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ABSTRACT

This Ph.D. thesis presents (i) an in-depth understanding of the localized surface
plasmon resonances (LSPRs) in the nanopillar arrays (NPs) for surface-enhanced Raman
spectroscopy (SERS), and (ii) systematic ways of optimizing the fabrication process of
NPs to improve their SERS efficiencies.
This Ph.D. project is part of the NAPLAS - NAnoPLAsmonic Sensors project,
funded by The Danish Council for Independent Research.
LSPRs in silver capped silicon NPs are studied using numerical simulations and
dark-field scattering microscopy. Simulations show that a standalone NP supports two
LSPR modes, i.e., the particle mode and the cavity mode. The particle mode can be
hybridized via leaning of pillars. The LSPR wavelength of the cavity mode is dominant
only by the diameter of the Si pillar. The presence of a substrate dramatically changes the
intensities of these two LSPR modes, by introducing constructive and destructive
interference patterns with the excitation fields. Experimental scattering spectra can be
interpreted using theoretical simulations.
The processes, which affect the SERS efficiencies of the silver NPs, are
systematically evaluated. Short exposures to the O2-plasma and the use of 1-3 nm Cr
adhesion layers are advantageous for reducing the SERS background signals. Influence of
the NP height and silver deposition thickness on SERS intensities is also investigated.
Using an optimized recipe, the measured SERS enhancement factor (EF) reaches 108, and
the SERS signal intensity exhibits a standard deviation of ~14% (660 data points) across
a 5 x 5 mm2 surface area.
Lastly, a further improved process shows that high-density NPs exhibit unrivalled
macroscale SERS uniformities (RSD: ∼2.5% in mm scale, ∼7% in inch scale) and SERS
reproducibilities (RSD: ∼1.5% across three wafers), while at the same time displaying a
very large average SERS EF of >108.
From a practical point of view, the developed SERS substrates are particularity
interesting, since they are easy to handle and store and the fabrication is scalable,
facilitating a wide and simple use of SERS in sensing applications.
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DANSK RESUME

Denne Ph.D. afhandling præsenterer (i) en tilbundsgående undersøgelse af de
lokale overflade plasmon resonanser (LSPR) som befinder sig på nanosøjler i forbindelse
med overflade forstærket Raman spektroskopi (SERS) og (ii) en systematisk
optimeringen af fremstillingsprocessen af NP med henblik på at forbedre SERS
effektiviteten.
Dette Ph.D. projekt er udført som en del af NAPLAS – NAnoPLAsmonic Sensors
– projektet som er finansieret af det Det Frie Forskningsråd.
LSPR i silicium nanosøjler belagt med sølv er undersøgt med numeriske
simuleringer og optisk mikroskopi. Simuleringerne viser at en enkelt sølv nanosøjle
understøtter to LSPR svingninger; en partikelsvingning og en kavitetssvingning.
Partikelsvingningen er hybridiseret ved at søjlerne læner sig mod hinanden.
Kavitetssvingningen er domineret af diameteren af silicium søjlerne. Ved at introducere
en vandret overflade under søjlerne ændres intensiteten af de to LSPR svingninger sig
drastisk ved at introducere et konstruktiv og et destruktiv interferens mønstrer i
eksitationsfeltet. Eksperimentelle spredningsspektre blev fortolket vha. teoretiske
simuleringer.
Fabrikationsprocesserne som har indflydelse på SERS effektiviteten af sølv
dækket nanosøjler blev evalueret systematisk. En kort behandling med en O2-plasma og
brug af et 1-3 nm krom vedhæftningslag under sølvet er fordelagtige mht. at reducere
SERS baggrundssignaler. Indflydelsen af nanosøjlernes højde og sølv tykkelsen på SERS
intensiteten blev også undersøgt. Ved at bruge en optimeret fremstillingsmetode blev
SERS effekten (EF) målt til 108. Intensiteten af SERS signalet havde en standard
afvigelse på ~14% over et område på 5 x 5 mm2 (660 data punkter).
Yderligere optimering viste at ved at forhøje tætheden af nanosøjler kunne man
opnå en unik makroskala SERS uniformitet (RSD:

∼2.5%

på mm skala) og en høj

reproducerbarhed (RSD: ∼1.5% imellem tre forskellige overflader) alt imens en meget
høj SERS EF på over 108 blev opnået.
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Set fra et praktisk synspunkt er det udviklede SERS substrat især interessant fordi det er
nemt at opbevare og håndterer. Samtidigt kan fabrikations metoden opskaleres hvormed
det bliver muligt at bruge disse SERS substrater i en lang række praktiske anvendelser
hvor kemiske stoffer skal spores.
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CHAPTER 1

INTRODUCTION

The scientific contents of this thesis fall in the area of surface-enhanced Raman
spectroscopy (SERS), which is an iconic application of nanoplasmonic systems.
Specifically, the Ph.D. study focuses on one important SERS structure — the plasmonic
nanopillar arrays. In the introductive chapter, section 1.1 presents a review on the stateof-the-art plasmonic systems for SERS applications. Section 1.2 describes the motivation
and the objective of the Ph.D. project. The structure of the thesis is summarized in section
1.3.

1.1

State-of-the-art Plasmonic Systems for Surface-enhanced Raman Spectroscopy
SERS is a spectroscopic technique. It probes the significantly increased Raman

scattering signals from the molecules attached to, or in the very close vicinity of metallic
nanostructures, and identifies these molecules by their distinguished Raman lines. Since
it was recognized in 1977, that enhanced Raman spectra could be obtained from
molecules sitting on electrochemically roughened metal surfaces,[16] the field of SERS
has exploded. Until now, over 13,000 research articles in the field of SERS can be found
in the literature.[1] Incredibly, the field is still expanding. In the year of 2015 only, more
than 1600 research articles regarding SERS were published.[1] These facts, demonstrate
the power of SERS as an ultra-sensitive molecular probe, and its immense impact on a
wide range of fields, such as physics,[2,
science,[10,

11]

food industry,[12,

13]

3]

chemistry,[4,

5]

material science,[6

and environmental security.[14,

15]

- 9]

life

Two important

driving forces behind the field of SERS, are the rapid advances of nanotechnology, and
the development of highly efficient laser systems.[16, 19]
Essentially, SERS is a prominent spectroscopic application of metallic
nanostructures. In SERS, the enhancement of the Raman scattered light arises in two
ways.[16] First, the excitation field and the Raman scattering field can receive
1

magnifications, near metallic nanostructures that support localized surface plasmon
resonance (LSPR). This is the electromagnetic enhancement of SERS. Second, electronic
interactions between the molecule and the metal can affect the Raman scattering process
itself, and can consequently increase the Raman cross section of the molecule. Such an
effect is the chemical enhancement of SERS. The total SERS enhancement factor (EF) is
the product of the electromagnetic EF and the chemical EF. A detailed explanation of the
SERS enhancement mechanisms is given in chapter 4, section 4.1.
Fabricating and engineering plasmonic systems for SERS is one important
research branch in the field. In the early years, increasing EF has been the focus. After
successfully reaching the goal of single-molecule SERS,[17, 18, 20] the community turned
its focus toward developments of robust plasmonic systems, and effective surface
modification methods, to transform SERS into a practically useful analytical technique.
According to recent reviews,[21, 22] to achieve widespread use in practical applications, a
SERS-active plasmonic system should possess (i) compatibility with high-volume
manufacturing process flows, (ii) high and reproducible EF, i.e. enhancement uniformity,
over large surface areas, and (iii) a tunable LSPR wavelength over a broad spectral region.
Early systems, fabricated by electrochemical roughening, suffered greatly from
irreproducibility.[16] Thanks to the rapid development of nanofabrication techniques,
state-of-the-art SERS systems can be fabricated in a more reproducible manner, with
better-defined morphologies. Despite such, the goal and the standards listed above are not
straightforward to achieve, due to the non-uniform nature of the local optical fields near
the metallic nanostructures.[23]
In terms of fabrication method, the majority of the modern SERS systems can be
divided into two categories: nanoparticle colloidal suspensions and structural solid
substrates.
A number of plasmonic metallic nanoparticles in colloidal solutions have been
synthesized. Notable examples include shell-isolated nanoparticles,[24] core-shell
nanoparticles,[25] and nanoparticles with sharp features.[26,27] These structures are easy to
prepare, with widely tunable LSPR wavelengths. Their main advantage is the high
electromagnetic EFs caused by (i) intra- or inter particle plasmonic couplings, and (ii)
lightning-rod effect that is specifically pronounced in metallic nanoparticles with sharp

2

features. Since the electromagnetic EF is extremely sensitive to the inter particle spacing,
it is necessary to control the size of the gap junctions between nanoparticles to achieve a
spatially more uniform EF. For example, bio-template assisted synthesis can be used to
realize sub-10 nm distance control between nanoparticles.[28] Recently, reliable and
quantitative SERS analysis has been reported using core–shell nanoparticles with
embedded internal standards,[29] or alkanethiolate ligand-regulated silver nanoparticle
films.[30]
SERS-active structural solid substrates are usually fabricated by top-down
processes.[31] Most of them are lithography-based techniques, which first tailor mask
layers to form different nanostructured patterns, which are then transferred into a variety
of substrate materials. The rendered structures are subsequently metalized to make the
surface SERS-active.[32-36] In these systems, strong EFs are obtained at hot spots formed
either at the gap junctions between individual structures[37-39], or at the metallic
nanogrooves[40] and nanotips.[41,42] Structural solid SERS substrates usually exhibit more
reproducible SERS signals across larger surface areas compared to colloidal nanoparticle
systems, at the cost of lower EFs.[43-45]

1.2

Objective of the Ph.D. Project
This Ph.D. project is part of the NAPLAS - NAnoPLAsmonic Sensors project,

funded by The Danish Council for Independent Research. The core element of the
NAPLAS project is the nanopillar arrays, which is a plasmonic structure for SERS-based
sensing. Specifically, these nanopillar arrays are fabricated by a lithography-free process,
which was developed by Senior Researcher Michael Stenbæk Schmidt in the Nanoprobes
group at DTU Nanotech. The employed process is wafer-scale, and since it does not
require any lithographic step, is fast and repeatable, thus providing possibilities for the
produced substrates to be used as cheap and expendable consumables.
To achieve widespread use in practical applications, a SERS substrate should
possess (i) a compatibility with high-volume manufacturing process flows, (ii) a high and
spatially uniform EF over large areas, and (iii) a tunable LSPR wavelength over a broad
spectral region. To develop these nanopillar arrays into a robust SERS platform and
maximize the advantage of their cost-effective and high-throughput manufacturing
3

process, a more thorough understanding of their LSPR properties and their fabrication
process capabilities is required. There is a need for further theoretical and experimental
work to address (i) the nature of their localized surface plasmon excitations, and
subsequently (ii) evaluate experimental procedures that affect their electromagnetic EF,
EF spatial uniformity and SERS background signals.
For the reasons above, the objectives of this Ph.D. project are (i) to develop an
in-depth understanding of LSPR coupling effects in the nanopillar arrays using advanced
spectroscopic and theoretical tools, and (ii) to tailor the optical properties and adjust the
fabrication process of the nanopillar arrays, on the basis of (i), to transform such
structures into a more robust SERS platform with a higher EF, a lower SERS background
signal, and a spatially more uniform EF.

1.3

Structure of the Thesis
This thesis consists of nine chapters, which are divided into four sections. After

chapter 1 – introduction, the second section consists of chapter 2 - Raman effect for
probing vibrational states of molecules, chapter 3 – localized surface plasmon resonance,
and chapter 4 – surface-enhanced Raman spectroscopy. This section addresses the
scientific foundation of the Ph.D. project. The derived properties and conclusions from
the simple theoretical models are important facts that guide the Ph.D. project to its
research goals. The third section is composed of chapters 5 – 8. Chapter 5 – nanopillar
arrays for surface-enhanced Raman spectroscopy, introduces the research subject of the
Ph.D. project. The original findings of the Ph.D. study and the utilized methodologies are
presented in chapter 6 – plasmon resonances of Ag capped Si nanopillars fabricated using
mask-less lithography, chapter 7 – wafer-scale leaning silver nanopillars for molecular
detection at ultra-low concentrations, and chapter 8 – macroscale SERS uniformity and
reproducibility using densely clustered nanopillars. As a cumulative thesis, its chapters 6
– 8 are respectively three scientific journal papers. The fourth and final section of the
thesis is chapter 9 – concluding remark, which consolidates the discrete conclusions
presented in chapters 6 – 8, and puts the key results into a broader context.
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CHAPTER 2

RAMAN EFFECT FOR PROBING VIBRATIONAL STATES OF
MOLECULES

The most important scientific foundation of this thesis is the Raman scattering
effect, which can be used as a spectroscopic technique to identify molecules. By probing
molecular vibrational states, Raman spectroscopy reveals the structural information of
analytes. In this chapter, molecular vibration is first illustrated using a simple harmonic
oscillating model. Then, Raman scattering, together with its complementary
spectroscopic technique — Infrared (IR) spectroscopy, are explained. The advantages and
disadvantages of Raman and IR spectroscopies are also discussed. Finally, the physics
behind Raman scattering is explained in detail using the classical electromagnetic
radiation theory.

2.1

Molecular Vibrations
In a molecule, nuclei vibrate relatively to each other. The simplest model that

describes molecular vibration is the harmonic oscillating model, in which two nuclei are
restrained by a spring that obeys the Hooke’s Law of force. Consider a diatomic molecule
composed of atoms A and B, with masses ma and mb, respectively. The system is shown
in Figure 2.1.
The relative mass mr can be expressed by

2.1

9

Figure 2.1. Harmonic vibration of a diatomic molecule. A diatomic molecule is
composed of atoms A and B, with masses ma and mb, respectively. The two nuclei are
restrained by a spring that obeys the Hooke’s Law of force, with a force constant kr.
In such a system, the restoring force is proportional to the displacement x, and is thus
2.2
where kr is the force constant whose value is related to the chemical bonding between A
and B. A strong chemical bond leads to a higher kr, and vice versa. As this is a case of
harmonic motion, the following relation holds
2

2.3

where

1
2

2.4

. vm is the vibrational frequency of the diatomic molecule AB. Equation 2.4 illustrates
how the masses of atoms and the force constant, which is related to the strength of the
chemical bond, determine the vibrational frequency of a diatomic molecule.
The potential energy of the harmonic oscillating system, in this case a diatomic
molecule AB, can be expressed as

V

1
2
10

2.5

Obviously, the variation of V with x has a parabolic shape. To quantize the energy, V(x)
needs to be solved in the Schrödinger equation. The energies of the solutions that satisfy
the boundary conditions are:[1]
1
2

0, 1, 2 …

2.6

where n is the vibrational quantum number.[2] It can be seen from equation 2.6 that the
energies have a uniform gap of hvm, and are proportional to vm. In addition, if taking into
consideration also equation 2.4, it can be deduced that stronger chemical bonds or smaller
masses lead to a bigger gap between adjacent energy levels for diatomic molecules.

2.2

Infrared Absorption
As has been shown in section 2.1, the energy gap between two adjacent energy

levels is hvm. Similarly, the energy of a photon is hvp, where vp is the frequency.
Therefore, it is possible to trigger direct interactions between photons and vibrational
states of molecules, when the following condition is met:
2.7
Photons fulfill the above condition are in the IR region of the electromagnetic spectrum.
For example, consider a carbon monoxide molecule CO. Since CO is a diatomic
molecule, equation 2.4 can be applied to estimate its vibrational frequency. Using the
following parameters: force constant kr = 1860 N/m,[3] mass of 12C = 12 u, and mass of
16

O = 16 u, the vibrational frequency of CO is 2143 cm-1, which falls exactly in the IR

energy region in the electromagnetic spectrum.
Indeed, a molecule can absorb resonant IR light, causing transitions from a
ground vibrational state to the excited vibrational states. IR spectroscopy probes such
transitions. A typical IR spectrum is recorded by measuring transmission of a light beam
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in the IR region that passes through the sample. Figure 2.2 is a schematic of IR
absorption.

Figure 2.2. Schematic of IR absorption. (a) An example of IR spectrum. (b) The
absorptions illustrated in the energy bands correspond accordingly to the dips in the IR
spectrum, shown in (a).
Molecular vibrations involve charged blocks of matter. Dipole moment or
polarizability changes when a molecule vibrates. For a vibrational mode to be IR-active
there must be a change in the dipole moment. To be more specific, another prerequisite in
addition to equation 2.7 has to be fulfilled to enable IR absorption:

0

2.8

where μ is the dipole moment, and Q is the vibrational coordinates of the molecule.[4] The
physics behind equation 2.8 can be explained qualitatively in the following way. Since
the typical size of a molecule (< 1 nm) is much smaller than the IR wavelength
(> 1 μm), it is reasonable to hypothesis that, within the molecule, the electric field is
spatially uniform at any given time. Therefore, vibrations that do not involve changes in
the dipole moment cannot be driven by such an electric field. In other words, spatially
uniform electric fields would never be in resonant with molecular vibrational modes that
do not cause changes in the dipole moment. For example, consider a triatomic molecule.
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Figure 2.3 shows its vibrational modes. Imagine that a time-varying and spatially uniform
electric field is applied on the molecule. Clearly, such a field is not able to drive the
symmetric stretching mode whose Δμ = 0.

Figure 2.3 Vibrational modes of a triatomic molecule. Except for the symmetric
stretching shown in (a), the rest vibrational modes (b) – (d) are all IR-active, as they
involve changes in the dipole moment μ.
It can be concluded that only the vibrations that involve changes in the dipole
moment are IR-active, and can thus be probed by IR spectroscopy. On the other hand,
Raman-active vibrations must involve changes in the polarizability (reasons will be
shown in section 2.3.2). Therefore, IR spectroscopy and Raman spectroscopy are
spectroscopic techniques that provide complementary information on the molecular
vibrations.
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2.3

Raman Scattering
When light with a frequency vL is scattered by atoms or molecules, a strong

Rayleigh scattering light with the same frequency vL can be observed. Besides, weak
discrete spectral lines whose frequencies are shifted from the excitation frequency vL can
also be observed. The latter effect is Raman scattering, which is in other words the
inelastic scattering of photons. Raman scattering was discovered by C. V. Raman and
K. S. Krishnan in liquids,[5] and by G. Landsberg and L. I. Mandelstam in crystals.[6] The
amount of frequency shifts for the Raman scattering photon is related to the vibrational
frequency of the molecule vm. A schematic of Raman scattering is shown by Figure 2.4.

Figure 2.4 Schematic of Raman scattering. (a) An example of a Raman spectrum. The
intensity of the anti-Stokes scattering is weaker than the Stokes scattering, since the
vibrational excited state is populated by the Boltzmann distribution, and less molecules
are available for an anti-Stokes process. (b) The Raman scatterings illustrated in the
energy bands, correspond accordingly to the Stokes and the anti-Stokes peaks in (a).
It can be seen from Figure 2.4 that Raman photons can appear at either sides of the
excitation wavelength, depending upon whether the incident photon interacts with a
molecule on its vibrational ground state or on its vibrational excited state. The frequency
of the Raman scattering photon can be expressed as either vL – vm or vL + vm. In the
former case, the incident photon interacts with a molecule on its vibrational ground state.
Starting by exciting the molecule to a virtual state, the incident photon transfers energy of
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hvm to the molecule to stimulate a vibration, and is scattered with a lower frequency
vs = vL – vm. Such a process is called Stokes scattering. For the latter case, the incident
photon interacts with a molecule on an excited vibrational state. It first excites the
molecule to a virtual state, absorbs energy of hvm to relax the molecule to the vibrational
ground state, and is scattered with a higher frequency vas = vL + vm. This process is called
anti-Stokes scattering. Note that the vibrational excited states are populated following the
Boltzmann distribution, thus at room temperature, the anti-Stokes scattering is weaker
than the Stokes scattering since less molecules are available for an anti-Stokes process.
Raman spectroscopy is a spectroscopic technique to identify molecules by
providing their vibrational fingerprints. The fundamental components of a Raman system
are a laser which is the source of excitation, a notch filter which bypasses the signal of
the Rayleigh scattering light, and a grating which resolves the Raman spectral lines. Due
to the employment of lasers as excitation sources, handheld Raman systems can be
produced to allow on-site identification of analytes with high signal-to-noise ratios and
high spatial resolutions.[7] On the other hand, IR spectroscopy requires an excitation
source that covers a wide spectral range, preferably a synchrotron light source if high
signal-to-noise ratios and good spatial resolutions are needed. This, among other factors,
has limited its applications.
Although Raman scattering light carries information about the vibrational states
of the molecules, it has an extremely low intensity. The reason for this is that the
frequency of the Raman excitation light is not in resonance with any molecular
transitions. This leads to Raman cross sections for a molecule to be ~10-30 cm2/sr.[8] In
comparison, fluorescence processes involve absorption and emission relative to
molecular transitions, and the representative value for its cross section is ~10-17 cm2/sr.[9]
The extremely low Raman cross sections prevent regular Raman spectroscopy from
applications such as sensing trace amounts of molecules. To increase the Raman intensity,
resonant Raman spectroscopy can be employed, in which the frequency of the excitation
laser matches the electronic transition gap of the target molecule. To further boost the
Raman signal, surface-enhanced Raman spectroscopy (SERS) should be used. The
mechanism of the signal enhancement in SERS will be discussed in chapter 4.
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2.4

Electromagnetic Interpretation of Raman Scattering
In this section, the physics behind Raman scattering is explained using the

electromagnetic radiation theory. Consider light as electromagnetic radiation. It contains
an electromagnetic field harmonically oscillating at a specific frequency vL. Such a field
is able to give out electromagnetic radiation of the same frequency vL. Therein, the
electric field can interact with a molecule through its polarizability, as polarizability
describes the ability of a molecule to interact with an electric field to build a dipole
moment. The amount of the induced dipole moment µ, which equals to the product of the
polarizability of the molecule and the applied electric field, can be expressed as
cos 2

2.9

where E0 is the amplitude of the electric field, vL is the oscillating frequency of the
electric field, and α is the polarizability of the molecule. For a harmonic vibration, the
vibrational coordinate Q is
cos 2

(2.10)

where vm is the vibrational frequency of the molecule, and Q0 is the magnitude of the
vibration. The polarizability α depends on the vibrational coordinate Q, thus
(2.11)
Equation 2.11 can be represented in a Taylor series

cos 2

(2.12)

Since a harmonic approximation is used, the terms which involve powers of Q higher
than first are neglected in equation 2.12. Replace α in equation 2.9 with equation 2.12,
the induced dipole moment µ can then be written as
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cos 2

cos 2

cos 2

(2.13)

Using the trigonometric identity

cos cos

cos

cos

(2.14)

The induced dipole moment µ is now

cos 2

cos 2

cos 2

(2.15)

where vL, vs = vL – vm, and vas = vL + vm represents Rayleigh scattering, Stokes scattering
and anti-Stokes scattering, respectively. Equation 2.15 shows that the induced dipole
oscillates at three frequencies vL, vs, and vas, and is capable of emitting light of these three
frequencies: the Rayleigh scattering light whose frequency is the same as that of the
applied electric field, the Stokes scattering light and the anti-Stokes scattering light,
whose frequency is red- or blue shifted from that of the applied electric field, respectively.
In addition, equation 2.15 shows that only those vibrational modes that change the
polarizability of the molecule are Raman-active. In other words, the following condition
must be fulfilled to trigger Raman scattering:

0

2.16

Furthermore, for a classical oscillator, its scattering radiation power is proportional to the
fourth power of the frequency. If a Boltzmann factor is introduced to thermally populate
the vibrational exited states of the molecules, the ratio of the scattering powers between
Stokes scattering and anti-Stokes scattering can be written as

17

/k

2.17

It should be noted that the Boltzmann factor is not included in the electromagnetic model.
A quantum mechanical treatment should be employed to strictly derive equation 2.17.[10]
In short, the physics behind Raman scattering can be explained as follows. The
excitation light as an electromagnetic wave induces a dipole moment in the molecule.
Since the polarizability is a function of the molecular vibrational coordinate, the induced
dipole moment is modulated by the molecular vibration. Consequently, the induced
dipole oscillates not only at the frequency of the excitation light, but also at two side
bands, and therefore can radiate Rayleigh, Stokes and anti-Stokes scattering lights.[11]
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CHAPTER 3

LOCALIZED SURFACE PLASMON RESONANCE

Localized surface plasmon resonance is the resonant oscillation and redistribution
of charges near the surfaces of metallic nanostructures. The resulting enhanced local
optical field is the foundation of plasmon-supported spectroscopies, and is the key for
localizing spectroscopic interactions within extremely small volumes. In this chapter, the
basic optical properties of plasmonic structures are presented via the simplest plasmonic
system — a metallic nanosphere. Following a systematic approach, the frequency
dependent dielectric function of metals is first introduced using the Drude model. Next,
the physics behind the localized surface plasmon resonance of a spherical metallic
nanoparticle is explained.

3.1

Optical Properties of Bulk Metal
The optical properties of metals lie in their frequency dependent dielectric

functions which are mainly determined by the free conduction electrons in metals. To
explain the properties of electrical transportation in metals, Paul Drude proposed in 1900
the Drude model.[1, 2] Although the Drude model is an oversimplification, the DC or AC
conductivity of a metal, respectively corresponding to the behavior of the electrical
transportation under a static or an oscillating electric field, can be very well explained. In
the following sections 3.1.1 and 3.1.2, the assumptions in the Drude model are employed
to derive the conductivity of a metal. In section 3.1.3, the derived AC conductivity is
applied in the Maxwell equations to reveal the dielectric function of metals, which can be
used to explain the propagation of electromagnetic waves in metals.
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3.1.1

DC Conductivity of Metal
The Drude model is an application of kinetic theory, assuming that the

microscopic behavior of dense electrons in a solid may be treated with the kinetic theory
of gas. The detailed assumptions are as follows. 1. Between collisions, each electron is
treated as an independent and free electron, meaning that the effect of electron-electron
interaction and electron-ion interaction is ignored. Subsequently, in the absence of an
externally applied electromagnetic field, the electrons move along a straight line in
between collisions with ions. In the presence of an externally applied electromagnetic
field, Newton’s law of motion governs the movement of the electrons in between
collisions. 2. Only collisions between electrons and immobile ions are taken into
consideration. A collision is regarded as an instantaneous event that alters the velocity of
the involved electron. The mean free time between two adjacent collisions is , and thus
the probability of a collision in a certain time period dt is dt/. Furthermore,  is
independent of the velocity and the position of the electron. 3. Electrons achieve thermal
equilibrium only by collisions with ions. After one collision, an electron emerge at a
random direction with its speed relating to the temperature of the region in which the
collision happened, by mev2/2 = 3/2kT, where me is the mass of the electron.
Using the assumptions above, the DC conductivity of a metal can be derived.
Consider using the Ohm’s law
3.1
where J is the current density, σ is the conductivity and E is the electric field. Imagine an
arbitrary electron. Let v0 be its velocity and t be the time elapsed since its last collision
with an ion. In the presence of an externally applied DC electric field, after time t, its
velocity can be written according to Newton’s second law as

3.2

For a Drude system consisting of N electrons,
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(3.3)
where vavg is the average velocity of the electrons. In such a system, t can be replaced by
the mean free time  to obtain the expression of vavg
∑

,

∈ 1,

,

∈

3.4

Recall that in a Drude system the following assumption holds: an electron after a
collision moves in a random direction. Therefore, the first term on the right side of
equation 3.5 equals zero. Now substitute equation 3.4 into equation 3.3, the current
density can then be expressed as

3.5

, and the DC conductivity is therefore

3.6

σ

3.1.2

AC Conductivity of Metal
Consider the response of an electron in a Drude system under an externally

applied time-dependent AC electrical field:
3.7
According to law of conservation of momentum, the movement of the electron can be
established as
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3.8

where p = mev is the momentum. The solution of equation 3.8 is of the following form:
3.9
Replace p in equation 3.8 with equation 3.9, then the solution of equation 3.8 becomes

1

3.10

Consider using the relationship between momentum p and current density J,

3.11

Substitute equation 3.10 into equation 3.11, J can be now expressed as
1
1

3.12

As can be seen, equation 3.12 is already in the form of the Ohm’s law. Therefore, the AC
conductivity is

σ

σ
1

where σ0 is the DC conductivity (see equation 3.6).
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3.13

3.1.3

Dielectric Function of Metal
In this section, the frequency-dependent dielectric function of metals in the Drude

model is derived to unveil the optical properties of metals. The derivation is done by
applying the obtained AC conductivity in the Maxwell equations.
Assuming the metal is a nonmagnetic material with its net charge equaling zero,
the Maxwell equations can be written as follows
∙

0

3.14

∙

0

3.15
3.16
3.17

, where E and B is the electrical and magnetic field, respectively; ε0 and μ0 is the
permittivity and permeability of free space, respectively; and σ is the conductivity. By
applying the vector calculus identity below
∙

3.18

, the following equality holds:
∂
∂

3.19

Use the following relationship
1

3.20

where c is the speed of light in vacuum, and the dispersion relation below
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3.21

where k is the wavenumber, and ε(ω) is the dielectric function, which is a function of
frequency ω. Upon substitution, the following equation can be established

1

0

3.22

It can be seen that equation 3.22 is exactly the time-harmonic wave equation with the
form
0

3.23

with a solution of the following form
3.24
Therefore, the complex dielectric function of metal is

1

3.25

with σ being the AC conductivity in equation 3.13. To grasp some physical meaning
behind the complex dielectric function of metal, consider working in a regime where
ω >> 1, i.e. the electrons become collisionless, and replace σ in equation 3.25 with
equation 3.13. To a first approximation, the dielectric function can be written as

1

where
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3.26

3.27

ωp is called the plasma frequency of the electrons. The dispersion relation now becomes

1

3.28

From equation 3.28, the optical properties of metal can be viewed in two regimes.
1. When ω < ωp, k is purely imaginary. Therefore, the field decays exponentially with
distance inside the metal.
2. When ω > ωp, k is real, and the field propagates through the metal without decay, i.e.
the metal is transparent to the electromagnetic wave.
In general, electromagnetic radiation at frequencies lower than the plasma
frequency is reflected. Since metals exhibit plasma resonances in the UV range, visible
lights are reflected.[3] This leads to the shining colors of bulk silver and gold.

3.2

Optical Properties of a Spherical Metallic Nanoparticle
Reducing the sizes of noble metals to the nanometer range, the metallic

nanoparticles exhibit extraordinary optical properties as a consequence of their complex
dielectric functions combined with their dimensions, shapes, compositions, and
surrounding media. It has been known since Roman times, that by mixing gold colloids
with glass or ceramics, the latter appears to have various colors. A classic example is the
‘Lycurgus Cup’ manufactured in the late Roman times. As can be seen from figure 3.1,
the cup is ruby red in transmitted light and green in reflected light, due to the presence of
gold colloids.[4]
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Figure 3.1 The Lycurgus Cup. The cup shows the moment when Lycurgus is entrapped
by the maenad Ambrosia in form of a vine. The cup is ruby red in transmitted light and
green in reflected light, due to the presence of gold colloids.[4] Photo Credit: The Trustees
of the British Museum / Art Resource, NY.
Such mysteries were not completely understood until Gustav Mie proposed the Mie
theory which could exactly predict the optical responses of spheres.[5] In general, the
reason for all those extraordinary optical properties of noble metallic nanostructures is
that they support the so-called localized surface plasmon resonances (LSPR), which
correspond to the oscillation and redistribution of charges near their surfaces. In this
section, quasi-static approximation is first used to reveal the LSPR condition of an
individual spherical nanoparticle. Then, the electrical field enhancement of the
nanosphere is derived. It should be noted that the enhanced local optical fields due to
LSPR is the foundation of plasmon-supported spectroscopies, and is the key for
localizing spectroscopic interactions within extremely small volumes. Perhaps its most
famous application is Surface-enhanced Raman Spectroscopy (SERS), which may boost
the Raman scattering signal by a factor of > 108.[6]
3.2.1

Localized Surface Plasmon Resonance of a Spherical Metallic Nanoparticle
The simplest system that supports LSPR is a metallic nanosphere. A schemetic of

its LSPR, i.e. the collective oscillations of free electrons near its surface, is shown in
figure 3.2. The resulting optical response can be calculated analytically using the Mie
theory.[5] Although the Mie theory gives the exact solutions of Maxwell equations, the
easiest way to understand the optical properties of a metallic nanosphere is by using the
27

quasi-static approximation, which is valid when the size of the sphere is much smaller
than the wavelength (a << λ), i.e., the retardation effect can be neglected.

Figure 3.2. A schemetic of the LSPR in a spherical metallic nanoparticle, driven by an
oscillating electrical field, which essentially induces the collective oscillations of free
electrons near the surface of the nanoparticle.
The quasi-static approximation assumes that all points of an object respond
simultaneously to the incoming field. Therefore, to obtain the optical response, one
calculates the spatial field distribution under an electrostatic field, i.e. the Maxwell
equations are replaced by the Laplace equation of electrostatics, and the frequencydependent components are later added to the solutions. Consider an isotropic sphere in an
arbitrary medium, illustrated in figure 3.3.

Figure 3.3 Quasi-static model of a spherical metallic nanoparticle, which is placed in an
arbitrary medium, and experiences an electrostatic field. The origin of coordinates is at
the center of the spherical nanoparticle.
To reveal the optical response of the sphere under the quasi-static approximation, one
solves the Laplace equation
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In spherical coordinates, equation 3.29 becomes
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∂
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where
Φ

Φ , ,

3.31

Assume that Φ1 is the potential inside the sphere, and Φ2 is the potential outside the
sphere with Φ2 = Φs + Φ0, in which Φs is the scattering potential, and Φ0 is the potential
relating to the homogeneous electrical field along the x-direction in the medium. Φ0 can
be expressed by
E

Φ

E

cos

3.32

where E0 is the amplitude of the applied electric static field. Now, the boundary
conditions can be expressed as
∂Φ
∂

∂Φ
∂

∂Φ
∂

∂Φ
∂

3.33
3.34

Equation 3.33 and 3.34 correspond to the continuity of the tangential and normal
component of the electrical field and the electrical displacement at the surface of the
sphere, respectively. The potentials below satisfy the Laplace equation and the boundary
conditions:

29

Φ
Φ

E

E

3

cos

2

cos

3.35
cos

E

2

3.36

Note that the second term in equation 3.36 equals Φs, which is the potential related to the
scattering field. This potential is identical to that of an ideal dipole at the center of the
sphere:
cos

Φ

4

3.37

Since the dipole moment is given by
3.38
Upon substitution, the polarizability of the sphere is therefore

α

4

2

From equation 3.39, it can be seen that when Re

3.39

2 , the polarizability can

receive a resonant enhancement, i.e. the LSPR mode of the metallic nanosphere can be
excited. It is worth noting that the resonance condition is wavelength dependent, since the
complex permittivity of metal is a function of wavelength, as has been discussed in
section 3.1. Furthermore, the resonance wavelength is related to the dielectric
environment surrounding the metallic sphere. This is the foundation of using metallic
nanoparticles as refractive index sensors.[7]
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3.2.2

Field Enhancement near a Spherical Metallic Nanoparticle
The spectroscopic applications of LSPR-supportive nanostructures, e.g. SERS,

utilize the highly confined and enhanced electromagnetic fields appearing near the
surfaces of these structures. In this section, the basic properties of the enhanced local
optical fields are inferred from the already established quasi-static model of a spherical
metallic nanoparticle in section 3.2.1.
By applying
Φ

3.40

to the potentials in equations 3.35 and 3.36, the electrical field inside and outside the
sphere can be obtained respectively:
3

E
E

E

3.41

2
2 cos

2

sin

3.42

where ex, er, and eθ are unit vectors. Note that E1 and E2 are independent of the azimuthal
angle φ as a result of the symmetry implied by the applied field. The second term in
equation 3.42 corresponds to the scattering field Esc of the sphere. Since the field near the
surface of the sphere relating to the LSPR is of interest, it is reasonable to define

g

|
|

|
|

2

∙ |2 cos

sin

|∙

3.43

as the electrical field enhancement factor. Equation 3.43 indicates the following: 1. At the
LSPR wavelength, i.e. Re

2

, the field near the surface of the sphere

receives the strongest enhancement; 2. The enhanced field is particularly strong for a
small Im

, which indicates small damping of surface plasmons; 3. The field

enhancement under the LSPR condition has its strong maximums along the x-axis, i.e.
when θ = 0 or π; 4. The field enhancement significantly decreases with increased distance
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away from the metallic sphere, i.e. g ∝ 1/ . This means that the field is highly confined
in the vicinity of the metal. This is also the reason why the spectroscopic applications
using LSPR-supportive structures have the prefix ‘surface-enhanced’ in their names —
the enhanced fields only interact with analytes in the small confined volume near the
surfaces of these structures.
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CHAPTER 4

SURFACE ENHANCED RAMAN SPECTROSCOPY

Surface-enhanced Raman Spectroscopy (SERS) is the phenomenon that
significantly increased Raman scattering signals are probed from molecules attached to or
in the very close vicinity of metallic nanostructures. It is a prominent spectroscopic
application of the highly confined and enhanced optical fields near the surfaces of LSPRsupportive nanostructures. Due to the strongly increased signals which compensate the
extremely low Raman scattering cross sections, SERS transforms Raman spectroscopy
from a tool for structural analysis to a nanoscale sensing probe, with lowest detection
limits down to single molecular levels.[1] In this chapter, the mechanism of the signal
enhancement in SERS is first described. Next, the general requirements of plasmonic
structures for reliable and quantitative SERS analyses are discussed.

4.1

Enhancement Mechanisms of Surface-enhanced Raman Scattering
Since Raman scattering is a two-photon process, the intensity of the Stokes

scattering signal of SERS can be estimated according to
|g

| |g

|

4.1

where N is the number of molecules,

is the Raman cross section of the adsorbed

molecule on the surface of the metal, g

and g

is the electrical field enhancement

factor at the excitation wavelength and at the Stokes wavelength respectively, and
is the intensity of the excitation laser. Note that equation 4.1 is based on estimation,
which assumes that all the molecules are independently sitting in the same chemical
environment, and are experiencing an identical excitation field. Although this is an
oversimplification, equation 4.1 can help to reveal the basic mechanisms of the signal

34

enhancement in SERS. Specifically, there are two mechanisms that account for the total
SERS enhancement, namely the ‘chemical enhancement’ and the ‘electromagnetic
enhancement’.[2]
The chemical enhancement of the Raman signal lies in the Raman cross section of
the adsorbed molecule

, which may be viewed as of ~10 – 100 times higher than

,

which is the Raman cross section of the same molecule unattached to a surface. The
chemical enhancement effect is related to the electronic interactions between the
molecule and the metal, which can induce resonance Raman scattering conditions by
introducing new, or shifting electronic levels of the adsorbed molecules.[3] These
electronic interactions require close contact between the molecules and the metal, and are
molecular dependent.
The electromagnetic enhancement of the Raman signal is reflected by the terms
|g

| |g

| in equation 4.1, and is caused by the enhanced local optical fields. Its

detailed procedure is as follows. An enhanced local optical field appears near the LSPRsupportive nanostructure when the frequency of the excitation laser is in resonance with
that of the LSPR. The enhanced field then induces an oscillating dipole in the molecule.
This dipole emits light of three frequencies: the Rayleigh scattering light whose
frequency is the same as that of the applied field, the Stokes and the anti-Stokes
scattering light, whose frequency is red- or blue shifted by the molecular vibrational
frequency vm (see equation 2.15). The Stokes radiation is also enhanced by the LSPR
| |g

effect, leading to a total enhancement of |g

| in its intensity (to a first-order

[4]

approximation ). Since vL and vs are usually much higher than vm, it is reasonable to
assume that vL ≈ vs. Therefore,
∝ |g

|

4.2

Equation 4.2 represents the well-known E4 enhancement of SERS, i.e. the
electromagnetic SERS enhancement factor is proportional to the electrical field
enhancement factor to the power of four. In the case of a metallic nanosphere, g(vL) can
be replaced by equation 3.43, leading to
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∝

∙

2

4.3

Although equation 4.3 is based on a simple individual sphere model, it describes the most
important properties of the electromagnetic SERS effect. It can be seen from equation 4.3
that the SERS signal is strongly dependent on the distance between the molecule and the
metal. In other words, the electromagnetic SERS enhancement does not require direct
contact between the molecule and the metal, and the distance dependence of the
electromagnetic enhancement factor is proportional to 1/r12. In addition, equation 4.3
shows that the enhancement is particularly strong when the frequency of the excitation
laser is in resonance with the LSPR frequency, i.e. Re

2 . Due to the

electromagnetic enhancement of the SERS signal, the regions near the metallic
nanostructures in which strongly enhanced local optical fields exist are called ‘hot
spots’.[5]
In general, the total SERS enhancement factor EFSERS can be viewed as the
product of the chemical SERS enhancement factor EFCHEM and the electromagnetic SERS
enhancement factor EFEM, with
EF

EF

4.4

/

EF
EF

EF

|g

| |g

4.5
|

4.6

It should be noted that the characteristic of EFEM is ‘general’, as it is provided by
the plasmonic nanostructures via the enhanced local optical fields. On the other hand,
EFCHEM is ‘specific’, since its intensity is molecular dependent. In addition, EFEM can be
predicted quite well by solving Maxwell equations, while there is no classical theory to
predict EFCHEM. To predict EFCHEM, one requires a full quantum mechanical treatment,
which is extremely difficult to realize.
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4.2

Requirement in Plasmonic Systems for Surface-enhanced Raman Spectroscopy
In general, ideal plasmonic systems for reliable and quantitative SERS analyses

should fulfill the three requirements below.[7, 8]
1. The system should exhibit a high and spatially uniform electromagnetic
enhancement factor EFEM. To sense analytes of small quantities, a high EFEM is essential
to increase the Raman signal, which scales with EFEM to the power of four, as has been
shown in section 4.1. Additionally, a more spatially uniform EFEM would enable
quantitative SERS analyses. To quantify a single molecule, molecules should experience
a same EFEM despite their locations relative to the LSPR structure. However, in reality,
EFEM is dependent on the detailed surface morphologies of the LSPR structures, and can
vary by several orders among different regions. Nevertheless, one should strive to
achieve a more spatially uniform EFEM to improve SERS uniformity and reproducibility,
as application-wise it is not always necessary to reach a quantification level down to
single molecules.[9] Due to the non-uniform nature of the local optical fields, in practical
use, the average total enhancement factor EFAVG is measured experimentally to assess the
performance of a SERS system. EFAVG can be described by:
/
/

EF

4.7

where ISERS is the measured SERS intensity, NSurf is the number of molecules bound to
the enhancing SERS-active structure, IRS is the measured Raman intensity without
enhancement, and NVol is the number of molecules in the excitation volume for measuring
IRS.[10,11] To characterize the uniformity of EFEM, SERS scans/mappings over certain
distances/areas are usually performed on the SERS-active structure, with different
quantities of analytes bound to its surface. The relative standard deviations of pronounced
SERS peaks then reflect the spatial uniformity of EFEM for such a structure.
2. The system should exhibit widely tunable LSPR wavelengths. This is mainly
because resonant surface-enhanced Raman scattering (SERRS) takes place when the
excitation wavelength is in resonance with the absorption wavelength of the analyte.
SERRS can provide additional Raman signal enhancement of ~102.[12]
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3. The system should be easy to fabricate in a reproducible manner. This
requirement has been achieved extensively thanks to the rapid development of
nanofabrication techniques.[8] In terms of nanofabrication, the majority of produced
SERS systems are either (i) metallic nanoparticles in colloidal suspensions, or (ii)
nanostructured solid substrates. Representative examples of SERS systems can be found
in chapter 1, section 1.1, ‘State-of-the-art Plasmonic Systems for Surface-enhanced
Raman Spectroscopy’.
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CHAPTER 5

NANOPILLAR ARRAYS FOR SURFACE-ENHANCED RAMAN
SPECTROSCOPY

This chapter introduces the research subject of the Ph.D. study — the metalcapped Si nanopillar arrays (NPs) for surface-enhanced Raman spectroscopy (SERS).
Specifically, these NPs are fabricated by a lithography-free process, which was
developed by Senior Researcher Michael Stenbæk Schmidt in the Nanoprobes group at
DTU Nanotech. [1] Section 5.1 describes the lithography-free fabrication process to obtain
the NPs. It is a two-step process, which consists of maskless reactive etching of Si,
followed by E-beam evaporation of noble metals. Section 5.2 demonstrates the most
important mechanism of the NPs qualifying them to be used for SERS — leaning. Via
leaning, clusters of NPs form, and hot spots with strong local optical fields are created in
the gap junctions among the NPs.

5.1

Large-area Fabrication of Nanopillars by Lithography-free Processes
The fabrication of the NPs is carried out in DTU Danchip. The following two-step

process is employed to fabricate NPs. (i) Starting from a 4-inch or 6-inch Si wafer,
standing vertical Si pillars is first produced by maskless reactive ion etching, and (ii) NPs
are fabricated by subsequently coating the Si pillars with either silver or gold using
e-beam evaporation. Figure 5.1 shows a schematic of the process.
The most distinguishing feature of the process is that it involves no lithography
processes, which are lengthy and expensive, yet wafer-scale NPs are produced. Omitting
lithographic steps significantly reduces the processing time, and hence can make the
SERS NP substrates cheap consumables.
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Figure 5.1 Process flow. (a) Maskless reactive ion etching forms Si nanopillars (b) and (c)
Ag is deposited by electron beam evaporation onto the Si nanopillars to form SERSactive substrates. (d) Evaporation results in Ag lumps at the top of the Si pillars. Adapted
from reference [1].
SEM image of the fabricated Ag capped Si NPs before and after leaning are
shown in Figures 5.2 (e) – (g). It can be seen from Figure 5.2 (e) and (f) that a metal film
with nanoholes is formed along with the NPs after e-beam evaporation. In addition, the
fabricated NPs all have the same height. For SERS applications, it is crucial that the NPs
have a uniform height so that after they lean towards their nearest neighbors, the intensity
of the localized near fields are more spatially uniform.

5.2

Clustering of Nanopillars and Formation of Hot Spots
A high electromagnetic field enhancement factor is the prerequisite for a

plasmonic system to be used for SERS. For the NPs, this is achieved by strong plasmonic
couplings via the gap junctions between the metallic caps after leaning of NPs. The
mechanism of leaning is shown in Figure 5.2 (a) - (c).
Besides the mechanism of leaning, Figure 5.2 (a) - (c) demonstrates also the
workflow of gas sensing using the SERS-active NPs. When the NPs are exposed to
analytes in gas phase, the analytes can adsorb onto the metallic caps of the NPs. After
clustering of NPs via dipping and evaporation of solvent, those analytes that sit
inside/near the hot spots, i.e. the gap junctions between the caps of NPs, can radiate
strongly enhanced Raman signals and are thus detectable. In a slightly different way, in
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expendable consumables, (ii) their SERS hot spots are formed by clustering, and are
located at the gap junctions between the leaning NPs. The ability for the NPs to lean
towards their neighbors and create hot spots with strong local optical fields qualifies them
for an effective SERS-based sensor.
In the next three chapters, the original findings regarding the SERS-active NPs in
the Ph.D. project are presented. Chapter 6 exhibits an in-depth study on the LSPR
properties of the NPs, via numerical simulations and dark-field scattering measurements.
Based on the strength of the theoretical understandings presented in Chapter 6, Chapter 7
focuses on experimentally improving the electromagnetic EF and the SERS background
signals of the NPs, via systematic evaluations of the related procedures. Chapter 8
presents the up-to-date engineering results of the nanopillar arrays. It shows that by
carefully optimizing the fabrication process, it is possible to significantly increase the
density of the NPs. As a result, a large-scale, highly uniform, and highly efficient SERS
substrate is obtained.
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Localized surface plasmon resonances (LSPR) and plasmon couplings in Ag capped Si
Nanopillar (Ag NP) structures are studied using 3D FEM simulations and dark-field
scattering microscopy. Simulations show that a standalone Ag NP supports two LSPR
modes, i.e. the particle mode and the cavity mode. The LSPR peak position of the particle
mode can be tuned by changing the size of the Ag cap, and can be hybridized by leaning
of pillars. The resonance position of the cavity resonance mode can be tuned primarily
via the diameter of the Si pillar, and cannot be tuned via leaning of Ag NPs. The presence
of a substrate dramatically changes the intensity of these two LSPR modes by introducing
constructive and destructive interference patterns with incident and reflected fields.
Experimental scattering spectra can be interpreted using theoretical simulations. The Ag
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NP substrate displays a broad plasmonic resonance band due to the contribution from
both the hybridized particle LSPR and the cavity LSPR modes.

1 Introduction
Plasmonic nanostructures [1,2] are the key components for extensive applications
such as surface-enhanced Raman Scattering (SERS) [3-5], refractive index sensing [6-8],
surface-enhanced infrared absorption (SEIRA) [9,10], plasmonic optical devices [11,12]
and thermal sensing [13], due to their ability to controllably confine light energy at the
nanoscale. For sensing applications based on localized surface plasmon resonance
(LSPR), emphasis has been drawn on the development of nanostructures exhibiting high
and uniform field enhancement factors (EF), wide range and controllable plasmonic
tunability, suitableness for mass-production, and reproducibility. Typical examples
include nanoshells [14, 15], highly faceted nanoparticles [16, 17], nanopillars [18-20],
and structured substrates [21-23].
Recently, a new class of Si pillar based nanoplasmonic structures fabricated using
mask-less reactive ion etching has been developed [24, 25]. It consists of free standing Si
nanopillars capped by Ag or Au films, as shown in Fig. 1(c). Such SERS substrates
exhibit high and uniform EF and can effectively trap analyte molecules near the
electromagnetic hot-spots via leaning of pillars. Substrate application examples include
detection of TAMRA-labeled vasopressin molecules in ultra-low concentrations, and
characterization of biologically relevant diphenylalanine nanotube-folic acid conjugates,
revealing its potential for bioanalytical quantifications of complex biological samples
[26, 27]. Most importantly, the fabrication of such substrates is extremely simple, quick,
cost-effective and is suitable for mass production. The fabrication process can be
completed in 15 minutes. Mask-less reactive ion etching (RIE) is used to form Si pillars
with controllable height and density over an entire 4 inch wafer, and then Ag or Au caps
can be deposited onto the Si pillars by e-beam evaporation. Despite the reported substrate
applications, to the best of our knowledge there are no previous theoretical or
experimental reports that address the LSPR behavior of Au/Ag nanopillars fabricated
using mask-less lithography. In order to open new possibilities for optimizing the
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substrate towards a multifunctional plasmonic sensing platform that fulfills all the
requirements of an ideal LSPR substrate, optical properties of isolated and interacting
Au/Ag nanopillars need to be systematically investigated. To carry out such a study, a
major challenge is that the geometry of the fabricated nanopillars varies from pillar to
pillar significantly. This is due to the mask-less Si RIE process which cannot be precisely
controlled to obtain Si nanopillar structures with a sub-10 nanometer resolution. In order
to simulate experimentally observed optical properties of such nanopillar structures,
representative pillar geometries observed by scanning electron microscopy (SEM) should
be carefully selected. Due to similarities in the pillar geometry, a single pillar or a dimer
of pillars can be modeled using the aforementioned method. Although we acknowledge
that it is an approximate approach, a valuable theoretical insight into otherwise a quite
complicated nanopillar structure can be obtained.
In this paper, LSPR properties of Ag capped nanopillars (NPs) are studied using
3D FEM simulations, and the results are then verified experimentally. Following a stepby-step approach, LSPR modes of a standalone NP are first simulated and investigated.
Two basic LSPR modes, the particle mode and the cavity mode are observed. The
particle mode is the collective electron oscillations in the Ag cap. It can be distinguished
by the enhanced localized fields around the center of the Ag cap. Its resonant wavelength
can be red-shifted by increasing the Ag cap size or the Si pillar diameter, and by
flattening the Si pillar tip. The cavity mode is the electron oscillations in the Ag cap
coupled via the Si pillar. It can be distinguished from the enhanced and highly localized
fields near the neck of the Ag cap. Its wavelength is dominant by the diameter of the Si
pillar. The influence of the substrate is also investigated. The substrate is shown to have a
strong influence on the intensity of the LSP resonance of the NP, by introducing
constructive or destructive interference to the excitation light; however, it has only minor
effect on tuning of the LSPR modes. Then, leaning of the NPs are studied by simulating a
NP dimer. Results show that the particle mode hybridizes when two NPs lean together,
splitting into various LSPR modes, with increased EFs by ~3 - 4 times. Contrary to what
happens to the particle mode, leaning of the NPs does not change the cavity LSPR
wavelength at all. Finally, scattering measurements are performed on real samples.
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Experimental results can be interpreted in light of the conclusions drawn from the
simulations. This proves the validity of the numerical approximations and analysis.

2 Simulation Model
3D FEM simulations are performed using the commercial software COMSOL
MULTIPHYSICS ver. 4.4a. Figs. 1(a) and 1(b) show the geometry of a single NP in the
model. Such geometry is established according to the NPs observed in the SEM images,
as shown in Figs. 1(c) and 1(d). In the model, an ellipsoid with a rounded bottom (r = 5
nm) and a cone are used to approximate the metal cap and the tip of the Si pillar,
respectively. Unless otherwise noted, the substrate is excluded from the simulation to
reduce computation time. If not mentioned, default values of the geometric parameters
described in the caption of Fig. 1 are used in the simulation. Ag, Au and Si are modeled
by their complex refractive indices as functions of wavelength [28]. The medium
surrounding the NP is set to vacuum. The excitation plane wave propagates along the –z
direction, where the electrical field is polarized along the x-axis.
In all cases, we calculate the scattering cross-section of the NP(s) using Eq. 1,

 sca 

1
I0

 n  S

sc

dS

(1)

where I0 is the excitation intensity, n is the normal vector pointing outwards the closed
surface of the NP_S and Ssc is the poynting vector of the scattered light. The
electromagnetic field distribution is calculated by setting the excitation field as the
background field followed by solving the scattered fields multiple times. A perfect
matched layer with scattering boundary conditions on its outer boundaries is employed to
eliminate non-physical reflections.
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Fig. 1. (a), (b) A modeled single NP, (a) x-z cross-sectional view, (b) x-y top view.
Yellow represents metal, while gray stands for silicon. An ellipsoid with a rounded
bottom (r = 5 nm) and a cone are used to approximate the metal cap and the tip of the Si
pillar, respectively. The substrate is modeled by a Si layer stacked by an Ag film with a
hole (radius = a). Unless otherwise noted, the substrate area (surrounded by dotted lines)
is excluded from the simulation to reduce computation time. Default values of the
geometric parameters are a = 62 nm, c = 155 nm, ht = 100 nm, hp = 635 nm, d = 40 nm,
D = 200 nm and L = 400 nm. These values are chosen referring to real NPs observed in
(c) and (d). (c) A cross-sectional SEM image of the NPs. Si pillars are covered by Ag,
and the Si substrate is covered by an Ag film with holes near the Si pillars. The
deposition thickness of Ag is DAg = 200 nm. (d) A cross-sectional SEM image of the
NPs. The Ag film and the Ag caps are lifted up to reveal the bare Si pillars.

3 Results and Discussion
3.1

LSPR Modes of a Single NP
First, LSPR modes of a standalone NP are studied by 3D FEM simulation.

Scattering spectra are calculated for both Ag@Si and Au@Si NPs. Results are shown in
Fig. 2(a). It can be seen that two LSPR modes can be excited in a single NP. For an
Ag@Si NP, the LSPR peaks appear at 650 nm and 800 nm, whereas they appear at 710
nm and 865 nm for the Au@Si case.
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Fig. 2. (a) Calculated scattering cross-section spectra for a single Ag@Si NP (grey line)
and a single Au@Si NP (yellow dots). (b) EF distributions on the surface of an Ag@Si
NP at resonant LSP wavelengths. (c) Calculated scattering cross-section spectra for an
Ag@Si NP with substrate (red dash line) and a standalone Ag@Si NP (grey line). (d)
Cross-sectional EF distributions of an Ag@Si NP with a substrate at its resonant LSP
wavelengths. The maximum EFs in (b) and (d) are obtained based on the electric fields
on the surfaces of those NPs.
To classify the observed LSPR modes, electric field enhancement factor
distributions at the resonance wavelengths are plotted for an Ag@Si NP, as shown in Fig.
2(b). At λ = 650 nm, intense and highly localized fields are observed around the Ag cap,
due to the strong collective electron oscillations through the center part of the Ag cap.
Obviously, such an EF distribution is similar to that of an Ag spherical particle on
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resonance. Therefore it is reasonable to define such a LSPR mode as the particle LSPR
mode of the NP. At λ = 800 nm, strong EF is observed near the neck of the NP, i.e. near
the bottom of the Ag cap. This resonance is caused by the collective electron oscillations
inside the bottom part of the Ag cap. Since the diameter of the Si pillar is only 40 nm,
which is much smaller than the excitation wavelength, strong coupling between Ag via
the Si pillar can be expected. It can be predicted that the diameter of the Si pillar has a
strong influence on the resonance wavelength of this mode. (The assumption will be
assessed in section 3.2). Due to the plasmonic coupling via the Si pillar, we define such a
resonance mode as the cavity LSPR mode of the NP. Note that the maximum EF of the
cavity mode is 149, which is about 6 times higher than that of the particle mode. In
addition, the enhanced electric field of the cavity mode is more localized than that of the
particle mode, as observed in Fig. 2(b). The above discussion is also valid for a single
Au@Si NP (field distributions not shown for the Au@Si NP). Its 710 nm and 865 nm
peaks correspond to the particle mode and the cavity mode, respectively. The redshifts of
the peaks for the Au@Si NP compared with those of the Ag@Si NP are due to the
difference in the dielectric functions between Ag and Au. Such red-shifting behavior has
been observed and studied extensively in other Ag and Au plasmonic structures [29-31].
Next, the influence of the substrate on the two LSPR modes of a single Ag@Si
NP is investigated. The substrate is modeled by a 200 nm thick Si layer stacked by a 200
nm thick Ag film with a hole of radius = a = 62 nm, referring to the SEM image in Fig.
1(c). The simulated scattering spectrum and the EF distributions at the scattering peaks
are plotted in Figs. 2(c) and 2(d), respectively. It can be seen that with the presence of the
substrate, the NP still has two LSPR modes, i.e. the particle mode and the cavity mode,
but they are slightly blue-shifted (10 nm for the particle mode and 5 nm for the cavity
mode) comparing to those of a standalone Ag@Si NP. Such blue-shifts are also observed
in other plasmonic structures, e.g. crescents [32] and spheres [33] on substrates. Note that
since the distance from the center of the Ag cap to the Ag film is 435 nm, which is larger
than half of the excitation wavelength, the coupling between the LSP of the nanohole in
the Ag film and that of the Ag cap is weak. This gives evidence for the weak LSPR
tuning effect introduced by the substrate. However, from Fig. 2(c), it can be seen that
introducing the substrate has a significant influence on the LSPR intensities. It
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strengthens the scattering cross-section by around 2.5 times for the particle mode, and
weakens it by around 8 times for the cavity mode. The reason for this is that the substrate
introduces constructive and destructive interference between the incident and the
reflected excitation light, as can be seen from the EF patterns in Fig. 2(d). Compared with
the maximum EFs of a single Ag@Si NP shown in Fig. 2(b), it can be seen from Fig. 2(d)
that by introducing the substrate, at the resonant wavelength of the particle mode,
constructive interference happens near the Ag cap region, causing an increase in the
maximum EF from 25 to 45, while at the resonant wavelength of the cavity mode,
destructive interference happens near the Ag cap region, causing a decrease in the
maximum EF from 149 to 89.
3.2

LSPR Wavelengths Broadening of the NPs
Due to the mask-less etching method used, the geometry of the NPs varies, e.g.

the diameter of the Si pillar ≈ 40 ± 16 nm, the tip shape of the Si pillar can be sharp or
flat, and the shape of the metal caps are different from one to another. Some of these
variations can tune the LSPR wavelengths of individual NPs, leading to inhomogeneous
broadening of the LSPR peaks. In this section, we study those geometric LSPR tuning
effects. First, the influence of the Si pillar diameter d is studied. Fig. 3(a) shows the
calculated scattering cross-section of standalone Ag@Si NPs with different d. It can be
seen that increasing d causes substantial redshifts to the cavity mode. The mode shifts
from 715 nm to 920 nm, when d increases from 24 nm to 64 nm. Such redshifts are linear,
as shown in Fig. 3(c), where increasing d by 10 nm introduces a redshift of
approximately 50 nm. Changing d tunes the interaction intensity between the Ag on the
two sides of the Si pillar near the NP neck. For example, a smaller d strengthens the
coupling intensity, leading to the increase of the LSPR energy and thus blue-shifts the
cavity LSPR peak. In addition, d affects the LSPR energy of the particle mode. Similarly
to what happens to the cavity mode, increasing d red-shifts the particle mode of the NP.
Such a redshift is much gentler, compared with that of the cavity mode. Increasing d from
24 nm to 64 nm only leads to a 50 nm redshift of the particle LSPR peak. This is due to
the different electron oscillation paths between the particle mode and the cavity mode.
Increasing d dramatically changes the plasmonic coupling intensity via the Si pillar for
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Fig. 3. (a) Calculated scattering cross-section spectra of standalone Ag@Si NPs with
different Si pillar diameter d. Asterisks, five-pointed stars and triangles represent the
cavity modes, the particle modes and the third mode, respectively. (b) EF distributions on
the surface of an Ag@Si NP at resonant wavelengths plotted for the particle mode and
the cavity mode, for d = 24 nm. (c) Cavity LSPR wavelengths versus Si pillar diameter d.
(d) Calculated scattering cross-section spectra of two standalone Ag@Si NPs. One
contains a flat Si pillar tip while the other contains a sharp one. (e) Calculated scattering
cross-section spectra of Ag@Si NPs (including substrates) with different Ag deposition
thicknesses 125 nm, 150 nm, 200 nm and 225 nm. Geometric parameters are extracted
from SEM images. For 125 nm of deposited Ag, a = 37 nm, c = 91 nm, thickness of Ag
film on Si wafer = 125 nm. For the 150 nm case, a = 45 nm, c = 144 nm, thickness of Ag
film on Si wafer = 150 nm. For the 200 nm case, default values stated in the caption of
Fig. 1 are used. For the 225 nm case, a = 65 nm, c = 218 nm, thickness of Ag film on Si
wafer = 225 nm. A comparative SEM image showing the Ag@Si NP substrates with
different Ag deposition thicknesses can be found in the appendix, Fig. 9.
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the cavity mode, while it does not introduce big changes to the dielectric environments in
the routes of electron oscillations of the particle mode. Moreover, other than the particle
mode and the cavity mode, a third LSPR mode emerges when d is below 32 nm. This
mode is marked by triangles in Fig. 3(a).
Since the sharpness of the Si pillar tips is different as shown in Fig. 1(d), their
LSPR tuning effect must be studied. For simplicity, this is done by simulating two
standalone Ag@Si NPs, one with a sharp Si pillar tip and the other with a flat one. The
simulated scattering spectra are shown in Fig. 3(d). It can be seen that as the tip of the Si
pillar changes from a sharp one to a flat one, a 10 nm redshift can be observed for the
cavity mode, while the resulting redshift for the particle mode is about 35 nm. Similar to
explaining the tuning effect of the Si pillar diameter d, the tuning effect of the sharpness
of the Si pillar tip can also be explained by the changes in the dielectric environments of
the electron oscillating paths and the LSP coupling routes. As the Si pillar tip becomes
flatter, the dielectric environment near the NP neck does not change much, thus the
resonance wavelength of the cavity mode stays at almost the same position. However, a
flatter Si pillar tip dramatically increase the dielectric volume near the center of the Ag
cap, where the electron oscillations of the particle mode pass through, therefore leading
to a significant 35 nm redshift for the particle LSPR mode.
Finally, the tuning effect of the Ag cap shape is investigated. This is done by
simulating additional three Ag@Si pillars including effects of the substrate. Their
geometric parameters are extracted from the SEM images of NPs with different Ag
deposition thicknesses: 125 nm, 150 nm and 225 nm. The values can be found in the
caption of Fig. 3(e). The substrates are taken into account since the deposition thickness
will also affect the distance between the Ag caps and the Ag film, resulting in variation of
the interference pattern, which has been shown to have a significant influence on the
LSPR intensity in section 3.1. The calculated scattering spectra are shown in Fig. 3(e).
The particle LSPR mode red shifts from about 620 nm to 680 nm, when the thickness of
the deposited Ag increases from 125 nm to 225 nm. In addition, as the deposited Ag
thickness increases from 125 nm to 225 nm, it can be observed from Fig. 3(e) that the
resonance wavelength of the cavity mode stays at around 800 nm. Therefore it can be
concluded that the LSPR energy of the cavity mode is dominated by the cavity size,

54

rather than the volume of the surrounding metallic structure. Similar results from the
study of other cavity based LSP structures support this conclusion [34]. Furthermore, the
intensity ratio between the cavity mode and the particle mode varies, when the deposited
Ag thickness changes. This is due to the different light interference patterns for the
different Ag deposition thicknesses. This effect will be discussed together with the
experimental scattering measurements of the NPs in section 3.4.

3.3

LSP Couplings in an Ag NP Dimer

Fig. 4. (a) Calculated scattering cross-section spectra for a dimer of Ag@Si NPs under
different polarization directions. The polarization directions used in the calculation are
shown in the insets, which also include a SEM image of a NP dimer. The asterisk, the
five-pointed star and the circles represent the cavity modes, the particle mode and the
hybridized modes, respectively. (b) Cross-sectional EF distributions of a dimer of Ag@Si
NPs at different excitation wavelengths for the px mode. The maximum EFs are obtained
based on the values of the electric fields on the surface of the NP dimers.
Leaning of the NPs have proved to be critical for applications such as SERS [24].
In this section, the leaning effect is investigated by simulation of a NP dimer with a
minimum gap of 1 nm. Simulated scattering spectra of a NP dimer are shown in Fig. 4(a).
Two perpendicular polarization directions are used in the calculation, and are labeled as
px mode and py mode in Fig. 4(a). For the py mode, the peaks at 650 nm and 800 nm
represent the particle mode and the cavity mode, respectively. For the px mode,
plasmonic hybridization happens [35]. The results are the vanishing of the 650 nm
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particle mode peak and the generation of several new LSPR peaks. Some of them are
blue shifted to 610 nm, 580 nm, 515 nm, and one is red shifted to 950 nm, compared with
the original 650 nm peak of the particle mode in a standalone NP. However, for the
cavity mode, its peak stays at 800 nm for both px and py polarization modes. The reason
for this is that the two NPs in the model do not touch or form narrow gaps near their
necks, thus plasmonic couplings and interactions are relatively much weaker for the
cavity mode compared with those of the particle mode. EF distributions at LSPR
wavelengths for the px mode are plotted in Fig. 4(b). By comparing Fig. 4(b) with Fig.
2(b), it can be seen that leaning of two NPs can increase the EF of the particle and the
cavity modes by around 1.5 – 4 times via plasmonic couplings and can introduce various
new LSPR modes by plasmonic hybridization of the particle mode, enabling the pillars to
have strong localized fields in a wide spectral range. Note that in the real case, a cluster
of NPs can be dimers, trimers, or contain even more NPs. In addition, the angle of
leaning for each NP is usually different. Therefore it is not feasible to simulate all the
situations. However, it can be expected based on the simulation result of a NP dimer that
for a NP cluster containing more NPs, the LSPR wavelength of the cavity mode does not
change or changes very slightly, while the peak of the particle mode vanishes,
accompanied by the emergence of various hybridized LSPR modes around 500 – 600 nm.
Such an assumption will be proved experimentally in the next section.
3.4

Scattering Measurements on NP Substrates
Finally, scattering measurements are performed using a conventional dark-field

setup on NPs before and after leaning. Four substrates with different Ag deposition
thicknesses DAg: 125 nm, 150 nm, 200 nm, and 225 nm are used in the experiment.
Cross-sectional view of these NPs are shown in the insets of Fig. 5(b) (DAg = 125 nm, 150
nm, 225 nm), Fig. 1(c) (DAg = 200 nm) and Fig. 9. Top views of the leaning NPs are
shown in Fig. 5(b). The measured scattering spectra are shown in Fig. 5(a).
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Fig. 5. (a) Measured scattering spectra using a conventional dark-field setup for NPs on
four substrates with different Ag deposition thicknesses DAg: 125 nm, 150 nm, 200 nm,
and 225 nm. Asterisks, five-pointed stars and circles represent the cavity modes, the
particle modes and the hybridized particle modes, respectively. (b) SEM images of
leaning NPs (top view) of substrates with DAg: 125 nm, 150 nm, and 225 nm, where each
NP cluster contains several NPs. Insets: cross-sectional view of the NPs before leaning.
(c) SERS spectra of 10 mM trans-1,2-bis (4-pyridyl) ethylene in ethanol solution
obtained using the NPs of DAg = 225 nm under 780 nm and 532 nm excitations. A 10x
objective lens was used to focus and collect the light and the laser power was 0.1 mW.
For the NPs before leaning, two peaks can be observed; one stays at around 800
nm, while the other red-shifts from near 600 nm to about 660 nm, when DAg increases
from 125 nm to 225 nm. The former peak corresponds to the cavity LSPR mode of the
NPs, while the latter corresponds to the particle LSPR mode. The stability of the cavity
LSPR peak and the red-shift of the particle LSPR peak when increasing DAg have also
been shown by the simulation results in Fig. 3(e), as discussed in section 3.2. Note that
due to the uneven geometries of the fabricated NPs, the two observed scattering peaks are
broad and overlapping. The broadening of the cavity mode peak is dominated by the
uneven distribution of the Si pillar diameter, while the broadening of the particle mode is
mainly due to the uneven geometries of the Ag caps and the Si pillar tips, according to
the analysis in section 3.2 based on the simulated results. The intensity ratio of the two
peaks is related to the constructive and destructive interference of the excitation light
caused by the substrate. It can be seen from Fig. 5(a) that for DAg = 125 nm and 225 nm,
the scattering intensity of the cavity mode is higher than that of the particle mode, while
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for DAg = 150 nm and 200 nm, the scattering intensity of the two modes are similar. This
is consistent to the simulation results shown in Fig. 3(e). When the NPs lean together, it
can be seen from Fig. 5(a) that the particle LSPR mode dramatically weakens,
accompanied by a very gentle bump in the spectra near 550 nm, indicating the generation
of the hybridized modes. In addition, the cavity LSPR modes are shown to be stable at
near 800 nm for all the four substrates regardless of leaning. The above results are in
agreement with the conclusion in section 3.3, that when NPs form clusters, the LSPR
wavelengths of the cavity mode are nearly unaffected, while the peak of the particle
mode vanishes, and is accompanied by the emergence of various LSPR modes around
500 – 600 nm that represent the hybridized plasmonic modes. Further evidence of the
existence of the cavity LSPR mode can be found in the appendix, in section 5, where we
simulated the scattering spectra of a dimer of Ag NPs with and without Si cavities. We
show in Fig. 8 that for such structures only the cavity LSPR mode can contribute to the
experimentally observed LSPR peaks around 800 nm.
Furthermore, SERS measurements of 10 mM trans-1,2-bis (4-pyridyl) ethylene
(BPE) in ethanol solution are performed on the DAg = 225 nm sample under both 532 nm
and 780 nm excitations. NPs are leaned when the analyte solution evaporates. The results
are shown in Fig. 5(c). It can be seen that the SERS intensity ratio between 780 nm and
532 nm excitations is about 2, which is in agreement with the ratio observed in the
scattering spectrum of the leaning NPs (DAg = 225 nm) in Fig. 5(a). It can be deduced
that the SERS signals under 780 nm excitation benefit most from the strong localized
fields near the necks of the NPs generated by the cavity LSPR mode, while for the 532
nm case, the hot-spots in the gaps of the NPs generated by the hybridized particle modes
contribute the most. Furthermore, the NP substrate exhibits a good SERS uniformity with
a standard deviation of 5.2 % of the average signal intensity over a length of 1 inch, as
shown in Fig. 10 in the appendix. The result demonstrates the accuracy of the employed
fabrication procedure.
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4 Conclusion
Localized plasmon resonances and plasmon couplings in Ag capped Si nanopillar
structures were studied by 3D FEM simulations and dark-field scattering measurements.
The simulation results show that a standalone Ag@Si NP has two LSPR modes, the
particle mode and the cavity mode. The particle mode can be distinguished by the
enhanced localized fields near the center of the Ag cap. The cavity mode can be
distinguished by the enhanced localized fields near the neck of the Ag cap, and its
resonance position is dominated by the diameter of the Si pillar. The resonance energy of
the particle mode is shown to be sensitive to the size of the Ag cap and can be hybridized
by leaning of the pillars. The resonance energy of the cavity mode is however only
dominated by the diameter of the Si pillar, and cannot be tuned via leaning of adjacent
nanopillars. Furthermore, the presence of the substrate is shown to have little tuning
effect on the two LSPR modes of the NP, but can dramatically change the intensity of the
two modes by introducing constructive or destructive interferences of the excitation lights,
depending on the distance from the substrate to the Ag cap. The scattering measurements
support the conclusions drawn from the simulations. The measured scattering peaks are
broad, due to the uneven geometries of the fabricated NPs. In addition, the ratio of the
SERS intensities between 780 nm and 532 nm excitations for 10 mM BPE fits the ratio in
the scattering measurement. These SERS spectra also prove that the NP substrate has a
wide LSPR energy range due to the contribution of both the hybridized modes and the
cavity modes, as shown in the scattering spectra, where each of them covers wide range
LSPR energies. The results in this paper provide guidance for further optimization and
development of such structures, to realize e.g. tuning of the LSPR wavelengths towards
near- and mid- infrared for SEIRA applications and for further increases in EF to improve
the SERS detection limits.

5 Appendix
5.1

Fabrication of NP Substrates
The Ag NP substrates are fabricated using a four-step nanofabrication process.

First, mask-less Si RIE is used to form Si pillars over an entire 4 inch Si wafer. 4 inch p-
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type single-side polished (100) wafers are used. Etching is conducted in an Advanced
Silicon Etcher (Surface Technology Systems MESC Multiplex ICP) at a SF6:O2 flow
ratio of 1.12, platen power of 120 W and a chamber pressure of 36 mTorr. The Si NPs are
formed at a rate of ~3 nm/s. The Si NP density is ~20 pillars/µm2. Subsequently, an
oxygen plasma process of 1 minute is applied to remove Si RIE byproducts from the Si
surface. Here, an Advanced Silicon Etcher (Surface Technology Systems MESC
Multiplex ICP) is used at an O2 flow of 45 sccm, a platen power of 20 W, a coil power of
800 W and a chamber pressure of 10 mTorr. Lastly, a continuous Ag metal film is
deposited over the whole wafer using e-beam evaporation. Alcatel SCM 600 is used at a
pressure of 2 x 10-6 mbar for the deposition. The deposition rate is 10 Å/s for the Ag
evaporation.
5.2

Scattering Measurements
Scattering spectra of Ag NPs are acquired using a dark-field microscopy system.

First, light from a halogen lamp (Instrument Systems, Model: DLS 500) is coupled into a
cleaved optical fiber for uniform irradiation of the Ag NP sample. The incident angle is
30 degrees. Then, the scattered light is collected by a 10x objective lens and recorded by
a spectrometer (Instrument Systems, Model: Spectro 320-141). Finally, the recorded
scattering intensity is normalized with the lamp spectrum.

Fig. 6: A schematic of the dark-field scattering measurements.
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5.3

SERS Measurements
The SERS experiments are conducted using a Thermo Scientific Raman DXR

microscope. The signal collection time is 1s and is averaged 3 times. A 25 µm slit is
used. The laser spot is about 3.1 µm in diameter. The microscope was coupled to a single
grating spectrometer with a 5 cm-1 FWHM spectral resolution and a ± 2 wavenumber
accuracy. All SERS spectra were collected at 0.1 mW laser power, using a 10x objective.
The target molecule is 10 mM trans-1,2-bis (4-pyridyl) ethylene (BPE) dissolved in
ethanol. Droplets of BPE were deposited on the NPs and left for drying during which the
NPs lean together, forming clusters.
5.4

LSPR Contribution of the Nanoholes
To prove the validity of eliminating the LSPR effects of the nanoholes on the

substrate, scattering and SERS measurements are performed on a substrate, where the
NPs are peeled off by tape, as shown in Fig. 7(b). For comparison, measurements are also
conducted on a sample with normal standing NPs. The measured scattering and SERS
spectra are shown in Fig. 7(a) and Fig. 7(c), respectively. It can be seen from Fig. 7(a)
that the contribution to the scattering signal by the nanoholes is negligible. This is
reasonable since the sizes and shapes of the nanoholes are highly uneven, thus there are
no specific resonance wavelengths for the nanoholes. It can also be seen from Fig. 7(c)
that the localized fields around the nanoholes are very weak, since the SERS signal
decreases by 200 times when the NPs are peeled off. In conclusion, the nanoholes on the
Ag film above the Si wafer do not have a specific LSPR energy, and their LSPR
resonance and the resulting localized fields are negligible compared with those produced
by the NPs.
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Fig. 7. (a) Measured scattering spectra using a conventional dark-field setup on an
Ag@Si NP substrate and an Ag@Si NP substrate with NPs peeled off. The Ag deposition
thickness is DAg = 200 nm. (b) Upper and lower left: Top view SEM images of the two
substrates used for the scattering measurements in (a), Upper and lower right: Top view
SEM images of the samples used in the SERS measurements in (c). The NPs are leaned
during the evaporation of the target molecule solution, as seen in the upper right image.
(c) SERS spectra of 10mM BPE in ethanol obtained using the substrates shown in (b)
under 780 nm excitation. A 10x lens is used to focus and collect the light and the laser
power is 0.1 mW.

5.5

Further Evidence Proving the Existence of the Cavity LSPR Mode
We have measured optical properties (dark-field scattering spectra) of some Ag

NP structures with different Ag NP cap sizes in order to evaluate LSPR peak positions, as
shown in Figs. 5(a) and 5(b) in the main text. Here, we further evaluate and demonstrate
the existence of the Ag cap cavity resonance mode using FEM calculations. For
simplicity, we consider a dimer of Ag NPs with and without Ag cavities.
In Fig. 8(a), we define Ag NPs as Ag ellipsoid positioned on top of a Si
nanopillar. We otherwise use the same parameters as shown in Fig. 4. The calculated
scattering spectra in Fig. 8(a) for both incident field polarizations are dramatically
different compared to those of the Ag NP dimer with Si cavities, shown in Fig. 8(b). All
LSPR peaks in Fig. 8(a) are at around 600 nm, and the spectra are quite different from the
experimental ones shown in Fig. 5(a), since no LSPR peaks can be found near 800 nm in
Fig. 8(a). In Fig. 8(b) we define the Ag NP dimer including Ag cap cavities. In this case,
the LSPR peaks caused by the plasmon couplings via the Ag NP cap cavities are found at
around 800 nm. Their position is close to those in the experimentally observed spectra
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shown in Fig. 5(a). We believe these results provide further evidence that proves the
existence of the cavity LSPR mode whose resonance position is very stable regardless of
leaning, and such cavity LSPR mode contributes to the experimentally observed LSPR
peaks at around 800 nm, that are also stable regardless NP leaning.

Fig. 8. (a) Calculated scattering spectra for a dimer of standard Ag@Si NPs without Si
cavities (the Si inside the Ag caps are replaced by Ag) under different polarization
directions. The polarization directions used in the calculation are shown in the insets.
Insets: electric field enhancement maps plotted for the strongest resonance peaks under
different polarization directions. (b) Same as (a), but for the case that the NPs contain Si
cavities inside their Ag caps.
5.6

Geometric Changing of the NP Substrate when Increasing the Ag Deposition

Thickness

Fig. 9. Cross-sectional SEM images of the NP substrates with different Ag deposition
thicknesses DAg = 125 nm, 150 nm, 200 nm and 225 nm. Si pillars are covered by Ag,
and the Si substrate is covered by an Ag film with holes near the Si pillars. For all the
samples, Si pillars are made by the same etching recipe described in the appendix, section
1 with the same etching time of 4 minutes. All samples are tilted by 5° during the SEM
measurements.
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As can be seen from Fig. 9, when the Ag deposition thickness DAg increases from
125 nm to 225 nm, the average size of the Ag caps increases both laterally and vertically.
In addition, the average thickness of the Ag film on the Si substrate increases.
Furthermore, the average distance between the bottom of the Ag caps and the Ag film
decreases when increasing DAg from 125 nm to 225 nm.
5.7

SERS Uniformity of the NP Substrate
As shown in Fig. 10, the NPs exhibit high SERS uniformity over the 1 inch

mapping line. The standard deviation for the 1641 cm-1 BPE Raman peak is 5.2 % of the
average signal intensity. Such a result indicates that the fabrication procedure of the NP
substrate is quite accurate, i.e., NPs with a large-scale uniformity are fabricated.

Fig. 10. Mapped SERS spectra of 10 mM BPE in ethanol solution obtained using the NP
sample of DAg = 225 nm under a 780 nm excitation. (a) 2-D view. (b) 3-D view. The
mapping distance was 1 inch. The step size was 50 um. A 10x objective lens was used to
focus and collect the light and the laser power was 0.1 mW. The diameter of the laser
spot was 3.1 um. Droplets of BPE were deposited on the NPs and left for drying during
which the NPs lean together, forming clusters. The standard deviation for the 1641 cm-1
BPE Raman peak is 5.2 % of the average signal intensity.
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Wafer-scale surface-enhanced Raman scattering (SERS) substrates fabricated using
maskless lithography are important for scalable production targets. Large-area, leaning
silver-capped silicon nanopillar (Ag NP) structures suitable for SERS molecular detection
at extremely low analyte concentrations are investigated. Theoretical results show that
isolated Ag NPs essentially support two localized surface plasmon (LSP) modes. The
most prominent LSP resonance is observed in the near-infrared region (~800 nm) and can
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be tuned by changing the diameter of the silicon nanopillars (Si NPs). The corresponding
electric field distribution maps indicate that the maximum E-field enhancement is found
at the Ag cavity, i.e., the bottom part of the Ag cap. We argue that the plasmon coupling
between the resonant Ag cap cavities contributes most to the enhancement of the Raman
signal. We experimentally evaluate these findings and show that by exposing Si NPs to
an O2-plasma the average Ag NP cluster size, and thus the overall interpillar coupling,
can be systematically reduced. We show that deposition of Cr adhesion layers on Si NPs
(>3 nm) introduces plasmon coupling loss to the Ag NP LSP cavity mode that
significantly reduces the SERS intensity. Results also show that short exposures to the
O2-plasma and the use of 1 ˗ 3 nm Cr adhesion layers are advantageous for reducing the
signal background noise from Ag NPs. In addition, the influence of the Ag NP height and
Ag metal thickness on SERS intensities is investigated and optimal fabrication process
parameters are evaluated. Finally, the SERS spectrum from 100 pM trans-1,2-bis (4pyridyl) ethylene (BPE) is recorded, showing distinct characteristic Raman vibrational
modes. The calculated enhancement factor is of the order of 108, and the SERS signal
intensity exhibits a standard deviation of around 14% (660 data points) across a 5

5

mm2 surface area.

1 Introduction
Surface-enhanced Raman scattering (SERS)1-3 is a well-established spectroscopic
technique for chemical and biological sensing. Noble metal nanostructures support
localized surface plasmon resonances (LSPRs)4-6 that spatially confine the incident field
and produce tremendous electromagnetic field enhancement spots, i.e., hot spots.7 A
broad variety of SERS substrates have been fabricated over the past decade, e.g.,
nanorods,8 nanocubes,9 nanostars,10 various particle arrays,11-16 and silver dendrites.17
Recently, electric field (E-field) enhancement factors (EFs) above 108 to even 1010 have
been reported.1 Detection limits down to a single molecule level have also been
reported.18-20 For a practical use, it is generally required that SERS substrates display (i)
high and reproducible EFs over large surface areas and (ii) a tunable LSPR wavelength
over a broad spectral region.1 For applications that require mass-produced SERS
substrates, structures should also be robust, be cost-effective, and involve few
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nanofabrication steps that are compatible with high volume manufacturing process
flows.21
From the nanofabrication point of view, the majority of produced SERS substrates
are either based on (i) metallic nanoparticles in colloidal suspension or (ii) roughened
metallic surfaces. Various shapes of metallic nanoparticles in colloidal solutions showing
high EFs with tunable LSPR wavelengths have been synthesized, and their optical
properties have been investigated both experimentally and theoretically.9,11-16 The main
advantage of the SERS active colloidal suspensions is high EFs caused by the lightningrod effect that is particularly pronounced in metal nanoparticles with sharp surface
features. Decreasing the interparticle separation, the LSPR coupling increases and the
largest E-field enhancement values are usually obtained in the case of colloidal particle
aggregates. In order to control the interparticle spacing, additional process steps are often
needed. For instance, H. Wang et al. have reported a method to fabricate sub-10 nm gaps
in highly ordered Au particle arrays functionalized with cetyltrimethylammonium
bromide (CTAB).13 Sub-10 nm distance control between plasmonic nanoparticles can
also be realized by biotemplate assisted synthesis.15,16
Nanostructured surfaces can be tailored using a wide range of experimental
approaches.1 A mask for a given nanostructure can initially be produced using
lithographic techniques such as nanosphere22 or e-beam lithography.23 Then, the final
morphology is defined through metal deposition and resist lift-off processes that convert
the mask into Raman active SERS substrates.22-26 Generally, such SERS substrates
exhibit better nanostructure uniformities with more reproducible SERS signals across a
larger surface area compared to, e.g., particle colloids. One issue with this type of SERS
substrates is that, while the reproducibility of the SERS signal improves, the intensity
usually decreases.27 Several methods have been developed to increase EFs by employing
sharp metal particle features28,

29

and by forming sub-10 nm gaps between the

nanostructures.30, 31
Vertically standing metal nanopillar (NP) structures are good candidates to fulfill
both uniformity and high E-field enhancement requirements for reproducible molecular
detection. Various NP arrays using e-beam lithography,32 anodized aluminum oxide
templates,33,35 nano-imprinting,34 oxygen-plasma-stripping-of-photoresist technique,36 ion
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milling,37 interference lithography,38, 40 and coating of multiwalled carbon nanotubes39
have been reported. Recently, we have developed a new method to fabricate wafer-scale
Ag-capped Si nanopillar (Ag NP) SERS substrates utilizing maskless lithography.41, 42
The fabrication method is particularly interesting due to its simplicity, low cost, and high
throughput that are necessary for commercial applications. These Ag NP substrates are
capable of producing high E-field enhancement, while the SERS signal uniformity
remains relatively stable across a large (> cm2) substrate surface area.34, 41 Since the NP
fabrication process is essentially based on two simple and cost-effective steps, it opens
new possibilities to tailor materials at the nanometer scale without the use of expensive
lithographic tools.
Despite the aforementioned advantages, challenges in the nanofabrication
procedure still remain. The SERS background noise of the Ag NP structures is
considerable, and the SERS enhancement factor is not optimized. These shortcomings
could inhibit molecular detection at < nM concentrations. In order to develop the leaning
Ag NP structures into a robust SERS platform, a more thorough understanding of the
fabrication process capabilities and limitations is required. There is a need for further
theoretical and experimental work to address (i) the nature of the resonant Ag NP
excitations and subsequently (ii) evaluate experimental procedures that affect the SERS
intensity, uniformity, and background signals.
In this work, we first provide theoretical insight into the resonant Ag NP
excitations. Scattering spectra and E-field enhancement distributions around single Ag
NPs were simulated using the finite element method (FEM). We find that the optical
properties of Ag NPs are dominated by an Ag cap cavity LSPR mode. Importantly, the Efield enhancement maps show that the largest enhancement is located at the bottom of the
Ag cap and in contact with the Si NP. This allows us to investigate experimental process
parameters that affect the SERS signal intensity and the background noise measured from
Ag NPs. Fabrication process steps for removing Si reactive ion etching (RIE) byproducts
from the Si NP surface that constitute the SERS background noise are introduced. We
systematically expose Si NPs to O2-plasma treatment and show that the process can be
utilized for both the Si NP surface cleaning and to reduce the average Ag NP cluster size.
The latter gradually reduces the observed SERS intensities. Cr adhesion layers on Si NPs
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can also be used to reduce background noise. However, the plasmon coupling losses
become non-negligible for >3 nm Cr layers and the SERS intensity is considerably
decreased. In addition, we vary the Ag NP height and the thickness of the Ag metal film
to obtain maximum SERS intensities and signal uniformities. Finally, the experimentally
optimized Ag NP substrates are evaluated by SERS detection at low analyte
concentrations (<nM).

2 Theoretical Methods
The theoretical section is aimed at helping to understand the nature of the
resonant Ag NP excitations and is used as a general guideline to interpret the
experimental data. Since the nanostructures are fabricated using maskless lithography, a
variation in the Si NP width and Ag cap surface morphologies is inherent in the
fabrication process. Therefore, the Ag NP geometry was constructed using only the
experimentally observed representative Ag NP dimensions. An Ag metal film below the
NPs is not included in the theoretical model. An isolated Ag NP is modeled as a Si
cylinder with a rounded bottom and a cone-shaped tip covered by the Ag metal film; see
the schematic picture in Figure 1a. 3D FEM is utilized to calculate scattering spectra and
the electric field enhancement distribution around a single Ag NP. Both Si and Ag
materials are modeled using experimentally obtained complex permittivities,43, 44 and the
surrounding medium is set to a vacuum (n = 1). A perfectly matched layer (PML) is
integrated in the model and adjusted to minimize nonphysical reflections at the
boundaries. A highly nonuniform adaptive mesh is used to increase the accuracy of
calculation, especially near the structure’s geometric singularities. The mesh is refined
until the EM field converges throughout the solution domain. By solving time-harmonic
Maxwell equations under different incident wavelengths, scattering spectra and the Efield enhancement distribution | |/|

| over the domain of interest can be calculated.
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Figure 1. (a) Schematic picture of an Ag NP in the x˗z plane. (b) Calculated scattering
spectra of isolated Ag NPs with varying Si pillar radius, r. The Ag NP parameters used
were a = 155 nm, b = 62 nm, ht = 100 nm, and hp = 400 nm. The tips at the bottom of the
Ag ellipsoid are rounded (5 nm in radius). The normal incident light is polarized along
the x-axis. The calculations were performed using FEM. (c) Measured scattering
spectrum of Ag NPs with r ≈ 20 ± 4 nm, hp ≈ 400 nm, and pillar density ρNP ≈ 18 ± 2
pillars/µm2. The thickness of the e-beam evaporated Ag metal film is 200 nm. (d) The
calculated E-field enhancement distribution | |/| | around a single Ag NP for the
LSPR peaks at λ = 650 and 800 nm. The Ag NP parameters used were the same as in part
b for r = 20 nm. The color map range for the cavity LSPR at λ = 800 nm was enhanced
for clarity.

Figure 1b shows the simulated scattering cross section spectra of a single Ag NP
with varying Si NP radii of r = 16, 20, and 24 nm. For r = 20 nm, two LSPR peaks at 650
and 800 nm can be observed and the result is in good agreement with the experimentally
obtained Ag NP scattering spectrum, Figure 1c. Due to variations in the radius of the
fabricated Si NPs, the measured scattering spectrum exhibits a broader LSPR peak
compared to the simulated ones. The simulated E-field enhancement distributions
| |/|

| around the Ag NP are shown in Figure 1d. The E-field enhancement

distribution at 650 nm exhibits a clear dipolar pattern; i.e., the largest E-field
enhancement factor (EF) is observed at the Ag cap edges and is | |/|

| ~25. The most

significant LSPR peak is at 800 nm, and the E-field is spatially confined at the bottom of
the Ag cap; i.e., the E-field enhancement originates in the Ag cap cavity; see Figure 1d.
The maximum EF for the Ag cap cavity mode is ~149, i.e., ~6 times larger compared to
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the 650 nm mode. The resonance peak position of the cavity mode is sensitive to the
radius of the Si NP, as is shown in Figure 1b. When the radius r is increased from 16 to
24 nm, the LSP resonance exhibits an ~100 nm red-shift.
The above results indicate some Ag NP fabrication challenges. First of all, a part
of the Si NP surface is within the area of high EM fields that originate from the Ag cap
cavity. Since the Si surface is covered by the Si RIE byproducts, the SERS background
noise can be enhanced, thus inhibiting detection of target molecules at extremely low
concentrations. Process steps to control the Si NP surface contamination level are
therefore necessary. Furthermore, the use of Cr adhesion layers for the Ag metal
deposition can compromise the SERS signal and needs to be experimentally verified.
Simulation of a NP by replacing the Ag cap cavity material with Cr shows that the
plasmon resonance at ~800 nm vanishes completely; Figure S.1 (Supporting Information).
Calculations also show that the size and shape of the Ag cap have a minor influence on
the position of the LSPR wavelength of the cavity mode, and that the largest E-field
enhancement is observed at the bottom of the Ag cap for both isolated Ag NPs and nearly
touching Ag NP dimers; see Figures S.4 and S.5 (Supporting Information), respectively.
The results confirm that the LSPR position of the cavity mode is highly sensitive to the
radius and refractive index of the Si cylinder, similar to other structures exhibiting cavity
LSPR.45 For SERS applications, some inhomogeneity of the Si NP width is acceptable,
since combined (broad) LSPR is suitable for a wide range of laser excitation wavelengths.

3 Experimental Methods
The Ag NP structures were fabricated using a four-step process, schematically
shown in Figure 2. First, maskless Si RIE is utilized to form Si NP structures with r ≈ 20
± 4 nm in radius and h ≈ 480˗1810 nm over an entire 4-in. Si wafer. The Si NP density in
all cases is ρNP ≈ 18 ± 2 pillars/µm2. Second, an O2-plasma process is systematically
applied to (i) remove Si RIE byproducts from the Si surface and (ii) control the Ag NP
cluster size. Third, a Cr adhesion layer is evaporated onto the Si NP structure. Lastly, a
Ag metal film is deposited on the Si NPs using e-beam evaporation. The deposition
results in the formation of silver caps at the apex of the Si NPs and a silver film on the
underlying Si surface. The Ag NP height, hp, in the following is defined as the distance
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from the middle of the Ag cap to the Ag metal surface (Figure 1.). The relation between
the Si NP height h, the Ag NP height hp, and the thickness of the Ag metal film DAg is h
= hp + DAg. Silver is chosen due to its favorable dielectric function that results in
particularly strong optical resonances in the visible spectral range. The contribution to the
absorption cross section due to interband transitions is then negligible.46
Si RIE Etching: Four inch p-type single side polished (100) wafers were used.
Etching is conducted in an Advanced Silicon Etcher (Surface Technology Systems
MESC Multiplex ICP) at a SF6:O2 flow ratio of 1.12, a platen power of 110 W, and a
bottom chamber pressure of 36 mTorr. The Si NPs are formed at a rate of ~3 nm/s.
Oxygen Plasma Treatment: The Advanced Silicon Etcher (Surface Technology
Systems MESC Multiplex ICP) is used at an O2 flow of 45 sccm, a platen power of 20 W,
a coil power of 800 W, and a bottom chamber pressure of 10 mTorr.
Electron Beam Evaporation of Cr and Ag: Alcatel SCM 600 is used at a pressure
of 2

10-6 mbar. Deposition rates are 3 and 10 Å/s for Cr and Ag evaporation,

respectively. The deposited metal layer thickness varies by ± 3%.
SERS measurements: All SERS experiments were conducted using a Thermo
Scientific Raman DXR microscope. The signal collection time was 1 s and was averaged
three times, using a 25 µm slit and a 0.8 µm diameter laser spot. The microscope was
coupled to a single grating spectrometer with a 5 cm-1 fwhm spectral resolution and a ± 2
wavenumber accuracy. All SERS spectra were collected at a laser power of 0.1 mW (0.5
mW in Figure 3), using a 10 objective lens and an excitation wavelength of 780 nm
unless stated otherwise. The Ag NP SERS substrates were investigated using 10 mM
trans-1,2-bis (4-pyridyl) ethylene (BPE) dissolved in ethanol. Droplets of BPE or Mili-Q
water (5 µL) were deposited and left for drying. The droplets spread over the whole Ag
NP surface area (5

5 mm2) in several seconds. The SERS signal mapping was

performed using 1 mM BPE, 10x objective lens, a 5x5 mm scan area and 30 µm signal
collection steps.
Dark-Field Scattering Measurements: The scattering signal of the Ag NPs was
acquired using a dark-field microscopy system. Light from a halogen lamp (Instrument
Systems, Model: DLS 500) is coupled into an optical fiber to irradiate the Ag NP sample.
The incident angle was 30°. The scattered light was collected using a 10 objective lens
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and recorded using a spectrometer (Instrument Systems, Model: Spectro 320-141).
Finally, the obtained scattering signal was divided by the reference white light spectrum
in order to obtain the scattering signal from Ag NPs.

Figure 2. Summary of the fabrication process steps for the Ag NP SERS substrates. (a)
Vertically standing Si pillars were produced using maskless RIE, r ≈ 20 ± 4 nm, h ≈ 480
– 1810 nm and pillar density ρNP ≈ 18 ± 2 pillars/µm2. (b) The Si NPs were treated using
O2-plasma, t = 0 – 10 min. (c) Deposition of the Cr adhesion layer, DCr = 0 – 10 nm. (d)
Evaporation of Ag metal film, DAg = 125 – 300 nm.

4 Results and Discussion
4.1

O2 Plasma Treatment
In this section, we study the influence of O2-plasma exposure on the SERS signal

intensity and the background noise. The Si NP structures are plasma etched using SF6 and
O2 gases, and therefore, Si etching byproducts are expected to cover the Si surface. To
evaluate this, all substrates in this section were fabricated using identical experimental
conditions yielding Si NP arrays with r ≈ 20 ± 4 nm, h ≈ 600 ± 30 nm, and ρNP ≈ 18 ± 2
pillars/µm2. The structures were then exposed to O2-plasma for 0-10 min and covered by
a 200 nm thick Ag film without Cr adhesion layers. The height of the fabricated Ag NP
structures is hp ≈ 400 nm. The SERS spectra were recorded before and after exposing the
samples to a 1 µL BPE solution. The summarized results are presented in Figure 3.
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Figure 3. (a) SERS background spectra from Ag NPs after initially exposing Si NPs to an
O2-plasma (t=0-10 min). Bottom: SEM images (side view) of the corresponding Ag NP
structures. (b) SERS spectra of BPE acquired using the same Ag NP structures as shown
in part a. The inset in part b shows the signal intensity plots for the 1641 cm-1 band as a
function of the O2-plasma time measured from five random spots. Bottom: SEM images
(top view) that display the corresponding Ag NPs after exposure to BPE, where
evaporation of the solvent has forced groups of individual Ag NPs into clusters (see text
for details).
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Figure 3a shows the SERS spectra from Ag NP substrates treated by O2-plasma,
t=0-10 min. The observed Raman modes at 520, 962, and 1190 cm-1 correspond to Si-Si,
SiF3,47 and Si-O groups,50 respectively. Treating the samples for 1 min with an O2-plasma
readily reduces the signal from the SiF3 group by a factor of ~5, and the Si-O signal from
the SiOF2 group50 disappears. For prolonged O2-plasma exposures (> 4 min), the SiF3
peak vanishes; see Figure 3a.
To determine the influence of the O2-plasma step on the SERS signal from the
analyte molecules, 1 µL droplets of BPE were deposited and left to dry. The droplets
spread over the whole Ag NP surface in several seconds regardless of the O2-plasma
time. Upon solvent drying, capillary forces pull Ag NPs together, causing NP clustering
that increases the LSPR coupling between Ag NPs.41 The results in Figure 3b show that
the SERS signal from BPE gradually decreases as the O2-plasma exposure time is
increased. A 4 min exposure to O2-plasma reduces the SERS intensity by a factor of ~4;
thus, the Ag NP EF decreases dramatically. To investigate this, we examined the samples
using SEM, see Figure 3(a) and (b). The SEM images reveal considerable Ag NP shape
changes that affect the EF of the structure. In particular, the Ag NP cap is transformed
into more elongated shapes. After RIE, the Si surface is mostly populated by SiFx and
SiO2 and the proportion depends on the SF6/O2 gas ratio.52 If the proportion of either O2
or SF6 gases in the RIE chamber is significantly increased, the Si surface is then
dominated by SiO2 or SiFx, respectively. The O2-plasma treatment gradually transforms
SiFx into SiO2, which improves the Ag metal adhesion and consequently alters the
stiffness of the Ag-coated Si NPs – limiting the cluster formation. The systematically
reduced NP cluster size then leads to the decrease of the total EF;41 see SEM images in
Figure 3b.
In order to analyze the influence of the Ag cap shape changes to the cavity LSPR,
we performed additional calculations (see Figure S.5, Supporting Information). By
stretching the bottom of the Ag cap by 150 nm along the Si pillar, and squeezing the
width of the Ag cap by 40 nm, the LSPR peak position of the cavity mode blue-shifts
from ~800 to ~750 nm. Since no significant change in the E-field enhancement was
observed, we attribute the reduced SERS signal intensities to changes in Ag NP cluster
size. To conclude, (i) a 1 min O2-plasma step removes a substantial amount of SiFx

80

contamination while keeping the SERS signal intensity relatively unchanged and (ii)
prolonged exposures to O2-plasma reduce the EF of the structure by gradually shrinking
the NP cluster sizes.
4.2

Cr Adhesion Layers
A Cr deposition step is often used to induce a more uniform growth of Ag or Au

films on Si or SiO2 substrates. In this section, we evaluate the influence of a Cr adhesion
layer on the Ag NP SERS intensity. All substrates were fabricated using the procedure
described in the previous section. The O2-plasma step was not utilized in this study. A
varying thickness of the Cr adhesion layer (0-10 nm) and a 200 nm thick Ag metal film
were deposited using e-beam evaporation. All SERS spectra were recorded before and
after exposing the Ag NP substrates to BPE.
The results are presented in Figure 4. The SERS background noise from Ag NP
structures can be significantly reduced by increasing the thickness of the Cr layer (DCr),
shown in Figure 4a. At DCr = 6 nm, the signal from the 962 cm-1 mode is reduced by a
factor of ~4 and the response from both Si-O and SiF3 groups is negligible at DCr = 10
nm. Similarly to the O2-plasma treatment case, SERS signals from BPE decrease
gradually as a function of the Cr layer thickness. Although a 3 nm Cr layer is
advantageous for reducing background noise, the effect is generally quite small for both
the background and the SERS intensity from BPE. In Figure 4b, the recorded SERS
signals drop significantly for DCr > 3 nm, and for DCr = 10 nm, the SERS intensity is
reduced by a factor of ~1.5. Interestingly, the SEM images in Figure 4 a and b reveal that
even for thicker Cr layers, e.g., DCr = 10 nm, Ag cap shapes and stiffness properties
remain similar. As expected, the SERS intensity drop is caused by plasmon coupling
losses introduced through the Cr adhesion layer. Cr layers introduce loss to the coupling
path of the cavity LSPR mode; thus, the corresponding E-field enhancement factor is
reduced. We verified these findings using FEM calculations; see Figure S.1 (Supporting
Information). The results confirmed that, by replacing the Ag cap cavity material with Cr,
the cavity resonance vanishes completely. Overall, the results in Figure 4 indicate that the
background decreases primarily due to the reduced SERS performance of the Ag NP
structures.
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Figure 4. (a) SERS background spectra from Ag NP structures with different Cr layer
thicknesses (DCr = 0 – 10 nm). The Cr coatings were applied to the Si NP structures prior
to Ag metal deposition. Bottom: SEM images (side view) for DCr = 0 and 10 nm,
respectively and for using a 10 min O2-plasma prior to coating of the Si NPs with 10 nm
Cr. (b) SERS spectra of BPE using the same structures shown in part a. The inset in part
b shows the signal intensity plots for the 1641 cm-1 band as a function of the Cr layer
thickness measured from five random spots. Bottom: SEM images (top view) illustrate
clustering of the Ag NPs after exposure to BPE.
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Finally, applying both O2-plasma and then DCr = 10 nm reduces the SERS signal
from BPE by a factor of >20, Figure 4b. The corresponding SEM image resembles
findings in the previous section and further strengthens the explanation that the optical
properties of Ag NP substrates are primarily altered via the O2-plasma step that induces
changes in Ag cap shapes and interpillar leaning (Ag NP clustering).
4.3

Height of the Ag NPs
In the previous sections we studied the influence of O2-plasma treatment and Cr

adhesion layers on the SERS performance of leaning Ag NP structures. The results
showed that the Ag NP cluster size plays a major role in the enhancement of the Raman
signal. In this section, we study the SERS intensity changes caused by an increased Ag
NP height. Si NP structures with r = 20 ± 4 nm, ρNP = 18 ± 2 pillars/µm2, and varying
heights h ≈ 480-1810 nm were fabricated across an entire 4-in. Si wafer. The Si NP
height was systematically increased by adjusting the Si RIE process time; see the
Experimental Methods section. All Si NP substrates were covered by a 200 nm thick Ag
film, yielding Ag NP heights of hp ≈ 280-1610 nm. O2-plasma and Cr adhesive layer
steps were not included in the fabrication process.
The SERS performance of the fabricated Ag NP structures was evaluated using
BPE dissolved in ethanol. Since taller Ag NP structures form larger Ag NP clusters, the
uniformity of the SERS signal can be affected. We therefore collected line series SERS
spectra over a distance of 1 mm; see data in Figure 5 a-e. The results show that the SERS
intensity is relatively stable, even though the Ag NP clusters are significantly larger for
taller Ag NPs; e.g., see the SEM images for hp = 1210 and 1610 nm. The averaged (100
spectra) SERS intensity for the 1641 cm-1 BPE band as a function of the Ag NP height is
shown in Figure 5f. The intensity is highest for hp ≈ 390 nm Ag NPs and then gradually
decreases with increased Ag NP height. A similar phenomenon can be observed using a
532 nm laser excitation wavelength; i.e., the largest SERS intensity is found for the hp =
390 nm Ag NPs. The observed signal intensity ratio for 780 vs 532 nm excitation
wavelengths is close to 1.5:1 (see Figure S.2, Supporting Information). Recalling that the
LSPR of the cavity mode for isolated Ag NPs is at λLSPR = 800 nm, the result is in
qualitative agreement with theoretical findings in Figure 1.
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Figure 5. (a-e) Line series SERS spectra of BPE deposited on Ag NP structures with
varying NP height (hp ≈ 280-1610 nm). The spectra were collected over a distance of 1
mm with 10 µm steps (40 spectra out of 100 are shown). SEM images illustrate the
corresponding Ag NP structures (side view) and clustering of Ag NP after exposure to
BPE (top view). (f) The SERS signal intensity plots for the 1641 cm-1 band as a function
of the Ag NP height averaged over 100 spectra.

Interestingly, an increased Ag NP cluster size has a negative effect on the overall
recorded SERS intensity. One explanation could be that BPE molecules are spread over a
larger surface area using, e.g., hp = 1610 nm compared to hp = 390 nm Ag NPs. Since Ag
NP substrates are hydrophilic toward ethanol, an increase in Ag NP height could lead to
inhomogeneous adsorption of BPE; i.e., fewer BPE adsorb on the Ag cap surface due to
fast solvent evaporation. This can lead to a different SERS intensity behavior for analytes
deposited in gaseous or liquid forms. To verify this, 10 mM thiophenol dissolved in
ethanol was evaporated for 10 min on each of the fabricated substrates. After this, leaning
of the Ag NPs was induced using 1 µL ethanol droplets. Results showed that the SERS
intensity behavior is similar to that observed in Figure 5f (See Figure S.2, Supporting
Information).
The SERS intensity variation could be partly influenced by coupling of the Ag NP
cap to the Ag film. This effect causes changes in the particle LSPR peak position as a
function of the distance to the metal film.49 Optical interactions of plasmonic particles
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coupled to a metal film are most pronounced for particle-film separations of d ≤ 100
nm.49 Hu et al. have demonstrated experimentally that, for isolated 60 nm diameter Ag
particles, LSPRs can be tuned by adjusting the Au film-particle spacing.53 Noticeable
shifts in the particle LSPR start to occur at d ≈ D, where d is the film-particle separation
distance and D is the particle diameter. In Figure 5 a and b, the separation between the
Ag cap and the Ag metal film is close to hp ≈ 2a; therefore Ag cap plasmon coupling to
the Ag metal film can contribute to the observed SERS intensity variation. However, a
more detailed study focused on the Ag NP optical properties is required to assess the
sharp SERS intensity increase observed at hp = 390 nm.
4.4

Thickness of the Ag Metal Film
In this section, we investigate experimentally the influence of the Ag metal

thickness on the E-field enhancement properties of the Ag NP structures. The density of
the fabricated Si NPs is kept at ρNP ≈ 18 ± 2 pillars/µm2, r ≈ 20 ± 4 nm, and h ≈ 600 nm.
The O2-plasma treatment and Cr deposition steps were not included in the Ag NP
fabrication process. The thickness of the Ag film (DAg) was varied between 125 and 300
nm, and SERS intensities for the 1641 cm-1 BPE band as a function of the Ag metal
thickness are shown in Figure 6a. Small intensity maxima and a sharp peak in the SERS
intensity were found at DAg = 150 and 225 nm, respectively. The SERS intensity for DAg
= 225 nm is increased by a factor of 4 in comparison to the DAg = 125 nm case. The
observed SERS intensity behavior was similar using both 532 and 780 nm laser
excitation wavelengths; see Figure S.3 (Supporting Information).
To assess the origin for the sharp SERS intensity rise for DAg = 225 nm, we
examine SEM images for DAg = 125, 175, 225, and 250 nm; see Figure 6b. First, the
images show that increasing DAg decreases the number of isolated Ag NPs; i.e., for DAg >
225 nm, nearly all Ag NPs lean toward each other and become a part of large Ag NP
conglomerates. For larger DAg, the surface area of the substrate increases enabling more
BPE molecules to bind, enhancing the SERS intensity. Second, the shape of the Ag cap is
transformed toward more elongated shapes. According to our theoretical findings, if the
Ag ellipsoid dimension, a, is increased, the LSPR of the cavity mode blue-shifts toward
the 780 nm excitation laser wavelength. The experimental data is in accordance with
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previous claims that the main contribution of the Ag NP EF comes from the NP cavity
mode, whose resonance is close to 800 nm; see Figure 1.

Figure 6. (a) SERS signal intensity plots for the 1641 cm-1 BPE band as a function of the
Ag layer thickness measured from five random spots. The Ag metal thickness was varied
between DAg = 125 and 300 nm. (b) SEM images (top view) illustrate clustering of the
Ag NPs after BPE deposition and solvent drying. The Insets in part b show the Ag NP
structures prior to exposure to BPE.
4.5

Optimized Ag NP Structures for SERS Applications
Finally, all process optimizations for the Ag NP fabrication were integrated to

fabricate substrates that exhibit the highest SERS intensity and uniformity over a 4-in.
wafer. In order to verify that all experimental findings in previous sections can be
consistently combined, we prepared two identical Ag NP substrate sets with ρNP ≈ 18 ± 2
pillars/µm2, r ≈ 20 ± 4 nm, and hp ≈ 390 nm. The Si NP structures were then exposed to
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an O2-plasma for 1 and 1.5 min, respectively, followed by deposition of 3 nm thick Cr
layers. The Ag metal thickness DAg was then varied between 210 and 255 nm for both
sample sets, i.e., around the DAg = 225 nm value that yields the highest SERS intensity;
see Figure 6a.

Figure 7. (a) SERS intensity plots of the 1641 cm-1 BPE mode for Ag NPs with varying
Ag metal thickness. Prior to metal depositions, the Si NPs were exposed to an O2-plasma
for 1 and 1.5 min. (b) SEM images showing Ag NPs treated with O2-plasma, DAg = 225
nm. Side and top views show the structures before and after exposure to BPE,
respectively. (c) The influence of O2-plasma treatment and Cr layer deposition on the
SERS signal from the Ag NPs. (d) Evaluation of the SERS signal uniformity using the
optimized Ag NP substrate, i.e., DAg = 225 nm, hp = 390 nm, 1 min O2-plasma, and 3 nm
Cr. (e) SERS spectra of BPE at low concentrations using the optimized Ag NP structures.
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A summary of the SERS signal intensity changes for the two sample sets is shown
in Figure 7a. Results confirm that the SERS intensity is extremely sensitive to O2-plasma
treatment for all evaluated Ag metal thicknesses. For DAg = 225 nm, an additional 30 s
exposure to O2-plasma results in an ~30% decrease in the signal intensity. SEM images
in Figure 7b reveal that the Ag cap shape is more elongated for the 1.5 min O2-plasma
case. As a result, the Ag NP cluster size is reduced, which translates into poorer Ag NP
enhancement properties.
Results in the sections 4.1 and 4.2 showed that a 1 min O2-plasma step and a 3 nm
Cr layer are useful for reducing SERS signals from the Si RIE induced surface
contaminations, as seen in Figures 3 and 4, respectively. Indeed, the results in Figure 7c
confirm that the aforementioned Si surface treatment steps are advantageous. Prior to
collecting the SERS spectra, the Ag NP structures (DAg = 225 nm) were preleaned using
1 µL of DI water to induce the Ag NP cluster formation and then the SERS signal from
the Ag NP structures without analyte molecules was recorded. An identical Ag NP
substrate without the O2-plasma and Cr deposition steps was measured for comparison
(Figure 7(c)). The Raman scattering peaks at 962 cm-1 (SiF3), 1151 cm-1 (Si-O), 1640 cm1

(C=C), and 2080 cm-1 (Si-C)47,

48

are significantly reduced in intensity. The weak

Raman mode appearing at 800 cm-1 for the SF6/O2 plasma treated sample corresponds to
the SiF group.47
In order to investigate the SERS signal uniformity, 1 µL of BPE was dispersed on
a surface of optimized Ag NPs, i.e., 1 min O2-plasma, DCr = 3 nm, and DAg = 225 nm. In
Figure 7d, the SERS intensity map over a 5

5 mm2 surface area for a 1613 cm-1 BPE

vibrational mode is shown. The standard deviation for the displayed Raman scattering
peak is around 14%, and the recorded signal uniformity is highly reproducible over a
surface area of ~3.2-in. in diameter on a 4-in. Ag NP substrate.
The molecular detection limit of the experimentally optimized leaning Ag NP
substrates was evaluated using different concentrations of BPE; see results in Figure 7e.
Analyte concentrations down to 100 pM can be detected displaying all five distinct BPE
Raman bands at 1641, 1613, 1202, and 1010 cm-1. Note that some BPE Raman modes
split, e.g., the 1010 cm-1 peak in the 10 nM BPE spectrum. This is likely caused by a high
energy density that induces photochemistry reactions on the Ag surface, leading to
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decomposition of the analyte molecules.51 The EF for the optimized Ag NP structures
was then calculated according to
/

(1)

/

where

is the SERS intensity,

within the laser spot,

is the number of corresponding molecules

is the reference Raman signal intensity, and

is the number

of molecules responsible for the Raman scattering signal.34 The obtained EF was
1.3

10 , see the calculation details in the Supporting Information.

5 Conclusions
In this paper, we report the fabrication steps that are important for achieving high
SERS intensity and uniformity in the leaning Ag NP structures fabricated using maskless
lithography. The fabrication process contains four simple, cost-effective and quick steps
that are compatible with high volume manufacturing process flows: (i) Si RIE, (ii) O2plasma treatment, (iii) deposition of the Cr adhesion layer, and (iv) evaporation of the Ag
metal. First, the nature of the E-field enhancement in isolated Ag NPs was theoretically
investigated using FEM. Calculations showed that the optical properties of single Ag NPs
are dominated by a distinct Ag cap cavity resonance mode found close to ~800 nm. The
resonance position can primarily be tuned via the diameter of the Si NP. The near-field
plots produced at the resonance showed that the incident field is spatially confined at the
Ag cap cavity, i.e., at the bottom of the Ag cap. This allowed us to attribute the E-field
enhancement in Ag NPs to plasmon coupling between Ag cap cavity LSPRs that
contribute most to the enhancement of the Raman signal. Moreover, since these hot spots
are located at the Ag-Si interface, we established that the measured background noise
from the Ag NPs corresponds to Si RIE byproducts that populate the Si NP surface.
We then showed experimentally that the O2-plasma process and Cr adhesion
layers can be used to improve the SERS signal intensity and reduce the contribution from
the Si surface contaminants. Importantly, by controlling the O2-plasma exposure time, the
background noise from Ag NPs can be significantly reduced. However, a prolonged
exposure to the O2-plasma induces a more uniform Ag growth on Si NPs, which produces
elongated Ag cap shapes. Consequently, the Ag NP cluster size, thus the SERS intensity,
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is systematically reduced. The Cr adhesion layer (3 nm) can also be utilized to further
reduce the contribution from the contaminated Si NP surface. However, thicker Cr layers
(>3 nm) introduce loss which weakens the plasmon coupling in the Ag cavity. Moreover,
by adjusting the Si NP height and thickness of the evaporated Ag film, we found that the
SERS intensity can be systematically varied.
Finally, we combined all our experimental findings and presented a recipe to
fabricate Ag NP structures that exhibit the highest SERS intensity. The Raman scattering
signal was then recorded over a larger surface area with standard deviations of ~14%
across a 5 mm

5 mm chip. The result was reproducible over an ~3.2-in. in diameter

surface area. We tested the substrate performance by recording BPE spectra down to a
concentration of 100 pM, displaying clear Raman vibration modes specific to BPE.
Experimental findings suggest that the Ag NP substrates are strong candidates for
obtaining a reliable SERS detection of molecular species at ultra-low concentrations. We
emphasize that the nanofabrication process is simple, cost-effective, and CMOS
compatible and could be suitable for mass-production in standard IC foundries utilizing
even larger Si carrier wafers.

6 Supporting Information
Supporting Information Available: Calculated absorbance spectra and E-field maps for
isolated Ag NPs that show the influence of the Ag cap cavity material (Cr and Si) on the
cavity LSPR; SERS spectra of thiophenol on Ag NPs with varying NP height; SERS
signal intensity plots for the 1641 cm-1 BPE band as a function of the Ag layer thickness
measured using the 532 nm laser excitation wavelength; SERS spectra of thiophenol on
leaned and nonleaned (isolated) Ag NPs; calculated E-field enhancement distributions
(|E|/|E0|) around a single Ag NP and a NP dimer; calculated scattering spectra of a
standard Ag NP and an Ag NP with an elongated Ag cap; evaluation of the Raman
enhancement factor (EF) for the optimized substrate.
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Figure S.1. Calculated absorbance spectra and E-field maps for isolated Ag NPs that
show the influence of the Ag cap cavity material (Cr and Si) on the cavity LSPR.

Figure S.2. (a) SERS spectra of thiophenol on Ag NPs with varying NP height (hp ≈
280-1610 nm). 10 mM thiophenol dissolved in ethanol was evaporated for 10 min onto
each of the fabricated substrates. After the evaporation step, Ag NP leaning was induced
using a 1 µL ethanol droplet. (b) 1575 cm-1 thiophenol peak intensity from 5 random
points plotted vs. the Ag NP height for 532 and 780 nm laser excitation wavelengths.
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Figure S.3. SERS signal intensity plots for the 1641 cm-1 BPE band as a function of the
Ag layer thickness measured from 5 random spots using the 532 nm laser excitation
wavelength. The Ag metal thickness was varied between DAg = 125 and 300 nm.
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Figure S.4. (a) SERS spectra of thiophenol on leaned and non-leaned (isolated) Ag NPs
with hp ≈ 280 nm. 10 mM thiophenol dissolved in ethanol was evaporated for 10 min
onto the fabricated substrates. After the evaporation step, Ag NP leaning was induced
using a 1 µL ethanol droplet. Spectra are obtained before and after leaning of the NPs. (b)
The calculated E-field enhancement distributions (|E|/|E0|) around a single Ag NP and a
NP dimer at λ = 800 nm. The Ag NP parameters used were the same as in figure 1b for r
= 20 nm. For the dimer case, the minimum distance between the two NPs is 1 nm. It can
be seen from (a) that isolated NPs provide a SERS signal which is lowered by a factor of
~5 compared with that of the leaning NPs. This supports that the Ag cap cavities
contribute most to the overall SERS signal. In addition, it can be seen from (b) that
leaning increases the maximum EF of the cavity mode from 149 to 240, and introduces
additional hot-spots in the nano gaps between the NPs with EFs of ~51 which are smaller
than that of the cavity mode. Therefore, it can be concluded that the Ag cap cavity and
the nano gaps both contributes to the SERS signal. The field maps also suggest that the
Ag cap cavity mode is the main contributor to the overall SERS signal.
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Figure S.5. (a) Calculated scattering spectra of a standard (default) Ag NP and an Ag NP
with an elongated Ag cap. Parameters for the former was the same as in figure 1b for r =
20 nm. The elongated NP is modeled by stretching the bottom of the Ag cap by 150 nm
along the Si pillar, and by squeezing the width of the Ag cap by 40 nm. (b) The
calculated E-field enhancement distribution (|E|/|E0|) around a standard Ag NP and an Ag
NP with an elongated Ag cap at λ = 780 nm excitation.
The Raman enhancement factor (EF) for the optimized substrate was calculated
from the formula:
/
/
The numbers used in the calculation are obtained using the method described in reference
34. To be specific, to establish the value for IRef a 0.1 M ethanol solution of trans-1,2Bis(4-pyridyl)ethylene (BPE) was poured into a petri dish. With a 50X objective and
using an excitation wavelength of 780 nm and a power of 1mW, 1.4 counts/s (IRef) were
measured at the 1200 cm-1 peak. Using the interaction volume of 60 μm3, the number of
molecules responsible for the Raman signal (NRef) was estimated to be 3.60 x 109.
To establish the values for ISERS a 5 x 5 mm2 piece of the optimized silver coated
nanopillar substrate with a pillar density of ~18 μm-2 was immersed into a 10 mM
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ethanolic solution of BPE for 15 minutes. Hereafter, the substrate was removed and dried
in air. After drying, the substrate was rinsed in ethanol. Using identical conditions as for
IRef, a signal intensity of 50000 counts/s was measured for the 1200 cm-1 peak. The
number of molecules inside the laser spot was estimated by assuming a monolayer of
BPE all over the substrate. A packing density of 3.3 x 106 BPE molecules/μm2 was used
for this calculation.55 With a laser spot size with a radius of 0.8 μm and taking the
topography of the silver surface on the Si pillar into consideration, the effective surface
area probed by the laser was 0.3 μm2. This gives an estimate of NSERS = 106 molecules.
Hence, the calculated EF becomes 1.3 x 108.
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Under review
The ideal surface-enhanced Raman spectroscopy (SERS) substrate should fulfil the
following: i) predictable SERS enhancement, ii) macroscale SERS signal uniformity, and
iii) suitability for mass production with excellent reproducibility. We have previously
shown that SERS-active nanopillar structures, fabricated by lithography-free processes,
show high average SERS enhancements (>108) and are mass producible. Here we report
an improved process and show that these structures exhibit unrivalled macroscale SERS
uniformities (RSD: ∼2.5% in mm scale, ∼7% in inch scale) and SERS reproducibilities
(RSD: ∼1.5% across three wafers), while at the same time obtaining a very large average
enhancement factor of >108. We also show a simple example of fast and reliable SERS
analysis of low-volume analytes using such structures. We emphasize that the
nanofabrication process is cost-effective, and is suitable for mass production in standard
IC foundries using even larger silicon wafers.
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1 Introduction
Surface-enhanced Raman spectroscopy (SERS) is a powerful analytical technique
for a vast range of chemical and biological sensing applications.[1-4] It is an ultrasensitive
and label-free detection method. With the aid of the significantly enhanced localized
electrical fields near the surfaces of noble metallic nanostructures, called “hot spots”[5],
SERS can reveal the vibrational modes of target molecules located inside those hot
spots.[6,7] To sense a single molecule, a SERS enhancement factor (EF) above 109 should
be achieved.[8]
SERS-active materials can be divided into two categories: nanoparticle colloidal
suspensions and structural solid substrates. For both, it would be ideal if the plasmonic
nanostructures are chemically stable, easy to prepare in a reproducible manner, and
exhibit a spatially uniform, high EF.[9] To achieve reproducible and quantitative SERS
analyses, the key issue is to fabricate SERS-active materials in a repeatable way and to
improve the uniformity of the hot spots.
A number of SERS-active metallic nanoparticles in colloidal solutions have been
synthesized, including shell-isolated nanoparticles,[10] core-shell nanoparticles,[11] and
nanoparticles with sharp features.[12,13] The main advantage of them is their high EFs
caused by (i) intra- or inter particle plasmonic couplings, and (ii) lightning-rod effect that
is specifically pronounced in metallic nanoparticles with sharp features. Since the EF is
extremely sensitive to the inter particle spacing, it is necessary to control the size of the
gap junctions between nanoparticles to achieve a spatially uniform EF. For example, biotemplate assisted synthesis can be used to realize sub-10 nm distance control between
nanoparticles.[14] Recently, reliable and quantitative SERS analysis has been achieved
using core–shell nanoparticles with embedded internal standards,[15] or alkanethiolate
ligand-regulated silver nanoparticle films.[16]
A vast variety of top-down process flows have been employed to fabricate SERSactive structural solid substrates.[17] Most of them are lithography-based techniques,
which first tailor mask layers to form different nanostructured patterns, that are then
transferred into a variety of substrate materials. The realised structures are subsequently
metalized to make the surface SERS-active.[18-22] Strong EFs are obtained at hot spots
formed either at the gap junctions between individual structures[23-25] or at the metallic
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nanogrooves[26] and nanotips.[27,28] Structural solid SERS substrates usually exhibit more
reproducible SERS signals across larger surface areas compared to colloidal nanoparticle
systems, at the cost of lower EFs.[29-31] To our knowledge, there is no report to date that
demonstrates SERS reproducibility in large scale fabricated SERS substrates based on
rigorous statistical examinations. Since an excellent SERS reproducibility across large
surface areas is the prerequisite for reliable SERS analyses, this work has both academic
as well as industrial relevance.
Using a lithography-free reactive ion etch (RIE) process followed by e-beam
assisted metal evaporation, we have developed large-area silver capped silicon
nanopillars (Si NPs) with a high aspect ratio and used these as SERS substrates.[32-34] The
fabricated Si NPs are flexible and will lean towards their nearest neighbours as deposited
analyte solution evaporates, creating self-assembled SERS hot spots in which the analyte
molecules are located. Average EFs of above 108 and detection limit down to 10-10 M
have been achieved.[34] A key advantage of such SERS substrates is their simple
fabrication process. The fabrication procedure is fast, repeatable and does not require any
lithographic steps. The low fabrication costs enable these SERS substrates to be used as
cheap single use consumables.
In spite of the aforementioned advantages, challenges remain for the NP substrate
to facilitate reproducible SERS signals. According to our previous report,[34] the SERS
intensities of the NP substrate exhibit a relative standard deviation (RSD) of around 14%
across a 5 × 5 mm2 surface area. In addition, we have yet to demonstrate a good
macroscale reproducibility of the SERS signal.
Large-area SERS enhancement uniformity is a fundamental prerequisite to
achieve reliable measurements and a prerequisite if quantitative SERS is to be realised.
The aim of this work is to tackle EF uniformity issues for the NP substrate by means of
an improved nanofabrication process. In SERS, the overall signal can be considered the
sum of the signals contributed by all analytes located in the hot spots probed by the
excitation laser. Inhomogeneity of the SERS signals can be ascribed to i) the electrical
field enhancement in the hot spots being sensitive to the detailed shape of plasmonic
nanostructure as well as the coupling between nanostructures, which can vary by several
orders of magnitude,[35] and ii) the uneven distribution of analytes in individual hot spots.
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To improve SERS uniformity and reproducibility of the Si NP substrate, one approach is
to increase the density of the NPs. In this case, the leaning NPs are expected to form
larger and denser packed clusters that exhibit more uniform hot spot properties, due to
shorter average distances from each NP to its neighbours. There is a need for further
experimental work to (i) find and systematically evaluate the experimental parameters
that affect the density of the NPs, and subsequently (ii) modify and develop the
lithography-free process to fabricate high-density Si NPs with reproducible SERS
intensities and large-area SERS uniformities, which would consequently qualify them for
reliable and reproducible SERS analyses.
In this paper, we first provide insights into the mask-less RIE process that
produces Si NPs on a 4-inch silicon wafer. We show that by decreasing the chamber
pressure during etching, the density of the fabricated NPs can be systematically increased.
Thereby, Si NPs of uniform heights with an increased density as high as approximately
48 NPs µm-2 can be fabricated. These NPs are able to form, via leaning, large and densely
packed clusters that exhibit more uniformly spaced hot spots, compared to the NPs arrays
with lower densities, as shown by Figure 1. Next, macroscale SERS uniformity and
wafer-to-wafer SERS reproducibility of the densely clustered Si NPs are evaluated. SERS
RSDs of around 2.5% are observed across 1 mm distances. Inch-scale SERS RSDs of
around 6% are achievable, and averaged SERS intensities exhibit an RSD of around 1.5%
across three wafers. This indicates that such a process is capable of fabricating highdensity Si NPs with extremely large-scale SERS uniformity, and more importantly, with
excellent reproducibility. Lastly, an example of macroscale reproducible SERS analyses
is given. Using two sets of specimens of ∼1 × 1 cm2 surface areas taken from two wafers,
fast and reproducible SERS analyses of BPE in ethanol of 1 µL sample volumes with
concentrations from 4 x 10-7 M (73 ppb) to 10-2 M are demonstrated.

105

Figure 1. (a) Top-view and cross-sectional SEM images of the Si NPs. The density of the
NPs is ∼19 NPs µm-2 and ∼48 NPs µm-2 for the left-side and right-side images,
respectively. (a) top) The NPs are leaned by dripping and drying of 1 µL 10-3 M BPE in
ethanol solution. The dotted blue circles represent the spot area of the SERS excitation
laser. (b) Two scanned SERS spectra across a 1 mm line, acquired correspondingly on the
NP substrate shown in (a) above each map. For clarity, each map only shows 20 spectra.

2 Results and Discussions
2.1

Density Control in the Lithography-free Process
To improve SERS uniformity and reproducibility of the Si NP substrate, our

approach was to increase the density of the NPs. Here, we demonstrate how the density
of the NPs can be controlled in the employed lithography-free process.
It was found, that during the RIE, the pressure of the chamber has an influence on
the density of the fabricated Si NPs. To gain a better control of the process, it was logical
to perform a systematic study to reveal the relationship between p, the RIE chamber
pressure and D, the density of NPs. This was specifically done by i) fabricating NPs
under four different values of p, ranging from 18 mTorr to 36 mTorr, followed by ii)
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SEM characterization of these NPs both before and after clustering. The results are
shown in Figure 2.

Figure 2. (a) Log-log plot for the density of the NPs D versus the RIE chamber pressure
p. (b)-(d) Representative SEM images for the NPs fabricated with a RIE chamber
pressure of 18 mTorr, 24 mTorr and 36 mTorr, respectively. From the first row to the
third row, cross-sectional images, top-view images of the vertical NPs, and top-view
images of the leaning NPs are shown in sequence. The clusters of NPs were formed by
drying the deposited of ethanol. The Ag deposition thickness was 185 nm for all the
samples.
It can be seen from Figure 2b-d that a lower p leads to a higher D. Lowering the
chamber pressure increases the mean free path of the reactive ions, and thus intensifies
the anisotropic etch. Initially formed Si pillars are vulnerable to isotropic etch, thus a
more anisotropic RIE retains more pillars, and increases the density of the NPs. To
quantify such an effect, D versus p is plotted using double logarithmic axes, shown in
Figure 2a. It can be seen that by decreasing p from 36 mTorr to 18 mTorr, D increases
from ∼19 NPs µm-2 to ∼48 NPs µm-2. Furthermore, Figure 2a shows that D exhibits a
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monomial dependence on p, as is shown by the linear fit in the log-log plot with a
correlation of R2 = 0.9751. Therefore, the following equation:
(1)
, where a = 3000, b = -1.433, and p ∈ [18, 36] mTorr can be established to estimate the
density of the NPs D, given the value of the RIE chamber pressure p.
Further reducing the RIE chamber pressure leads to the production of irregular
NPs with non-uniform heights. Figure 3b and 3c show the irregular NPs fabricated
under p of 16 mTorr and 12 mTorr, respectively. For these structures, at the apex of the
Si NPs, due to the significant variation in heights, regular Ag caps in the same horizontal
plane cannot be formed. As a result, SERS performance degrades, since densely clustered
Ag caps with uniform nanogaps no longer form via leaning of the NPs. In Figure 3a it is
seen that, irregular NPs fabricated under p of 16 mTorr and 12 mTorr exhibit only ∼30%
and ∼15% of the SERS signal obtained on NPs with a uniform height fabricated under a
p of 18 mTorr.
Based on the results above, it is reasonable to set p = 18 mTorr as the standard
RIE chamber pressure for fabrication of high-density Si NPs, as applying it produces NPs
of the highest density with a uniform height. It should be pointed out that in all our
previous studies, only substrates with a density of ∼19 NPs µm-2 were used.[32-34, 36-40]
It is worth noting that, for the high-density Si NPs, fixing p = 18 mTorr as the
employed RIE chamber pressure, the fabrication process can further be optimized in
terms of SERS EF, by changing RIE etching time and Ag deposition thickness.
Systematic optimization results are shown in the supplementary material in Figure S1. It
was found that by employing 255 seconds of etching with an Ag deposition thickness of
185 nm, a maximum SERS signal could be obtained. The calculated average SERS EF of
the optimized substrate is ∼1.11 × 108. Details of the calculation are in the supplementary
material.[41,42] Additionally, dark-field scattering measurements were carried out on the
NPs fabricated by the optimized process. Results are shown in the supplementary
material in Figure S2. The scattering intensity of the leaning NPs displays a maximum
around 800 nm, which is close to the wavelength of the employed Raman laser (780 nm).
Detailed theoretical and experimental investigations regarding the localized plasmon
resonances of such type of structures can be found in our previous study.[36]
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Figure 3. (a) SERS spectra of 10-4 M BPE measured on Si NPs fabricated using different
RIE chamber pressures. The NPs were leaned by dripping and drying of 1 µL 10-4 M
BPE in ethanol solution. (b) and (c) Representative SEM images for the NPs fabricated
using a RIE chamber pressure of 16 mTorr and 12 mTorr, respectively. From the first
column to the third column, cross-sectional images, top-view images of the vertical NPs,
and top-view images of the leaning NPs are shown. In (b) and (c) the clusters of NPs
were formed by dripping and drying of ethanol.
2.2

Influence of NP Density on SERS Uniformity
Here, the influence of the density of the NPs on the SERS uniformity is presented.

Three ∼1 × 1 cm2 Si NP specimens, fabricated under different RIE chamber pressures
were used for the experiment. The employed pressure was 18 mTorr, 24 mTorr and 36
mTorr, producing substrates with a density of ∼48 NPs µm-2, ∼31 NPs µm-2 and ∼19
NPs µm-2, accordingly. The NPs leaned towards their neighbours and clusters of NPs
were formed after dripping and drying of 1 µL 10-4 M BPE in ethanol solution. The
droplet immediately spread over the whole specimen area and completely evaporated
several seconds thereafter. SEM images of the NPs were recorded both before and after
leaning (Figure 2b-d). SERS line scans were then conducted on all three specimens. Each
line scan was 1 mm long with a step size of 10 µm. The obtained spectra are shown in
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Figure 4b. The SERS intensities at the 1641 cm-1 BPE peak were averaged, and the
corresponding RSDs were calculated. The results are shown in Figure 4a. It can be seen
that the SERS RSD decreases from ∼10.5% to ∼4.5% when increasing the NP density
from ∼19 NPs µm-2 to ∼48 NPs µm-2. Such a result confirms our hypothesis , that an
increasing density of the NPs would improve the SERS uniformity. By increasing NP
density, the leaning NPs form larger and more densely packed clusters that exhibit more
uniform hot spot properties, due to the shorter average distances from each NP to its

Figure 4. (a) The averaged SERS intensities and the corresponding RSDs at the 1641 cm1
BPE peak for NPs of different densities fabricated under different RIE pressures,
obtained based on the scanned spectra in (b). (b) SERS line scans of 10-4 BPE on three
specimens containing NPs fabricated under different RIE chamber pressures. The
employed pressure p was 18 mTorr, 24 mTorr and 36 mTorr, producing NPs with a D of
∼48 NPs µm-2, ∼31 NPs µm-2 and ∼19 NPs µm-2, accordingly. The NPs leaned towards
their neighbours and clusters of NPs were formed after dripping and drying of 1 µL 10-4
M BPE in ethanol solution. SEM images of the NPs before and after leaning are shown in
Figure 2b-d. The scanned distance was 1 mm, with a step size of 10 µm. Each map
contains 101 spectra.

neighbours. This effect can clearly be seen in Figure 2b-d from the SEM images of the
clustering NPs. Besides, it should be pointed out that the SERS intensity increases when
increasing NP density. As shown by Figure 4a, the averaged SERS intensity of the 1641
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cm-1 BPE peak increases by ∼50% when increasing NP density from ∼19 NPs µm-2 to
∼48 NPs µm-2. This is reasonable, since the laser spot covers a greater number of hot
spots for NPs with a higher density, as has been illustrated in Figure 1.
2.3

Large-area SERS Uniformity and Wafer-to-wafer SERS Reproducibility of the

Densely Clustered Nanopillars
To improve SERS uniformity, Si NP substrates consisting of high-density NPs
(∼48 NPs µm-2) were fabricated by an optimized process. They exhibited very good
SERS uniformity across a 1 mm distance, as shown and discussed in section 2.2. In this
section, we investigate and demonstrate even larger scale SERS uniformity and wafer-towafer SERS reproducibility for the densely clustered Si NPs. For such purposes, we
performed straight-line SERS scans on three wafers. Each line scan started from the
centre of the 4-inch wafer and ended at its edge, with a step size of 100 µm. The
schematic in Figure 5a shows the track of the line scan. The analyte was 10-4 M BPE
dissolved in ethanol. The incubation time was less than 5 seconds. Figure 5b shows the
line scanned SERS spectra. It can be seen that for all the three wafers, the SERS intensity
remains high until half way towards the wafer edge, whereafter it decreases dramatically.
To quantify such an effect, Figure 5e plots the trajectory of the SERS intensities at the
1641 cm-1 BPE peak for wafer 1. It can be seen that between 0 - 0.75 inch from the centre
of the wafer, the SERS signal remains relatively stable. It then gradually decreases after
the 0.75-inch point, and falls dramatically after the 1-inch point. This is also true for the
other two wafers. As shown in Figure 5c and 5d, for all the three wafers, after extending
the statistical region from 0 – 0.75 inch to 0 – 1 inch, the averaged SERS signal of the
1641 cm-1 BPE peak decreases with an increased RSD. In addition, Figure 5c shows that
the high-density Si NPs exhibit an extremely long-range SERS uniformity, which is ∼7%
across 0.75 inch, with averaged SERS intensities exhibiting a RSD of ∼1.5% across the
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Figure 5. (a) Schematic of the track for the SERS line scans in (b), plus cross-sectional
SEM images of the fabricated Si NPs (∼48 NPs µm-2) near the middle and near the edge
of a wafer. (b) Line scanned SERS spectra on three wafers following the track shown in
(a). Each line scan started from the centre of the 4-inch wafer towards its edge, with a
step size of 100 µm. A map consists of 255 spectra. The analyte was 10-4 M BPE
dissolved in ethanol. The incubation time was less than 5 seconds. Clusters of the NPs
were formed when the analyte solution evaporated. (c) - (d) The averaged SERS
intensities and the corresponding RSDs of the 1641 cm-1 BPE peak, calculated according
to the SERS maps in (b) for three different wafers. The statistical range for (c) and (d) is
0 – 0.75 inch and 0 – 1 inch, respectively, from the centre of the wafer. (e) Trajectory plot
of the SERS intensities at the 1641 cm-1 BPE peak for wafer 1 across the SERS line scan
shown in (b).
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three wafers, indicating an excellent reproducibility of the process. Such results imply
that in order to carry out reproducible and reliable SERS analysis, one should only use
specimens in a circle, which is homocentric with the 4-inch wafer and has a 1.5-inch
diameter. To improve yield, the whole process can be transferred to 6-inch or 8-inch
wafers or larger, since the drop of the SERS intensity towards the edge of the wafer is
hypothesised to be due to the macro loading effect during the mask-less RIE process.[43]
The macro loading effect alters and randomizes the morphology of the NPs which are
close to the edge of the wafer, as shown in the SEM images in Figure 5a.
2.4

Reproducible SERS Analysis on High-density Nanopillars
In this section, we show an example of macroscale reproducible SERS analyses

using the high-density Si NPs. SERS analyses of BPE in ethanol of 1 µL sample volumes
with concentrations from 4 x 10-7 M (73 ppb) to 10-2 M were performed on two sets of
specimens taken respectively from two wafers. Each specimen had ∼1 × 1 cm2 surface
areas. It is worth noting that sensing analyte of low concentrations becomes harder, since
the absolute number of the analyte molecules decreases. This consequently reduces the
number of analyte molecules that can adhere to the substrate surface, resulting in weaker
SERS signals. In this study, a very low sample volume (1 µL) was chosen since being
able to sense analytes in small sample volumes in a short time is needful for many
practical applications.[44,45] To compensate the uneven distribution of the lowconcentration analytes on the surface of the NPs, a SERS line scan of 1 mm distance with
a step size of 10 µm composed one analysis. Doing this essentially increased the total
probing area of the Raman laser by 100 times. It is noteworthy that the analysis was still
fast, since measuring an individual spot only took 3 seconds (1s exposure

3 times). For

each analysis, we recorded the averaged SERS intensity and the corresponding RSD at
the 1641 cm-1 BPE Raman peak.
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Figure 6. SERS analyses of BPE in ethanol of 1 µL sample volumes with concentrations
from 4 x 10-7 M to 10-2 M. The analyses were performed on two sets of specimens taken
from two wafers. Only the specimens from the centre of each wafer were used. Each
specimen has∼1 × 1 cm2 surface area. Clusters of NPs were formed by dripping and
drying of the analyte solution. A straight-line SERS scan of 1 mm distance with a step
size of 10 µm composes one analysis. (a) and (b) the recorded averaged SERS intensities
and the corresponding RSDs at the 1641 cm-1 BPE peak. (c) and (d) line scanned SERS
spectra on specimens of wafer B at 10-2 M and 4 x 10-7 M. (e) and (f) the trajectory plot
of the 1641 cm-1 BPE peak intensity corresponding to (c) and (d), respectively.
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Results are shown in Figure 6a and 6b. It can be seen from Figure 6a that the
SERS analysis is reproducible between the two wafers. This indicates that i) densely
clustered NPs exhibit very good SERS uniformities across macroscale areas (inch-scale),
via the improved hot spot uniformity, and ii) the fabrication process is highly
reproducible, as have been demonstrated and discussed previously in details. The line
scanned intensities of the 1641 cm-1 BPE Raman peak for all the samples are shown in
the supplementary material in Figure S3. Figure 6b shows that the RSD increases from
∼2.5% to ∼25% when the concentration of BPE decreases from 10-3 M to 4 x 10-7 M.
Such an increase is hypothesised to be due to the uneven distribution of the analytes on
the surface of the NPs. Direct evidence can be found in the maps and the corresponding
intensity trajectory plots of the 1641 cm-1 BPE peak for 10-3 M and 4 x 10-7 M, shown by
Figure 6c – 6f. To reliably and quantitatively sense even lower concentrations with the
same small sample volume of 1 µL using such structures, the analyses should be
performed with the aid of other techniques, such as surface functionalization and
complex statistical modelling, which is out of the scope of this study.
3 Conclusion
Large-area high-density Si NPs (∼48 NPs µm-2) that are capable of forming
densely packed clusters are fabricated using a two-step lithography-free process. The
nanofabrication process is cheap, fast and is suitable for mass production in standard IC
foundries. The key to increase the density of the NPs is to decrease the chamber pressure
during the maskless RIE process. We have shown that the density exhibits a monomial
dependence on the RIE chamber pressure. The process is further optimized in
terms of SERS EF. The optimized structures exhibit macroscale SERS uniformities
(RSD: ∼2.5% in mm scale, ∼7% in inch scale) and an excellent SERS reproducibility
(RSD: ∼1.5% across three wafers), with an average SERS EF of >108. Wafer-to-wafer
reproducible and reliable SERS analyses of BPE in ethanol from 1 µL sample volumes
with concentrations from 4 x 10-7 M (73 ppb) to 10-2 M are also demonstrated. Our
experimental findings demonstrate that densely clustered Si NPs are strong candidates for
obtaining reproducible and reliable SERS spectra. From a practical point of view these
SERS substrates are particularity interesting since they are easy to handle and store and
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the fabrication is scalable, facilitating a wide and simple use of SERS in sensing
applications.

4 Experimental Section
Fabrication of SERS nanopillars: The SERS substrate fabrication process flow
can be divided into three parts. First, starting from a 4-inch Si wafer, a mask-less RIE
was employed to form Si NPs with radius ≈ 20 ± 4 nm and height ≈ 600 nm. P-type
single-side (100) polished wafers were used (Topsil). Mask-less RIE was performed in an
Advanced Silicon Etcher (Surface Technology Systems MESC Multiplex ICP) at an
SF6:O2 flow ratio of 1.12, a platen power of 120 W, and a chamber pressure from 18
mTorr to 36 mTorr depending on the required NP density. The employed etching time
was 255 seconds. Si NPs were formed at a rate of ∼3 nm/s. Next, an O2 plasma treatment
was applied to remove RIE by-products from the surface of the Si NPs. An O2 flow of 45
sccm, a platen power of 20 W, a coil power of 800 W, and a chamber pressure of 10
mTorr were used. The time of the O2 plasma treatment was 1 minute. Lastly, a 185 nm
thick Ag film was deposited onto the Si NPs by e-beam evaporation. An Alcatel SCM
600 was used for the deposition at a pressure of 2 × 10−6 mbar, with a deposition rate of
10 Å/s. The deposition resulted in the formation of Ag caps at the apex of the Si NPs,
along with an Ag film on the underlying Si surface. Representative cross-sectional SEM
images of the fabricated Si NPs are shown in Figure 1. Silver was chosen due to its
favourable dielectric function which results in strong plasmonic resonances for the Si
NPs with the applied Raman laser excitation with a 780 nm wavelength.[36] The
manufactured substrates are stored in a vacuum Thermo Scientific Nalgene desiccator to
minimize oxidation.
SEM characterization: SEM images were recorded using a Zeiss Supra 40VP
field emission scanning electron microscope with a maximum spatial resolution of 1.0
nm. An in-lens detector was used. A working distance of ~2 mm and an acceleration
voltage of 8.0 kV were used. The angle between the incident electron beam and the
surface of the Si NPs was 90° and 0° for top-view and cross-sectional imaging,
respectively. In the density analysis shown in Figure 2a, each data point was obtained by
three measurements via SEM analyses on different regions of the samples.
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SERS measurements: A Thermo Scientific DXR confocal Raman microscope with
a spatial resolution of 1 µm and a confocal depth of 2 µm was used for all the SERS
measurements. The microscope was coupled to a single grating spectrometer with a 5
cm−1 FWHM spectral resolution and a ± 2 wavenumber accuracy. All Raman
measurements were conducted at room temperatures. The absolute Raman intensities of
the instrument over its detectable spectral range were calibrated according to a known
lamp spectrum along with the Raman signal produced on solid polystyrene. For SERS
measurements on the Si NPs, unless otherwise noted, the signal collection time was 1 s
and was averaged 3 times; a 25 μm slit and a 10X objective lens were used; an excitation
wavelength of 780 nm was employed at 0.1 mW (0.3 mW in Figure 1, 7 and S3) with a
laser spot of 3.1 μm in diameter; a step size of 10 μm (100 μm for Figure 6) was used.
Except for the measurements shown in Figures 1, 6, 7, and S3, a 1 μL volume of 10-4 M
BPE dissolved in ethanol was deposited onto a Si NP specimen. The deposited droplet
spread over the whole specimen area of ∼1 × 1 cm2 and completely evaporated in a few
seconds. The fabricated NPs are flexible and lean towards their nearest neighbours as the
deposited analyte solution evaporated, creating self-assembled SERS hot spots inbetween and at the necks of the Ag caps.[36] Top-view SEM images of the leaning Si NPs
of two different densities (∼19 NPs µm-2 and ∼48 NPs µm-2) are shown in Figure 1.
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5 Supporting Information

Figure S1. Optimization of the high-density Si NPs (∼48 NPs µm-2) in terms of surface
enhanced Raman scattering (SERS) intensity, by systematically changing the mask-less
etching time and the deposition thickness of the Ag. The plot shows the averaged BPE
1641 cm-1 peak intensities, each obtained over 5 spectra. A 1 μL volume of 10-4 M BPE
dissolved in ethanol was first deposited onto the specimen. The droplet then spread over
the whole specimen area of ∼1 × 1 cm2 and completely evaporated in several seconds
during which the NPs leaned towards each other and formed clusters. The signal
collection time was 1 s and was averaged 3 times. A 25 μm slit and a 10x objective lens
were used. An excitation wavelength of 780 nm was employed at 0.1 mW.
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Figure S2. Dark-field scattering spectra of the optimized high-density Si NPs (∼48 NPs
µm-2) before and after clustering of the NPs. Clustering is induced by dripping and drying
of ethanol. The 780 nm line of the Raman excitation laser is highlighted in the figure. For
the dark-field measurement, a Nikon Ti-U inverted microscope was used with a CF LU
Plan Fluor Epi 50x objective, which had a working distance of 1 mm and a NA of 0.8.
The incident angle was ∼50 degree. The scattered light was collected from the centre of
the objective and was subsequently guided into a spectrometer (Shamrock Spectrograph
SR-303I-A, equipped with Andor Newton 970 EMCCD).
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Figure S3. Distribution of the SERS intensity at the 1641 cm-1 BPE peak obtained on
high-density Si NPs. BPE in ethanol of 1 µL sample volumes with concentrations from 4
x 10-7 M (73 ppb) to 10-2 M were deposited on two sets of specimens taken respectively
from two wafers. Each specimen had ∼1 × 1 cm2 surface areas. The SERS intensities at
the 1641 cm-1 BPE peak was recorded by performing line scans. Every scan was of 1 mm
distance with a10 µm step size.

The average SERS enhancement factor (EF) of the optimized substrate was
calculated from the formula:
EF

I
I

/N
/N

The numbers used in the calculation are obtained using the method described in reference
41 in the main text. To be specific, to establish the value for IRef a 0.1 M ethanol solution
of BPE was poured into a petri dish. With a 50X objective and using an excitation
wavelength of 780 nm and a power of 1 mW, 1.4 counts s-1 (IRef) were measured at the
1200 cm-1 peak. Using the interaction volume of 60 μm3, the number of molecules
responsible for the Raman signal (NRef) was estimated to be 3.60 x 109. To establish the
values for ISERS a 1 × 1 cm2 piece of the optimized Si NP substrate with a density of ~48
NPs μm-2 was immersed into a 10 mM ethanoic solution of BPE for 1 hour. Hereafter, the
substrate was removed and dried in air. After drying, the substrate was rinsed in ethanol.
Using identical conditions as for IRef, a signal intensity of ~65000 counts s-1 was
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measured for the 1200 cm-1 peak. The number of molecules inside the laser spot was
estimated by assuming a monolayer of BPE all over the substrate. A packing density of
3.3 × 106 BPE molecules μm-2 was used for this calculation.[42] With a laser spot size with
a radius of 0.8 μm and taking the topography of the silver surface on the Si pillar into
consideration,

the

effective

surface

area

2

probed

by

the

laser

was

6

~0.45 μm . This gives an estimate of NSERS = 1.5 x 10 molecules. Hence, the average EF
becomes 1.11 x 108.
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CHAPTER 9

CONCLUDING REMARK

For this thesis, an in-depth understanding of the localized surface plasmon
resonances (LSPRs) of the nanopillar arrays for surface-enhanced Raman spectroscopy
(SERS) was developed, and the fabrication process of these NPs was engineered and
improved in terms of their SERS performance.
3D FEM simulations were first employed to study the plasmonic responses of the
Ag capped Si nanopillars (Ag NPs). Results showed that an individual Ag NP supported
two LSPR modes, i.e., the particle mode and the cavity mode. When two identical Ag
NPs leaned toward each other, their particle modes hybridized into various new LSPR
modes, which appeared across a wide spectra region, from 515 nm to 950 nm. Upon
excitation, these hybridized LSPR modes generated electromagnetic hot spots in the gap
junction between the two leaning NPs, with simulated maximum electrical field
enhancement factors (EFs) of ~90. On the other hand, the resonance energy of the cavity
mode was dominated by the diameter of the Si pillar, and could not be tuned via leaning.
Its corresponding enhanced fields were observed near the neck of the NP. In addition, the
presence of the substrate was shown to have little tuning effect on the two LSPR modes
of the NP, but could dramatically change the intensity of the two modes, by introducing
constructive or destructive interferences of the excitation lights, depending on the
distance from the substrate to the Ag cap.

The dark-field scattering measurements

supported the conclusions drawn from the simulations. It should be point out that the
measured scattering peaks were broad, due to the uneven geometries of the fabricated
NPs.
Successfully understanding the LSPR properties of the SERS NPs had guiding
significance in optimizing their fabrication process, since the generation conditions, and
the locations of the electromagnetic hot spots, were made clear. Based on the conclusions
presented in the last paragraph, the following could be deduced. (i) The electromagnetic
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SERS EF of the NPs was highly dependent on the height of the NPs. (ii) The cavity
LSPR mode was a double-edged sword. Its near field could not only enhance the Raman
scattering signals of the analytes, but also those of the etching residuals on the Si pillar.
Essentially, the cavity mode was the electron oscillations in the bottom part of the Ag cap,
coupled via the Si pillar. (iii) The leaning NPs should display a broad SERS-active
wavelength, as they supported 1) a number of hybridized LSPR modes covering a wide
spectral range, and 2) various cavity LSPR modes at different wavelengths, due to the
‘intrinsic tuning’ induced by the variation in the diameter of the Si pillars. Indeed,
experimentally, the Ag NP substrate was shown SERS-active at both 532 and 780 nm
excitations.
Next, the fabrication steps that were important for achieving high SERS intensity
and low SERS background, were systematically evaluated. The experimental data
showed that the O2-plasma process and the Cr adhesion layers could be used to reduce
the SERS background signals. However, a prolonged exposure to the O2 plasma induced
a more uniform Ag growth on the Si NPs, which produced elongated Ag cap shapes, and
led to a lower NP leaning rate as well as a lower SERS intensity. Furthermore, thicker Cr
layers (>3 nm) introduced loss, which weakened the plasmon couplings in the Ag cavities,
also leading to a lower SERS intensity. In addition, the SERS intensity could be
systematically tuned by adjusting the Si NP height and thickness of the evaporated Ag
film. Combining all these experimental findings, a recipe to fabricate Ag NPs exhibiting
a high SERS signal-to-noise ratio was presented. On the optimized Ag NP substrate, a
SERS spectrum of 100 pM/L trans-1,2-bis (4-pyridyl) ethylene (BPE) was obtained,
showing distinct characteristic Raman vibrational modes. The measured enhancement
factor was of the order of 108, and the SERS signal intensity exhibited a standard
deviation of around 14% (660 data points) across a 5

5 mm2 surface area.

Lastly, experiments were conducted to improve the EF uniformity of the Ag NPs,
as large-area SERS EF uniformity is a prerequisite if quantitative SERS is to be realised.
By increasing density of the NPs, the leaning NPs formed larger and more densely
packed clusters, which exhibited more uniform hot spot properties, due to the shorter
average distances from each NP to its neighbours. Large-area, high-density Ag NPs (∼48
NPs µm-2) that were capable of forming densely packed clusters were presented. The key
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to increase the density of the NPs was to decrease the chamber pressure during the
maskless RIE process. Experimental results showed that the NP density exhibited a
monomial dependence on the RIE chamber pressure. The process was further optimized
in terms of SERS EF. The optimized structures exhibited macroscale SERS uniformities
(RSD: ∼2.5% in mm scale, ∼7% in inch scale) and an excellent SERS reproducibility
(RSD: ∼1.5% across three wafers), with an average SERS EF of >108. Wafer-to-wafer
reproducible and reliable SERS analyses of BPE in ethanol from 1 µL sample volumes
with concentrations from 4 x 10-7 M (73 ppb) to 10-2 M were also demonstrated. These
experimental findings demonstrated that densely clustered NPs were strong candidates
for obtaining reproducible and reliable SERS spectra.
In summary, a deep understanding of the LSPR coupling effects in the SERS NP
structures was established. Their fabrication process was systematically evaluated and
optimized. The result was a highly efficient SERS substrate, fabricated by a cost-effective
process, displaying a high SERS EF, a low SERS background signal, and a relatively
spatially uniform SERS EF. Future studies could be, e.g., the exploration of analytical
applications using the developed SERS substrate, in the area of environmental monitoring
and food safety.
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This Ph.D. thesis presents (i) an in-depth understanding of the localized surface
plasmon resonances in the nanopillar arrays for surface-enhanced Raman spectroscopy (SERS), and (ii) systematic ways of optimizing the fabrication process of
nanopillar arrays to improve their SERS efﬁciencies. The Ph.D. project is part of
the NAPLAS - NAnoPLAsmonic Sensors project, funded by The Danish Council for
Independent Research.
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