masking procedure is described in Appendix A.7). The work function
of the Pt/Ti tip was calibrated using highly ordered pyrolytic graphite (HOPG) as a
reference (® = 4.6 V). [13]

Electrostatic force microscopy (EFM) was also conducted with the Pt/Ti coated
tip on three Au/Zn0 samples. EFM scans were performed at a tip-sample distance
of 50 nm with three tip voltages (-3 V, 0 V and +3 V). At the distance of 50 nm,
short range van der Whaals forces are minimized, allowing for the extraction of the
electrostatic interaction between the tip and the sample. [33] No voltage was applied
on the sample; the Au surface possesses partial surface charge due to electron transfer
at the Au/Zn0O interfaces. Three locations on each Au covered Zn0O sample were

mapped. The phase shift (Ayp) was calculated using the following equation,

AP = Phias — Pov (5.1)

A decrease in Ay indicates a repulsive electrostatic interaction between the tip and

the sample, and an increase in Ay occurs due to an attractive interaction. [34]
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5.3.4 SERS experiment

SERS sensing of phenanthrene was carried out with a Renishaw inVia Raman micro-
scope equipped with a laser source (830 nm). Each Raman scan was collected with
3 £+ 0.3 mW power, under a 50x objective with an exposure time of 40 s. 1 ppm
phenanthrene was prepared in ultrapure water and sonicated for 3 hours. A Au/ZnO
SERS substrate was submerged into the 1 ppm solution for 30 minutes. The substrate
was then removed, rinsed with ultrapure water, and air dried. Afterwards, Raman

measurements were performed on the dried substrates.

5.4 Results and discussion

5.4.1 ZnO crystallite and film morphology

Figure 5.1: FESEM image of a Zn0 film shows the packing of triangular crystals into
a dumbhbell-shaped cluster.

The FESEM image (Figure 5.1) of the Zn0O film shows triangular microcrystals
overlaying together to form large dumbbell shaped clusters. These individual clusters

then form the film.
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5.4.2 ZnO crystallographic analysis

XRD characterization of the ZnO film (red line in Figure 5.2) confirmed a wurtzite
crystal structure. [31] The peak at 32.4° lies between the (100) peak for ZnO and the

(211) peak for Zn(OH), suggesting the possibility of some Zn(OH), impurity. [35]
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Figure 5.2: XRD data confirms the wurtzite crystal structure. Peak positions and
peak widths change with the addition of a Au laver.

5.4.3 ZnO electronic structure
Fermi level and surface charge

The Fermi level equilibration at the Au/Zn0O interface leads to electron transfer be-
tween Au and ZnO. [13] Due to a high Fermi level of Au relative to ZnO, electron
transfer should occur from Au to Zn0O. As a consequence, Au would carry a partial
positive surface charge. With increasing the thickness of Au on Zn0, one would ex-
pect a higher degree of electron transfer and consequently a higher work function value
of the Au surface (see Chapter 2). [13] However, in this case, I observed a different

direction of electron transfer (Table 5.1).
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EFM shows negative charge on Au, in contrast to the Au on the ZnO from Chap-
ter 2 (Table 5.1). The phase shift (Ay) is larger with a positive applied voltage (+3
V), indicating attraction, which implies a negative surface charge. Therefore, elec-
tron transfer occurs in the opposite direction in this Au/Zn0O nanohybrid unlike the
Au/Zn0O substrates in Chapter 2. The EFM data for both chapters is compared in
the appendix, Table D.2.

Table 5.1: EFM phase shift (Ay) determines the surface charge of the gold surface
on Au/Zn0 substrate.

An thickness on Zn0O Ap (+3 V) Ap (-3V) Surface charge
10 7.36 =1.30 3.23 +£0.40 Negative
20 4.15 £0.85 1.07 £0.21 Negative
30 6.91 £0.76 2.91 +£0.98 Negative

The KPFM data confirmed the negative surface charge. Figure 5.3 shows a de-
crease of work function with increasing Au thickness on ZnO (red circles). Because
the Au Fermi level doesn’t change significantly (under same fabrication parameters),
even with thin films and nanoparticles, [36] this electron transfer from ZnO to Au
arises from a higher Fermi level of Zn0O. A semiconductor’s Fermi level is verv sensi-
tive to crystal shape and size, [4] and the ZnO crystallites in this chapter (see Figure
5.1) have a different size and shape than those in Chapter 2 (see Figure 2.1).

CL data also confirmed the negative surface charge formation on the Au surface

of Au/Zn0 substrates (Appendix, Figure D.7).

Fermi level and band gap

Optical measurements also point to differences in the electronic structure of the two
types of ZnO, where the defect-rich ZnO produced here shows a smaller optical band
gap than the ZnO from Chapter 2 (see Figure D.2 in the appendix). [37,38] The

smaller band gap arises from the higher Fermi level of this defect-rich ZnO when
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Figure 5.3: Work function of Au/Zn0O vs Au/glass, shows negative surface charge
formation on Au surface in Au/Zn0O.

compared with that from Chapter 2.

5.4.4 SERS activity

Figure 5.4 depicts significant SERS performance of 20 and 30 nm of Au on ZnO, with
enhancement factors (EFs) of 1.6 x 10° and 1.4 x 10°, respectively, when measuring
phenanthrene in an aqueous solution. The EF calculation was conducted by the
analytical method (Appendix equation D.2). [39]

The 10 nm of Au on ZnO has a significantly smoother surface (see Figure D.5
in the appendix), which evidently is not sufficiently rough to generate hotspots. The
film also shows lower plasmonic absorption than the other films at the laser excitation
wavelength, as seen in Figure 5.5. [8] On the other hand, comparable SERS activity
of 20 and 30 nm of Au on ZnO can be ascribed to a similar plasmonic absorption at
the laser excitation wavelength.

Although a similar Au thickness dependent SERS activity is seen in Chapter 2,

the EFs, which still high, are lower here. In Chapter 2 the positive surface charge
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Figure 5.4: SERS activity of Au/Zn0O substrates towards phenanthrene. 30 nm
Au/Zn0O and 20 nm Au/Zn0O show considerable SERS activity of phenanthrene de-
tection. 10 nm Au/ZnO is SERS inactive. Spectra are offset for clarity.

facilitates PAH adsorption through a Coulombic attraction, since PAHs are 7 electron-
rich. [40] (Though nonpolar, PAHs have a quadrupole moment. [41]) The Au surfaces
in these Au/Zn0 nanohybrids are negatively charged, unlike in Chapter 2. Therefore,

the EFs are lower than those in Chapter 2. I expect that these substrates will perform

even better for positively-charged analytes. [42]

5.5 Conclusions

Defect-rich ZnO results in complex Au/Zn0 hybrid films that show reverse electron
transfer from ZnO to Au, forming a negative surface charge on the Au surface. This
leads to lower EFs than in Chapter 2, but these SERS substrates should find appli-
cation in sensing of positively-charged analvtes, as their 10° EFs could be improved
further through enhanced analyte adsorption.
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Figure 5.5: Plasmonic absorption spectra of 10 nm Au/Zn0O (black), 20 nm Au/ZnO
(violet) and 30 nm Au/ZnO (green). 10 nm of Au film on ZnO shows significantly
lower plasmonic response at the laser excitation wavelength (830 nm).
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Chapter 6

Direct Evidence of Surface Charge
Controlled SERS Activity in a
Bilayer Metal Film by EFM*

6.1 Abstract

Electron transfer in a bilayer metal film generates a surface charge, and thus atfects the
surface plasmonic enhancement response. This surface charge can induce adsorption
of an analyte molecule by electrostatic interactions. In this report, surface charge
is mapped in Ag-Au and Au-Ag bimetallic films supported on a dielectric, studying
the impact of surface charge on SERS sensing of pyrene, a serious environmental
pollutant. Electrostatic force microscopy is employed to determine the surface charge
formation. This force microscopy scan also yields the morphological features of the
film. This new approach to the study of surface charge mediated Raman enhancement

enables the optimization of the films, leading to an enhancement factor of 10° for the

*In re-submission for Nanoscale
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detection of the pyrene molecule in aqueous solution.

6.2 Introduction

Bilayer metallic films carry a surface charge as a result of Fermi level equilibrium at
the metal-metal interface. For the case of Ag and Au, Ag possesses a partial positive
surface charge, and Au gains a negative surface charge, because Ag has a higher Fermi
level compared to Au. [1] The surface plasmon electromagnetic field is surface charge
sensitive. [2, 3] Plasmon absorption tuning with the variation of Au:Ag proportion
in a Ag-Au bilayer system impacts SERS activity. [4] As a result, bimetallic Ag-Au
systems have been employed for charge-selective SERS sensing. [5]

Surface charge can have the further benefit of enhancing adsorption of analytes
for SERS detection. [6] PAHs often need that additional drive for adsorption, [7] and
they are of particular interest for trace detection in water because of their carcino-
genicity. [8] While functionalized [9, 10] or hydrophobic [7] substrates help to enhance
adsorption and hence SERS signal, this chapter presents a simpler approach based on
surface charge alone. Earlier report suggested that cation-m interaction can lead to
increase the adsorption of PAHs on the surface with the cationic charge. [11]

Here I show a new application of electrostatic force microscopy (EFM) to quantify
surface charge, and its impact on SERS mechanisms. EFM determines the electrical
property of a material surface by measuring the surface charge density. [12] In the EFM
scan, a biased tip electrically interacts with the charged sample surface. In tapping
mode EFM, a phase shift occurs because of the electrostatic interaction between the
sample surface and the tip. At the sub-nanometer gap between the tip and the sample
surface, the van der Waals force dominates. However, at a greater distance (generally,

above 40 nm) the van der Waals force between the tip and the sample surface is
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negligible, and here one can measure other forces. For example, electrostatic forces
arise from an electrically biased tip over an electrically charged sample surface. [13]
This method has already been applied to a range of systems, including quantum

dots, [14] charged spheres, [15] and even dielectric materials. [16]

6.3 Experimental procedure

6.3.1 DMlaterials

Suspension of 750 nm diameter SiO, spheres (Fiber Optics Center Inc.) was made
with 2-butanone (99%, Sigma Aldrich) as a solvent. The PMMA layers were developed
using “PMMA A2” (495 MW poly(methyl methacrylate) in 2% anisole, Micro Chem).
Gold wire (99.9% metal basis) and silver shot (99.9% metal basis) were both acquired
from Alfa Aesar. Pyrene (95%) was obtained from Aldrich. Microscope glass slides
(1.0 mm-1.2 mm thick) were obtained from Pearl. Glass slides were cut into 2x2 cm?
size. Glass slides were cleaned in hot concentrated sulfuric and hot hydrochloric acid,

and then washed with ultrapure water.

6.3.2 Synthesis of SERS substrate

A bimetallic film was deposited on a PMMA /Si0, dielectric support which has previ-
ously been shown to promote SERS activity (see Chapter 4). 750 nm of SiO, spheres
were air dried in an oven and then 2-butanone solvent was added to make the con-
centration of 15%. Then the sphere suspension was sonicated for several hours for
complete dispersion. Afterwards, this sonicated suspension was spin coated on clean
glass slides. Next, a polymer (PMMA A2) was spin coated on the spheres. Then 15

nm Ag and/or Au were deposited as in Table 6.1. To test for consistency, analogous

123



samples with 25 nm thick metal layers were prepared; that data is found in Appendix
E.

Table 6.1: List of monometallic and bilaver metallic SERS substrates

Sample tag Sample description

M1 15 nm Ag

M2 15 nm Au

Bl 15 nm Ag on 15 nm Au
B2 15 nm Au on 15 nm Ag

Metal deposition was performed using an in-laboratory-built thermal metal evap-
orator. Metal evaporation was carried out with a molybdenum boat (Kurt J. Lesker)
and with a pressure of 10~* torr inside the evaporator chamber. Metal thickness was
controlled by a quartz crystal microbalance with a deposition monitor (INFICON

XTM/2). Each sample type was prepared two times over.

6.3.3 Characterization methods
Electrostatic force microscopy

MFP-3D AFM (Asylum Research) was employed for conducting the EFM scan. All
measurements were made in ambient conditions. EFM was performed using a Au-
coated conductive tip (Mikromasch, NSC35/Cr-Au, nominal resonant frequency of
147 kHz). A conductive holder (ORCA, Asylum Research) was used to control the
electrical interaction between the sample and the tip.

An EFM scan involves first approaching the tip to the surface while monitoring
the amplitude of the oscillating tip. When the amplitude is damped by a preset
amount (70%), a stable tip-surface interaction is established. After each scan line of
the surface topography, the tip is raised above the surface to minimize the short range

van der Waals forces. A bias is applied to the tip relative to ground, and an EFM
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scan of that same line is performed at constant tip-sample separation. The resultant
data set (“image”) maps height, amplitude, and phase for the oscillating tip.

Each scan covered a 5x5 um? area with 256 points per line, 256 lines, at a scan
rate of 0.5 Hz. For each line, after acquiring an appropriate surface topography scan,
the tip was lifted to a height of 50 nm above the sample surface. At that specific
height, the tip was biased, and then it retraced the topography of the line to maintain
a 50 nm distance throughout the scan.

The phase shift (Ayp) due to the applied voltage was calculated through the sub-

traction of the phase data at 0 V from the phase data at 3 V or -3 V:

AP = Phias — Pov (6.1)

Ay as defined in equation 6.1 is always positive: whether attractive or repulsive,
the electrostatic interaction between tip and sample always leads to damping. An
attractive force has a higher phase shift than a repulsive interaction. [17] It was
observed higher voltage (3 V or -3 V) has high phase response compared to other
voltages (Figure 6.1). Therefore, 3 V or -3 V was employed to determine surface
charge of bimetallic film.

In order to optimized the tip voltage to achieve charge sensitive phase response,
several applied voltages were also compared (1 V, 2V, 3V, -1 V,or -2V, -3V) to
a bimetallic sample. A large enough voltage must be applied so that electrostatic
interactions dominate the phase shift. Otherwise, contributors to phase shift such as
van der Waals and other non-polar interactions may arise in the phase map.

EFM scans were performed on three locations of each duplicate sample. Three
scans were performed at each location, with the tip biased at 0V, 3 V, or -3 V with

respect to ground. It is worth mentioning that the bias was applied to the tip, and no
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Figure 6.1: Phase shift differences between 3 V and -3 V is highest compared to 2 V /-
2 Vand 1 V/-1 V revealing higher voltage can lead to higher amount of tip-sample
Coulombic interaction to determine surface charge more accurately.

bias was applied to the sample. The bilayer films have an inherently charged surface

due to Fermi level equilibration, [5] which is absent in monometallic films.

SERS experiment

0.1 mg of pyrene crystals were dissolved in ultrapure water to make a 0.1 ppm solution.
The ultrapure water was obtained from a Barnstead purifier with a resistivity of 18.2
MS-ecm. The solution was sonicated (Fischer Scientific, FS20) to promote complete
dissolution of the analyte. Metal SERS substrates were dipped into the analyte solu-
tion for 30 minutes and then washed with ultrapure water and air dried. Five Raman
scans were performed on each substrate on different spots, using a Renishaw inVia
Raman spectrometer coupled to a Leica microscope. Each spectrum was acquired

using 830 nm excitation, a 50x objective, and a 40 s exposure at 3 +0.3 mW.
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6.4 Results and discussion

6.4.1 SERS study

A silver film alone (sample M1) on the polymer/sphere substrate shows poor SERS
activity toward the detection of pyrene, while a gold film (M2) exhibits notable SERS
activity (Figure 6.2). One contributor could be the different electronic interactions
between the analyte and the metals. Benzene, a molecule similar to the analyte, and
Apg interactions are from dispersion, while benzene binds with Au through a charge
transfer interaction. [18] Hence, one can expect that polyeyclic aromatic hydrocar-
bons should also undergo charge transfer interaction with Au, which impacts the
polarizability of the analyte [19] and consequently the SERS response (see equation
1.8).

The ditterent SERS activity of M1 and M2 can further be explained by the ditferent
surface morphologies of these films. The Au film (M2) has a higher surface area than
the Ag film (M1), but the additional analyte adsorption sites on a higher surface
area film cannot explain the entire 10? enhancement of M2 over M1 (Table 6.2). M2
also has substantially higher roughness that can lead to hotspot formation [20] and
hence significantly higher enhancement. The detailed morphological analysis of the
monometallic films is given in the appendix, Table E.1, with additional confirmation
in Figure E.1, a plot showing the relationship between roughness and EF for a wider
range of monometallic samples.

Figure 6.3 shows the Raman enhancement of different bimetallic combinations,
where it can be seen that Bl (silver on top) has notable SERS activity, while B2 is
SERS inactive. The enhancement factor calculations were performed using equation

as below, [21]
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Figure 6.2: SERS response of pyrene with Au (black) and Ag (green). In this case,
monometallic Au has higher SERS activity than Ag. Spectra are offset for clarity.

EF — Iszrs » CnNormal
Csers  Inormal

(6.2)

Isgps and Iy, are the intensity of the surface enhanced Raman mode and the
intensity of the normal Raman mode, respectively. Csgprs and Cyormar are the con-
centration of the analyte in SERS experiment and the concentration of the analyte in
the normal Raman experiment (0.1 M), respectively. The normal Raman experiment
was conducted with the PMMA-Si0, substrate (without a metallic layer).

For pyrene, 1395 cm™! mode (C-C stretching) was selected for EF calculation.
It is worth noting that 1395 em~! mode shifted on Ag-Au substrate (B1), which
can be ascribed to the binding interaction between analyte and the surface charge of
Ag. [5,22,23] Table 6.2 shows the comparison of EFs of different monometallic and

bimetallic substrates.
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Table 6.2: EF of monometallic and bimetallic films for pyrene sensing

Sample tag EF (x10°)
M1 0.09 £ 0.06
M2 1.75 £ 0.18
Bl 1.95 £+ 0.08
B2 not detectable
i
F
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Figure 6.3: SERS response of pyrene with Ag on top of Au (B1, blue) and Au on top
of Ag (B2, red). Ag on top of Au demonstrates high SERS activity relative to Au on
Apg. Spectra are offset for clarity.

6.4.2 EFM study

Surface charge determination by EFM

Typical Ay images of the system with Ag on top of Au (B1) are shown in Figure 6.4.
The average and standard deviation of all pixels in an image yields one Ay point in
graphs such as Figure 6.5.

The bilayer syvstem with Ag on top (Bl) shows a higher Ay with a negative tip
voltage of -3 V, indicating an attractive interaction. Similarly, the smaller Ay with

the tip at a positive voltage of 3 V meaning a repulsive interaction. Thus, a positive

129



Figure 6.4: Phase shift of Ag on Au system (B1). Phase shifts from -3 V (left) and
3 V (right).
surface charge can be ascribed to Bl, the sample with Ag on top.

An opposite situation in Ay is seen in the case of B2 (Au as a top layer). Since the
positively biased tip generated a larger phase shift, that bias must produce attraction,
meaning that there is a negative surface charge when the Au layer is on top. This is
consistent with Au having a lower Fermi energy than Ag. [1]

EFM data showed no significant change in Ay (Figure 6.6) upon changing the
tip bias over the Ag or Au films. This indicates that no surface charge forms on
the monometallic film. This is not surprising, given that the sample is not biased
and there is no inherent charge formation from inter-layer electron transfer in the
monometallic films.

The results here are consistent over two replicate samples made in separate batches.
These results apply for other thicknesses of metal as well. The relationship between
surface charge and SERS activity for all thicknesses is shown in the appendix, Table

E.2.
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Figure 6.5: Phase shift (Ay) of Ag on Au (B1, top) and Au on Ag (B2, bottom).
This data indicates a positive surface charge with Ag on top and a negative surface
charge for Au as the top layer in the bilayer metallic films. In some cases, the error
bars are smaller than the symbol.

6.5 Conclusions

In this study I explored how a metallic bilayer can dramatically change the SERS
activity of the top metallic film. As a consequence of the electron transfer in the
bimetallic Ag-Au system, the Ag surface gained a partial positive charge. Therefore,
Ag as a top layer in the Ag-Au system performed better as a SERS active substrate
for a PAH analyte due to attractive metal-molecule interactions. The electrostatic
force microscopy revealed the different surface charge in the bimetallic system. EFM

scans also illustrated the surface morphology of substrates.
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Figure 6.6: Phase shift of Ag film (M1, top) and Au film (M2, bottom). No con-
siderable deviation of Ay between 43 V and -3 V, which supports a neutral surface
charge on the monometallic films. The error bars are smaller than the symbol.
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Chapter 7

Kelvin Probe Force Microscopy to
Probe Metal-molecule
Interactions: A Comparative SERS
Sensing of Phenanthrene and

Pyrene

7.1 Abstract

The metal-molecule interaction leads to the change of the polarizahility of the molecule
and thus Raman enhancement. In this study, I measure the degree of metal-molecule
interaction by Kelvin probe force microscopy (KPFM). Phenanthrene and pyrene both
are detected on a gold-5i0O, sphere substrate. The markedly different enhancement
factors (EFs) from pyrene to phenanthrene is linked to the metal-molecule interaction.

A notable EF (10%) for pyrene is achieved.
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7.2 Introduction

Surface enhanced Raman spectroscopy (SERS) is gaining tremendous attention due to
its fingerprint detection ability and sensitivity at the single molecular level. [1] There
are many research studies on understanding the mechanisms behind SERS. [2-6] The
primary source of enhancement is the plasmon oscillation at the metal surface during
photo-irradiation. [7] In order to experience the plasmonic field, molecules must be
close to the metal surface. (The plasmonic field decays exponentially.) [8] Hence,
adsorption plays an important role, which can combine with the electromagnetic field
to enhance the Raman signal significantly. [9]

Adsorption is affected by and impacts the electronic structure of the molecule as
well as the metal surface. [10] The adsorption process can change the polarizability of
the molecule and thus its Raman activity. For example, several studies describe how
different adsorption orientations influence the SERS activity of the adsorbate. [4,11]
While new and /or shifted peaks arise from the resultant break in symmetry, [12,13] the
adsorption effect is more complicated and can include electronic modifications to the
adsorbate through binding, electrostatic interactions, or dispersion interactions. [2]
Thus, I also see orientation-independent shifts in SERS peaks relative to the nor-
mal Raman (unadsorbed) spectrum. [14] This can lead to situations where the same
substrate shows different degrees of Raman enhancement for ditferent analytes. [15]

In this chapter I provide direct experimental evidence of the link between the
electronic interaction of the molecule adsorbed on the metal surface and the SERS
enhancement. Although this metal-molecule interaction is clearly a significant com-
ponent of enhancement, its contributions to the SERS enhancement mechanism has
been mostly explained by computational simulation. [4,16,17] I introduce Kelvin probe
force microscopy (KPFM) as a powerful tool to measure the magnitude of the static

charge transfer between the analyte molecule and Au metal.
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KPFM is an electrical force microscopy that measures the work function of the
material using a conductive tip. [18,19] In KPFM, a conductive tip interacts with
the sample surface electronically, and the contact potential difference (CPD) value
determines the work function of the material, ®,,,,,. using the known work function
of the tip, &y, as follows,

CPD = ®4;p — ®onmple (7.1)

The work function of the tip can be calibrated using highly ordered pyrolytic
graphite (HOPG) as a reference (® = 4.6 V). [20]

Beyond the electronic structure of material surfaces, the method can give informa-
tion about the electronic structure of molecular adsorbates. Recent examples include
KPFM evidence for charge-trapping in an organic film [21], surface charge alteration in
adsorbed tautomers [19] and for charge transfer between adsorbates and surfaces [22].

In this work, KPFM is used to measure the strength of the metal-molecule inter-
action through the change in the work function of the molecule npon adsorption on
the metal. [22,23] The work function shift arises from charge transfer between the ad-
sorbate and the surface, [24,25] which is also a part of the adsorption contribution to
SERS enhancement. The method is demonstrated and validated with a model SERS
detection system for phenanthrene and pyrene, two polycyclic aromatic hydrocarbons

(PAHs) considered as serious environmental pollutants. [26-30]

7.3 Experimental details

7.3.1 DMlaterials

2-butanone solvent (99%) was obtained from Sigma Aldrich. SiO, spheres with a

diameter of 1 micron were acquired from Fiber Optics Center Inc. Gold wire (99.9%
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metal basis) was obtained from Alfa Aesar. Phenanthrene (98+%) and pyrene (95%)
were purchased from Aldrich as PAH analytes. Microscope glass slides (purchased
from Pearl, 1.0 mm-1.2 mm thick) were used as a base. 2x2 em? of glass slides
were used to prepare substrate. Glass slides were cleaned by both hot concentrated
hydrochloric (HCI) and sulfuric (H,5S0,) acids, and then washed with ultrapure water
(18.2 MQ-cm, Barnstead).

7.3.2 Synthesis of SERS substrate

First, Si0, spheres were oven dried and then were dispersed in 2-butanone to a con-
centration of 15% w/w. 40 ul of dispersed spheres suspension were spin coated
(WS400, Laurell Technologies) on glass slides at 3000 rpm for 1 minute. 10 nm or
20 nm of Au were thermally deposited on the sphere coated glass slides. The metal
film deposition was conducted with an in-lab-built thermal evaporator operating at
a pressure of 10~* torr. A tungsten boat (Kurt J. Lesker) held the Au source, and
An thickness was monitored using a quartz crystal microbalance (QCM, INFICON
XTM/2).

7.3.3 Characterization methods

Electrical parameters of each scan were obtained by the work function (®) measure-
ment. A MFP-3D (Asylum Research) instrument was used to perform KPFM analy-
sis, with a conductive Au coated tip (Mikromasch, NSC35/Cr-Au, nominal frequency
of 140 KHz). A 5 x 5um? area of the sample surface was mapped with 256 points
per line, 256 lines, at a scan rate of 0.5 Hz. KPFM measurements were performed in

room temperature under atmospheric pressure.
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7.3.4 SERS measurement

0.1 mg of phenanthrene or pyrene was dissolved in 1 liter of ultrapure water to make
the concentration 0.1 ppm. The whole solution was then sonicated for 4 hrs to promote
complete dissolution of the analyte. SERS substrates were soaked into the analyte
solution for 30 minutes and then washed with ultrapure water to ensure adsorption
efficiency of the analyte onto the metal surface. A Renishaw inVia Raman microscope
(a laser source of 830 nm) was used for SERS detection, which is equipped with a
charge couple device and a Leica confocal microscope. A laser power of 3 &+ 0.3 mW
was used for each run with a 40 second exposure time. A 50x (highest magnification)

objective was applied to focus the laser on the sample.

7.3.5 Computational details

Computational modeling was performed using GAMESS (US) program package. [31]
Full geometry optimization and normal Raman mode calculation of pyrene and phenan-
threne were completed using density functional theory (DFT) and with the functional
and the basis set combination of B97-1/cc-pVDZ, which has excellent agreement with
my experimental normal Raman spectra of PAHs. [32,33] The calculation of the Ra-

man spectrum was performed on an individual, isolated molecule (i.e., the gas phase).

7.4 Results and discussion

7.4.1 SERS performance

SERS detection was carried out of both analytes (phenanthrene and pyrene) on the
20 nm Au covered Si0, sphere coated glass substrates. It is worth noting that no

enhancement of PAHs was observed by only Au on glass slides. Raman modes of
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phenanthrene were poorly enhanced by the Au-sphere substrate, while those of pyrene
were significantly enhanced by the same type of substrate (Figure 7.1). In the case
of phenanthrene, three peaks are predominately enhanced: 410 em™!, 710 em~! and
1350 em~!. Enhanced modes of pyrene are 410 em~', 594 em~!, 1236 em~', 1395
em~! and 1609 em~!. These peaks are also predominant in regular Raman spectra,

which are assigned by comparison with the computed spectrum (Appendix Figure F.2
and F.3).
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Figure 7.1: SERS spectra of phenanthrene (black) and pyrene (red). Pyrene shows
notable Raman enhancement compared to phenanthrene. Dots indicate principal
peaks. Spectra are offset for clarity.

Enhancement factor calculations was carried out with the analytical method: [34]

EF ISERS GH ormal

— 7.2
Conns * Tyomm (7-2)

lsgrs and Iy oma are the intensity of the surface enhanced Raman mode and the
intensity of the normal Raman mode, respectively. Csgprs and Cyormar are the con-
centration of the analyte in SERS experiment and the concentration of the analyte

in the normal Raman experiment (0.1 M), respectively. Sphere coated glass (without
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the Au layer) was used for the normal Raman measurement.
For the EF calculations, I selected the peak at 410 em~!, a C-C-C bending mode
for both pyrene and phenanthrene as identified computationally (Appendix F.2). The

resulting EFs are 7.1 x 10° with pyrene and 1.3 x 10° with phenanthrene.

7.4.2 KPFM study

The strength of the metal-molecule interaction can be directly probed by measuring
the perturbation on the molecule electronic structure by the metal. KPFM provides
a quantification of that perturbation by measuring the change of the work function
(@) of the molecule upon adsorption on the metal. The shift of ¢ for pyrene and
phenanthrene, on the Au SERS substrate and on a plain glass slide, are compared
in Table 7.1, which also shows the EFs. The glass slide was chosen as a reference
substrate because the molecules show no significant interaction with the glass. [35, 36]
For example, the lack of adhesion of molecules to the plass slide was clear in the
disappearance of Raman signal of the molecules after one rinse with water.
The shift of the & (Ad®) was calculated by subtracting:

AD = Ppap — Ppan_u (7.3)

with ®p,y being for the PAH analyte on a plain glass slide, and ®p45_»; being
measured for the PAH analyte on the Au/5i0, sphere SERS substrate. Table 7.1 lists
the A® for both pyrene and phenanthrene.

The amount of metal-molecule interaction is reflected in the magnitude of the
®, with a larger Ad indicating a larger influence by the SERS substrate on that
analyte. At the metal-molecule interface, if the molecule undergoes a higher degree

of charge transfer with the metal, then the work function of the molecule changes
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significantly. [22,24] Therefore, the higher A® of pyrene on gold supports the higher
amount of charge transfer between pyrene and gold, which is reflected in the larger
SERS performance for the substrate toward that analyte.

Therefore, I have demonstrated that KPFM can measure the degree of metal-
molecule interactions due to charge transfer, which links to the ditferent enhancement
performance of a SERS substrate toward different molecules. The KPFM data shows
that A® can indicate the perturbation on electronic structure and consequently the

polarizability (chemical enhancement).

Table 7.1: Link between A® and EF for two PAHs.

PAH AD (eV) EF (x10°)
Pyrene 1.106 £0.09 71 £0.8
Phenanthrene 0.905 +0.03 1.3 £0.5

7.5 Conclusions

This investigation was conducted to determine the degree of electronic interaction
between Au and PAHs (phenanthrene and pyrene) and its effect on the SERS response.
Pyrene was observed to be highly enhanced compared to phenanthrene, with an EF
of 7.1x10° for the pyrene versus 1.3x 10° for the phenanthrene. This was due to a
higher degree of electron transfer between pyrene and Au, which also leads to changes
in the work function. These ditferences were quantified using KPFM. The higher Ad®
for pyrene upon adsorption to the SERS substrate confirmed the higher degree of
metal-molecule interaction compared to phenanthrene. This approach offers a direct

link between the metal-molecule interaction and SERS performance.
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Chapter 8

Conclusions and Future Direction

8.1 Conclusions

8.1.1 Fundamental advances

The main objective of this thesis is to deliver an innovative approach towards under-
standing surface enhanced Raman scattering (SERS) mechanisms for multicomponent
substrates. Metal-semiconductor, bimetallic, metal-insulator substrates were tested
for polyeyelic aromatic hydrocarbon (PAH) detection and observed to be highly ef-
ficient. Phenanthrene and pvrene, my test PAHs, were detected in as low as sub-
nanomolar concentrations with an enhancement factor of 10°.

My work has also demonstrated the versatility of scanning probe microscopy
(SPM) in the study of SERS mechanisms. Atomic force microscopy (AFM), Kelvin
probe force microscopy (KPFM), and electrical force microscopy (EFM) provided key
data on both surface morphology and electronic properties of SERS substrates. By
mapping these properties, I could distinguish between competing effects contributing
toward Raman enhancement. The relation between the plasmonic absorption and the

surface properties of the metallic substrate also illustrated the enhancement mecha-
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nisms.

While focused on Au coated ZnO substrates, this thesis includes an examination
of ZnO crystals of difterent size and shape as well as different thickness of Au coatings.
Rod-like, hexagonal pyramid and triangular ZnO crystals, produced with simple sol-
gel techniques, showed different electronic structure and SERS response.

Rod-like ZnO crystals coated with Au achieved significant Raman enhancement
of phenanthrene as a PAH analyte. The generation of surface charge on gold (Au)
as a result of the Fermi level equilibrium between Au and ZnO was demonstrated by
KPFM. The measurement of the work function values of Au films on ZnO explained
the positive surface charge on the gold film, which was the main promoter of analyte
adsorption. The surface roughness of these Au/ZnO films also accounted for the
enhancement, as explained in Chapter 2.

The thermal treatment of hexagonal pyramidal erystal ZnO films modified both
the surface and electronic properties of ZnO. After Au was deposited on these ZnO
films, the Au surface reflected the roughness of the underlying annealed ZnO laver,
with roughness controlled by annealing temperature. This roughness of the Au/ZnO
hybrid vielded a hydrophobic surface, which facilitated the adsorption of non-polar
phenanthrene from its aqueous solution. Furthermore, the rough metal surface also
produced electromagnetic hot-spots, with the result that Au on the roughest ZnO
film displayed the highest SERS activity. The metal-molecule interaction study using
KPFM also demonstrated the tuning of the phenanthrene—Au interaction due to the
annealing of ZnO. In Chapter 3, the perturbation of the phenanthrene electronic
structure through strong metal-molecule interactions, combined with the roughness
and hydrophobicity control the SERS response.

The deposition of gold onto triangular ZnO erystals had a significant impact on
the SERS performance of the substrates studied in Chapter 5. The Zn0 used in this
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chapter was defect rich, leading to different EFs than for Au/Zn0O samples in Chapter
2, because of the difterent enhancement mechanisms for ditferent types of Zn0O. The
addition of the Au layer modifies the crystal and electronic properties of the ZnO,
thus affecting the SERS activity. This chapter provides a new approach in considering
the role of the plasmonic metal, with an example of a different way in which metal
layers can impact SERS activity.

As analyte adsorption is a key step in SERS sensing, metal-molecule (M-m) in-
teractions are important to study the chemical enhancement effect on SERS response.
Chapter 7 introduces KPFM to measure the extent of the interaction between the an-
alyte molecule and the metal surface, using the test case of phenanthrene and pyrene
on a gold film. With this KPFM data, I can ascribe a notable Raman enhancement
of pyrene, compared to phenanthrene, to its higher degree of M-m interaction.

Dielectric interlayers can also tune the SERS activity of a substrate. The insu-
lating layer prevents the plasmonic hot electron injection into the co-material, which
results in the confinement of the intense plasmonic field on the metal surface. As a
result, SERS activity of, e.g., Au-coated PMMA covered Si0O, sphere substrates was
greatly affected by the thickness of the insulating (PMMA) layer, which is described
in Chapter 4. A comparative study between Au-PMMA-Si0O, sphere and Au-sphere
substrates confirmed notable SERS activity with PMMA interlayer, thus supporting
the role of the insulating layer on the enhancement of the plasmonic field.

Different metals will naturally interact differently with analytes, but they also
interact differently with any underlying layers. In PMMA-sphere substrates coated
with bimetallic Ag-Au films, I have the further possibility of tuning the metal-metal
interaction. Due to the Fermi level difference between Ag and Au, at the bimetal-
lic interface an electron transfer occurs and Ag possesses a positive surface charge,

while the Au surface becomes negatively charged. The adsorption of 7 electron rich

152



pyrene was controlled by the metallic surface charge. As a result, the substrate with
Ag as the top layer showed considerable SERS activity due to its positive surface
charge. In addition to illustrating surface charge controlled SERS activity, Chapter
6 also demonstrated the use of EFM to detect and map surface charge generation in
multilayer systems.

In summary, my experiments identify and demonstrate both electromagnetic and
chemical Raman enhancement mechanisms. Both EFM and KPFM data provide the
link between the surface electronic properties of the substrate and its SERS response.
The surface charge generated by metal-semiconductor and bimetallic substrates im-
pacted analyte adsorption. The composition and thickness of the underlayers can tune
the electronic response, while the metal thickness controls surface morphology, which
also impacts analyte adsorption (chemical mechanism) but also plasmon absorption

and hotspot generation (electromagnetic mechanism).

8.1.2 Practical applications

These fundamental findings have enabled practical advancement of sensing materials.
Using the understanding of the SERS mechanisms in composite materials, we have
desipned new SERS substrates for which we are seeking patent protection for further
commercialization. These have been tested with field samples of produced water
(PW) provided by industrial partners through Petroleum Research Newfoundland
and Labrador (PRNL).

8.2 Future Direction

An important next step to understand the impact of excitation wavelength on SERS

response is deseribed here. Future study on the electronic excitation in these mul-
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ticomponent systems will establish the mechanism for laser excitation wavelength-

controlled SERS activity.

8.2.1 Background
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Figure 8.1: SERS spectra of phenanthrene under exposure of 633 nm (top) and 830
mm (bottom) of Raman laser wavelengths. Au 35 nm (red), Au 25 nm (black) and
An 15 nm (blue) on ZnO film. The laser wavelength dependent SERS activity is
demonstrated here. 15 nm of Au on Zn0O shows highest SERS activity under 830 nm
of Raman laser exposure, while 35 nm of Au on ZnO is the superior one with 633 nm
of Raman laser. Graphs are offset for clarity.

SERS relies on both electromagnetic and chemical enhancement. Both of these
mechanisms are impacted by the laser excitation wavelength. [1] Hence, the Raman

laser excitation wavelength is a crucial factor for the enhancement mechanism. The
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surface plasmon absorption should be comparable with the Raman laser excitation
wavelength in order to generate an intense plasmonic field. [2]

On the other hand, in the case of metal-semiconductor hybrid materials, hot elec-
tron injection occurs from the metal to the semiconductor as a result of laser exposure,
which ultimately reduces the plasmonic field. This electron injection process solely
depends on the energy gap (Schottky barrier height) between the metal Fermi level
and the conduction band of the semiconductor, which should be same as the energy

of the laser. [3]

8.2.2 Experimental approach

In a preliminary experiment, I have tested the SERS activity of Au-ZnO substrates
towards phenanthrene with two different laser wavelengths (830 and 633 nm). As seen
in Figure 8.1, the SERS response and the trends in enhancement with Au thickness
are quite difterent depending on the laser wavelength.

To better understand the link between excitation wavelength and substrate per-
formance, I propose the use of photo-KPFM [4,5] as well as plasmon absorption spec-
troscopy. The plasmon absorption study will illustrate the plasmon field generation
in different substrates at each laser excitation. Photo-KPFM will also demonstrate
the change of electronic properties of substrates with laser exposure and consequently
the magnitude of the hot electron injection from the metal to the semiconductor. [4]

With this approach, I will be able to design new classes of substrates for the par-
ticular excitation lasers required for various applications. For example, as explained
in Chapter 4, some analytes fluoresce and therefore require a lower energy excitation

laser.
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Appendix A

Supporting Information: Chapter 2

A.1 7ZnO film synthesis

100 mL of 0.05 M zinc acetate, dihydrate (ZnOAc,-2H,0 >99.0%, J T Baker) so-
lution and 100 mL of 1.5 M NaOH (99%, Sigma Aldrich) solution were prepared in
ultrapure water (Barnstead, 18.2 M{}-ecm). The NaOH solution was then added to the
zine acetate solution, which generated zinc hydroxide. Afterwards, acid cleaned glass
slides cut to 2x2 em? were placed horizontally at the bottom of the solution beaker.
The solition was then heated for 30 minutes at 35°C, which resulted in a white turbid
appearance. After the heating process, the solution was kept at room temperature for
6 hours, while generating a ZnO thin film on the glass slides. The coated slides were
washed with ultrapure water and air dried. A quartz crystal microbalance (INFICON
XTM/2 deposition monitor) was used to monitor metal thickness during gold vapor
deposition (locally-built instrument).

The data presented here comes from samples prepared in two separate batches. In
all cases the SERS performance is consistent (see standard deviations in Table 2.1 or

Figure 2.4), and another researcher has also been able to achieve comparable results
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by following this method. Therefore, I am confident that the method is reproducible.

A.2 XRD and SEM instrumental details

X-ray diffraction (XRD) characterization of samples was conducted using the Rigaku
Ultima-IV instrument with a Cu K-« source at 40 kV and 44 mA.
Field emission scanning electron microscopy (FESEM) images were acquired using

a JEOL JSM-7T100F equipped with a field emission source at 15 kV.

10 um

Figure A.1: FESEM image of a film of rod shaped ZnO crystals, taken at lower
magnification than the image in Fipure 1 in Chapter 2.
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A.3 Raman analysis

All Raman spectra were collected with a Renishaw inVia Raman microscope using
20x magnification and 40 seconds of exposure time of the 830 nm laser source at 3.0

+ 0.3 mW power. Figure A.2 shows a Raman spectrum of a Zn0 sample.
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Figure A.2: Raman spectrum of ZnO shows three characteristic ZnO Raman peaks.

The Raman spectrum (Figure A.2) of as-prepared ZnO shows a shift in the A;(LO)
mode at 543 em~!. A shift in the Raman spectrum could arise from oxvgen deficiency,
strain due to crystal lattice mismatch, or the presence of dopants or contaminants.
This red shift of A1(LO) mode in ZnO arises from oxygen deficiencies. [1-3] The other
Raman peaks at 353 em~! and 660 em~! correspond to (E;-E;) and Zn sublattice

vibration modes, respectively. [4]

A.4 Plasmon absorption of different substrates

Plasmon optical absorption was measured with an Ocean Optics USB 2000 spec-

trophotometer using ditfuse reflectance. Absorption intensity was calculated from the
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percent reflectance (%R) using the Kubelka-Munk equation. [5]

K _(1-Ry

5 SR (A.1)

where K is the absorption coefficient and S is the scattering coefficient.

The plasmon appears in the UV-visible absorption spectrum as a broad peak.
Comparable excitation wavelength and plasmon absorption wavelength could con-
tribute to signal enhancement, [6] and I do see plasmon absorption in the near-IR re-
gion in Figure A.3. Nevertheless, although the plasmon absorption intensity changes

with thickness, the changes are not enough to explain the difference in SERS activity.
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Figure A.3: Optical absorption of different thicknesses of Au covered ZnO shows

higher plasmon absorption of A45 (red) and A35 (blue) over Al15 (green) and A25
(black).

A.5 Enhancement factor (EF) calculations

For the enhancement factor caleulation, [7] the reference substrate for the normal Ra-
man measurement was a glass slide exposed to a 0.1 M aqueous phenanthrene solution

for thirty minutes. Because of the weak adsorption of phenanthrene to glass, the an-
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Figure A.4: The plasmon absorption spectrum of a 35 nm thick Au film on glass alone
does not show any absorption near the Raman excitation wavelength. This spectrum
was recorded using a transmission geometry since Au on glass generates a relatively
transparent film.

alyte was no longer detectable after rinsing even at such high concentrations. There-
fore, the reference samples were not rinsed before drying, and may be underestimating
enhancement factors.

The enhancement factor calculation used the vibrational mode at 710 em~! due

to its high intensity.
o Isers . ChNormal (A2)

" Csprs INerma
lsgprs and In.rma are the intensities of the surface enhanced Raman mode and the
normal Raman mode, respectively. Cgprg and Cypma are the concentrations of the
analyte in the SERS and the normal Raman measurements, respectively.
The Raman spectra for phenanthrene adsorbed from various concentration solu-
tions are shown in Figure A.5, using the A35 substrate. Raman signal intensity (peak
height relative to baseline) decreases when lowering the phenanthrene concentration.

Nevertheless, the peak is still detectable even at a concentration of 0.001 ppm (or 1

ppb).
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Figure A.5: A comparison of Raman signal at 710 em~! for phenanthrene solutions of
1 ppm, 0.1 ppm, 0.01 ppm and 0.001 ppm (1 ppb). The spectra are offset for clarity.

A.6 SERS activity of only Au and only ZnO

The Raman spectra from control experiments with a 35 nm thick Au film or ZnO
film (on glass) show no SERS activity (no analyte peaks after exposure to 1 ppm of

phenanthrene). The spectra are shown in Figure A.6.
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Figure A.6: Both Au and Zn0O films alone are SERS inactive.
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A.7 Surface area, roughness, and work function
measurements

A Pt coated tip (Mikromasch NSC35/Pt; resonance frequency = 300 kHz and force
constant = 16 N/m) was used for KPFM with the MFP-3D (Asylum Research) in-
strument. All scans were performed with 256 points per line and 256 lines per image
at a 0.5 Hz scan rate.

The samples involved Au deposited on top of a film of ZnO nanorod film; the Au
layer is not conformal. Therefore, during the scan the tip interacts with gold, but
it also encounters bare Zn(0 at crystal edges. This is consistent with the significant
ditference between the work functions near the center and at the edges of the crystals
(Figure 2.3 in Chapter 2). Six different 1 um? areas were selected on top of a Au
covered nanorod to caleulate the work function as well as the surface area (Figure
A.T). By avoiding the very edges but considering several regions, we were truly
measuring the work function of Au on ZnO in each case, while still capturing the

possible variation in work function across a Au-covered Zn0O rod.
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Figure A.7: Masking procedure to calculate surface area of Au covered ZnO nanorods.
The screen capture is from the Asylum Research procedures within IGOR. In this
example, the 1 pum? small gray box in the image at left has a surface area of 1.4
pum?. This approach was used to select data for the work function calculations as
well, selecting areas near the centers of crystals.
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-

B

The roughness factor R, calculation used the following equation [8],

R, = %; 7 (A3)

Here Z is the height deviation from the mean surface (xy plane) of the sample and
n is number of points per area. This height data provides the Z values for the above
equation. The roughness factors plotted in Chapter 2 (Figure 2.4) are also presented
in Table A.1.

Table A.1: Roughness factors of different thicknesses of Au on Zn0O.

Sample tag R, (nm)

A45 109 = 9
A35 157 =16
A25 200+ 8
Al5 138 =10
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Appendix B

Supporting Information: Chapter 3

B.1 ZnO film synthesis

100 mL of 0.05 M zinc acetate, dihydrate (ZnOAc,-2H,0, >99.0%, J T Baker)
aqueous solution was prepared with ultrapure water (18.2 M{}-cm, Barnstead). Then
100 mL of 1.5 M NaOH (99%, Sigma Aldrich) aqueous solution was added and mixed
well. Acid cleaned glass slides were placed horizontally on the bottom of the reaction
container (500 mL glass beaker) and heated for 1 hour at 40°C. Afterwards, the heated
solution was cooled down to room temperature through overnight settling. A thick,
white ZnO film appeared on the glass slide, which was rinsed further with ultrapure

water and then air dried. [9] The chemical reaction for the formation of ZnO is [9]

Zn(0OAc); + 2NaOH — Zn(OH), + 2NaOAc — Zn0O + H,0 (B.1)

B.2 XRD and SEM instrumental details

X-ray diffraction (XRD) characterization of samples was conducted using the Rigaku

Ultima-IV instrument with a Cu K-a source at 40 kV and 44 mA.
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Field emission scanning electron microscopy (FESEM) images were acquired using

a JEOL Jsm-T100F equipped with a field emission source at 15 kV.

B.3 Raman microscopy

Raman spectra were collected with a Renishaw inVia Raman microscope equipped
with an 830 nm laser source with 3.0 & 0.3 mW power, under 50 x magnification with
a 40 s exposure time. Figure B.1 shows the change of Raman vibrational modes of

Zn0 with annealing treatment.
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Figure B.1: Raman spectra of different types of ZnO films (unannealed ZnO (red),

200°C ZnO (blue) and 400°C ZnO (black); Spectra are offset for clarity.). Annealed
ZnO spectra have the characteristic 438 cm~! peak.

B.4 Thermogravimetric analysis

Thermogravimetric analysis on the TGA (500 signalled changes during thermal treat-
ment. A 10.96 mg Zn0O sample was heated to 200°C and kept at that temperature

for 2 hours, mimicking the annealing program for AZ200 sample preparation. The

166



As prepared ZnO heating from RT to 200°C
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Figure B.2: Thermogravimetric analysis of ZnO film shows the water elimination
process during heat treatment.

data, plotted in Figure B.2 indicates a mass loss between 100°C and 150°C, due to

the water elimination process. [10]

B.5 DRS technique

The ditfuse reflectance spectroscopy was used to measure the plasmon absorption of

Au/ZnO films using the Kubelka-Munk equation, [5]

K_Q-B¢

5 SR (B.2)

Here, K is absorption coefficient, 5 is scattering coefficient and R is the reflectance.
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B.6 Enhancement factor calculation

The enhancement factor calculation was calculated as below,

I Cror
EF = =288 , ~Normal (B.3)
Csers  Inormal
Isers and Iyormar are the intensity of the surface enhanced Raman mode and the
intensity of the normal Raman mode, respectively. Cepps and Cy,rmar are the con-
centrations of the analyte in the SERS experiment and the normal Raman experiment

(0.1 M), respectively.

B.7 Contact angle measurement

Contact angle measurements involved placing 5 pL of ultrapure water on the sample
surface. An image was captured after aligning a digital camera with the sample surface
plane. Five samples for each Au/Zn0 substrate were measured using the OCA 15EC
contact angle measurement instrument.

The relation between the water contact angle (#*) on the rough surface with surface

fraction of the substrate (fi) and air pockets (1-f1) can be expressed as [11]

cos#" = fiecosf— (1— fi) (B.4)

where # is the water contact angle on the smooth surface.

B.8 Atomic force microscopy

KPFM and topographical data were acquired concurrently using a MFP-3D (Asylum
Research) atomic force microscope. The conductive tip (Mikromasch, NSC35/Cr-Au)
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had a resonance frequency of about 120 kHz. A 1x1 um?® scan area was mapped with
a scan rate of 0.5 Hz. 5 spots were imaged on each duplicate sample. The surface
area was calculated for each 1x1 pum?® scan. The roughness factor and CPD were
calculated on masked areas of 0.25x0.25 um?, using the same masking procedure as
in section A.7.

The roughness factor R, calculation used the following equation: [8],

R, =, |- 72 (B.5)

Here Z represents height deviation from the mean surface (xy plane) of the sample
and n is the total number of points per area.

Table B.1 collects the surface area for the highest-performing SERS substrates
from three different chapters. The high surface area for the substrates from Chapter
3 allows for a larger linear detection range compared to the substrates from other

chapters.

Table B.1: Surface area (per um?) for different SERS substrates.

Chapter Sample details Surface area (um®)
2 35 nm Au on rod shaped Zn0O 1.33+0.17
3 35 nm Au on annealed hexagonal prism ZnO 1.59 +0.09
4 25 nm Au on PMMA-Si0, spheres 1.09+0.13

B.9 Cathodoluminescence (CL) analysis

CL spectra were collected using the JEOL JXA-8230 electron probe microanalvzer
(EPMA) equipped with a tungsten filament. As a result of the thermal treatment,
the electronic properties of the material changed, as well as their crystal properties

analyzed with other methods described above. From Figure B.3 I can see that the
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band gap (peak maximum) shifts upon annealing. This shift is linked to a change in
the Fermi level of ZnO. [12]
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Figure B.3: CL spectra show the change of band gap of Zn0 with annealing.
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Appendix C

Supporting Information: Chapter 4

C.1 Substrate fabrication

Glass substrate

PMMA coating on
silica sphere

Glass substrate

Au deposition on
FMMA-sphere

Glass substrate

Figure C.1: Schematic representation of Au-PMMA-Si0, sphere substrate synthesis.
An is deposited on top of the PMMA-coated SiO, spheres and at the junction of the
spheres.
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C.2 Characterization methods

C.2.1 FESEM

Field emission scanning electron microscopy (FESEM) images were acquired using a

JEOL Jsm-7T100F equipped with a field emission source at 15 kV.

C.2.2 Scanning probe microscopy (SPM)

A MFP-3D (Asylum Research) scanning probe microscope was used to perform the
surface topographic analysis. Tapping mode SPM (KPFM) scans were conducted
using a Pt/Ti coated tip (Mikromasch, NSC35/Pt, nominal resonance frequency of
145 kHz). 5x5 pum? areas of the sample surface were mapped with 256 x 256 pixels
at a scan rate of 0.5 Hz. All measurements were performed at room temperature and

atmospheric pressure.

Table C.1: Surface roughness and EFs for samples with 35 nm Au.

Sample tag PMMA layer R, (nm) EFx10°

A3 thick 43102+ 2.084 0.42+0.06
B3 thinner 49343+ 1.390 0.69+0.04
C3 thinnest 56.901 £1.896 1.61 +£0.08
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Figure C.2: No SERS activity was observed with substrates of only Si0, spheres, only
PMMA, or PMMA-Si0O,, when exposed to a 1 ppm aqueous solution of phenanthrene.

The peaks below 1000 em~! are characteristic of the PMMA film itself. Spectra are
offset for clarity.
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Appendix D

Supporting Information: Chapter 5

D.1 The differences between Au/ZnO hybrids in

Chapter 2 and 5

Au doping in the ZnO crystal can be facilitated by the generation of atom vacancies.
[13] The ZnO crystal in the Au doping case contained low crystallinity or higher

concentration of defects. Au atoms can easily penetrate in the defect-rich ZnO erystal.
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Figure D.1: Low crystallinity of ZnO was observed in Au doping studies compare to
Zn0 in Chapter 2.
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Figure D.2: The ditferent onset of optical absorption of ZnO in Chapter 2 and Chapter
5 reveals ditferent electronic structure of two Zn0O.

Crystal parameters were calculated using Bragg’s law [14]
nA = 2dsinf (D.1)

where n=1, A is the X-ray wavelength (Cu K-a), d is the crystal plane spacing
and # is the angle of diffraction.

Table D.1: Comparison of lattice parameters a and ¢ between ZnO crystals of Chap-
ters 2 and 5

Chapter a (A) c (A)
2 2.791 5.150
D 2.862 5.212

Table D.2: EFM phase shift (Ay) to determine the quality of surface charge on the
gold in Au/ZnO substrates.

Au (30/35 nm) /ZnO Ap (+3 V) Ap (-3 V) Surface charge
Chapter 2 6.23 £0.96 8.51 £0.50 Positive
Chapter 5 6.91 +0.76 2.91 +0.98 Negative
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D.2 Enhancement factor calculation

EF — Iszrs » CnNormal (D.2)
Csers  Inormal

Isers and Iyorma are the intensity of the surface enhanced Raman mode and the
intensity of the normal Raman mode, respectively. Csgprs and Cyormar are the con-
centration of the analyte in SERS experiment and the concentration of the analyte in
the normal Raman experiment (0.1 M), respectively. In this calculation, the 710 em~!

mode (C-C stretching, HCC bending) of phenanthrene was taken as the characteristic

enhanced peak.

D.3 XPS and EPR spectra
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Figure D.3: A shift of 4f;» peak with increasing Au thickness on ZnO indicates
Au-7Zn0O interaction.
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Figure D.4: EPR spectra for ZnO (red), 10 nm Au/ZnO (black), 20 nm Au/ZnO
(violet) and 30 nm Au/ZnO (green). All spectra have the same gyromagnetic ratio
with nearly the same spin counts, which is related to oxygen concentration in ZnO.

D.4 Roughness of Au/ZnO film

Figure D.5 shows roughness increases with Au thickness. I also compared the change
of surface roughness with Au thickness on glass, and it shows that Au on Zn0O film
exhibits drastic change in surface roughness with Au thickness. This surface rough-

ness is linked with generation of plasmonic hotspots, and thus have impact on SERS

activity.

D.5 Exploring the possibility of Au doping

The Au films change the electronic structure of the underlying Zn0O, impacting the
bonding, crystallinity, band gap, and luminescence. These changes in electronic prop-
erties of the ZnO could arise from the bonding and ecrystallinity changes from Au
film-induced interfacial strain. This does not, however, preclude the possibility of

An(0) doping in the ZnO crystal, given the XRD, Raman, CL, XPS and EPR data.
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Figure D.5: Roughness of different thicknesses of Au on glass (solid line) and Aun on
Zn0 (dashed line).

D.5.1 XRD data

With increasing Au thickness, all XRD diffraction peaks shifted. The changes in
lattice parameter (for detail calculation see D.1) presented in Table D.3 are significant
and likely arise from the release of crystal strain due to defects or dopants. [15]
The change in lattice parameters is not due to thermal stress introduced during An
deposition, as confirmed by measurements on reference samples of ZnO films placed in
the evaporator but blocked from Au coating. The XRD peak positions match between
the as-deposited ZnO film and the film which experienced the thermal environment

of the evaporator.

Table D.3: The change of lattice parameters (a and ¢) of ZnO with Au incorporation
compared to analogous samples from Chapter 2.

Sample c (A) a (A)
Ch5 Ch2 Ch5 Ch2
Zn0O 5212 5.150 2862 2.791

10 or 15 nm Au/Zn0O 5.212 5150 2.871 2.791
20 or 25 nm Au/Zn0O 5.218 5150 2.882 2.793
30 or 35 nm Au/Zn0O 5.221 5.151 2.884 2.793
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For thin films, interfacial strain impacts the crystal structure of the film signifi-
cantly. [14,16] In addition to strain introduced at the Au-ZnO interface, there is a
possibility of Au incorporation in this defect-rich ZnO. [13] Others have found changes
in lattice parameters for ZnO with deliberate metal doping. [17,18]

The decrease of peak widths in XRD indicates an increase in crystal domain size.
The data in Table D.4 show larger ZnO domain sizes (D) for thicker Au films, as
caleulated from the Debye-Scherrer equation: [14]

KA

b= (FWHM) cos 0

(D.3)

where K is a constant (=0.09), A is the X-ray wavelength (Cu K-«), # is the angle
of diffraction, and FWHM is full width at half maximum of the (002) peak. This
improvement of crystallinity has been linked to Au doping in ZnO materials, [18,19]
but it can also arise from crystal microstrain, which leads to the expansion of crystal
domain size. [20]

Table D.4: The Zn0O crystal domain size I) increases with Au thickness for the
defect-rich Zn0O, unlike for the ZnO in Chapter 2.

Sample D (nm), Chapter 5 D (nm), Chapter 2
Zn0O 7.01 22.87
10/15 nm Au/ZnO 7.24 22.87
20/25 nm Au/Zn0O 11.03 22.87
30/35 nm Au/Zn0O 11.09 23.68

D.5.2 Local bonding: Raman and XPS evidence

Raman analysis of ZnO and Au/Zn0 substrates offers further insight into the changes
in ZnO structure with thicker gold layers. The Raman peak at 368 cm™1, is a shifted
Zn0O A;(TO) mode (Figure D.6), while the peak at 265 em~! is a shifted B;(TO)

mode. [21]. (The symmetric Zn—O stretching mode of Zn(OH),, if present in the
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sample, would also appear near 368 cm~!. [22]) The peak for the [Zn0O,] symmetric
stretch [23] at 438 ecm~! becomes prominent with thicker Au films, which is consistent

with the improvement of ZnO crystallinity from XRD analysis.
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Figure D.6: Raman spectra of ZnO and Au/Zn0 samples showing significant changes
in the vibrational modes with thicker Au films.

Notable in the Raman analysis is the appearance of a peak at 574 em~! for both 20
and 30 nm Au,/Zn0O films, which can be attributed to a shifted lattice mode (A;(LO)).
[2] The presence of this lattice mode peak for samples with thicker Au films also
supports the increased crystallinity of those materials. The peak is shifted from its
expected position at 580 em~!, which is attributed to the presence of Au in the ZnO
lattice. [13] A shift to lower energy for a Au-O stretch as opposed to a Zn—O stretch
is to be expected given the larger reduced mass of Au. [24,25] Therefore, one cannot
rule out the possibility of this peak being a “quasi-LO” mode, [26] where the lattice
mode involves Zn, Au and O.

X-ray photoelectron spectroscopy (XPS) was conducted to study the Au—Zn0O
interaction. From the peak positions, I do not see any evidence of monovalent or

trivalent Au, which would have led to a peak shift to higher binding energy.
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In Figure D.3 (see the appendix), the 4f7/2 binding energy peaks of both 20 and 30
nm of Au on ZnO (84.1 eV and 84.3 eV, respectively) were shifted compared to that
of 10 nm of Au on ZnO (83.9 V). This shift is evidence of a changing environment for
the Au, [27] although the magnitude of the shift is close to the error in the calibration
of the measurement. This interaction is not from Au-Zn bond formation, since there
is no Au-Zn XPS peak. [13] In other Au/ZnO hybrid materials, the peak shift is an
indication of Au incorporation into the ZnO lattice. [19] Therefore, one cannot rule
out Au incorporation in the ZnO lattice. There are examples of Au(0) doping in ZnO

from Au sputtering on ZnO [19,28,29] or co-precipitation of Au with ZnO. [13]

D.5.3 ZnO luminescence: defects and charge transfer
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Figure D.7: CL spectra show a drop in the ZnO defect emission peak with increased
thickness of the Au film.

The broad spectral envelope seen in the CL spectra in Figure D.7 is composed
of the plasmonic response [30,31] around 650 nm and a shorter wavelength emission
due to Zn or O vacancies (plasmon absorption spectrum is shown in Figure 5.5). [32]

The drop in the shorter-wavelength emission with the addition of the Au film would
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indicate fewer vacancies. Electron paramagnetic resonance (EPR) measurements offer
information on the oxygen vacancies. A strong signal with ¢g=2.01 indicates a singly
ionized oxygen vacancy (Vg+). [13] From Figure D.4, there are no significant changes
in 3 EPR spectra, indicating O,,. concentration is not impacted by Au incorporation.

The Au evaporation process could be removing Zn vacancies in the erystal, for
example through thermal strain. However, the Zn vacancies are still present in sam-
ples, such as in Figure D.7, which were exposed to the thermal environment of the
evaporator but blocked from Au deposition. Another reason for quenching of the
Zn vacancy emission would be through Au doping in those sites. [13] Finally, in the
absence of direct evidence of fewer vacancies, the ZnO defect emission peak can also

be quenched due to charge transfer. [33,34]
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Appendix E

Supporting Information: Chapter 6

E.1 Surface morphological information of monometal-
lic substrates

Table E.1: Surface roughness and surface area (5x 5 um? scan image) of monometallic
substrate and relation with EF

Sample tag Surface area (um®) R, (nm) EF (x10%)
M1 27.3+03 64.31 £ 7.68 0.09 4 0.06
M2 30.2+0.5 06.24 + 215 1.754+0.18
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Ry (nm)

Figure E.1: Surface roughness controls SERS activity in monometallic case.

E.2 EF and surface charge of 25 and 15 nm thick

Au and Ag bimetallic SERS substrates

Table E.2: Consistency of surface charge controlled SERS of 25 and 15 nm thick An
and Ag bimetallic substrates.

Sample Thickness (nm) Surface charge SERS activity
AgonAu 250n 25 + SERS-active
AuonArp 250n 25 - SERS-inactive
Ag on Au 15 on 15 + SERS-active
Auon Ap 15 on 15 - SERS-inactive
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Appendix F

Supporting Information: Chapter 7

F.1 SERS performance with 10 nm of Au

In order to confirm consistent results, a 10 nm Au covered Si0O, sphere substrate was
also tested towards detection of PAHs. As with other substrates discussed in Chapter

7, the Raman peaks of pyrene are highly enhanced compared to phenanthrene (Figure

F.1).
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Figure F.1: SERS spectra of phenanthrene (black) and pyrene (red) on 10 nm of
An on Si0, spheres show pyrene has high SERS intensity relative to phenanthrene.

Spectra are offset for clarity.
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F.2 Computational Raman spectra of PAHs in gas

phase

Computational Raman spectra (gas phase) of phenanthrene (Figure F.2) and pyrene

(Figure F.3) reveal distinct Raman peaks for the two compounds.
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F.2: Computed Raman modes of phenanthrene (gas phase).
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Figure F.3: Computed Raman modes of pyrene (gas phase).
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